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Immunoglobulin G (IgG) is traditionally recognized as a circulating immune effector; however, recent discoveries have revealed that IgG accumulates in adipose tissue—up to 16-fold above plasma levels—and functions as a critical mediator of metabolic dysfunction in obesity and aging. This review summarizes evidence showing that adipocyte IgG accumulation occurs via neonatal Fc receptor (FcRn)-mediated uptake and directly competes with insulin for receptor binding through Fc-CH3 domain interactions. IgG initiates tissue-specific inflammatory responses. Functional outcomes depend on glycosylation patterns: sialylated IgG (e.g., control IgG) signals anti-inflammatory pathways via DC-SIGN and CD22, whereas hyposialylated IgG (e.g., disease-associated IgG) activates endothelial FcγRIIB receptors, impairs insulin transcytosis, and promotes vascular insulin resistance. This mechanism may help explain the limited success of conventional anti-inflammatory treatments for metabolic diseases. The timeline of IgG-mediated effects progresses through acute inflammation (weeks), subacute deposition and insulin interference (months), and chronic fibrosis (years). Notably, FcRn antagonists can reverse insulin resistance, while restoration of IgG sialylation using sialic acid precursors improves function without depleting antibodies. These findings suggest that IgG dysfunction occurs at the intersection of obesity, aging, and metabolic disease, offering new biomarkers and therapeutic targets. Glycosylation profiling enables the discrimination between insulin-sensitive and -resistant individuals with similar body mass indices, supporting precision medicine approaches. This paradigm shift, from cell-centric to antibody-mediated models, reframes our understanding of metabolic disease pathogenesis and offers novel treatment strategies.
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1 Introduction: the immunometabolic revolution

Once separate disciplines, immunology and metabolomics are now converging to revolutionize our understanding of chronic diseases. While chronic low-grade inflammation has long been recognized as a feature of obesity-related metabolic dysregulation (1, 2), the exact molecular mechanisms by which immune system activation drives metabolic diseases remain unclear. Traditional paradigms have highlighted immune cell infiltration and cytokine release as key instigators of metabolic inflammation (3, 4). The seminal work of Xu et al. and Weisberg et al. in 2003 first established that macrophage infiltration of adipose tissue is a key pathological process in obesity, as obese adipose tissue is characterized by 40–60% macrophage infiltration compared to only 10–15% in lean adipose tissue (3, 4).

However, recent studies have fundamentally challenged this cell-centered view by demonstrating that immunoglobulin G (IgG), the most prevalent circulating antibody, plays a direct and previously unknown role in metabolic regulation. This paradigm has been triggered by three main breakthroughs: first, the demonstration that IgG selectively accumulates in metabolically active tissues through receptor-mediated mechanisms (5); second, the discovery of direct molecular interactions between IgG and metabolic signaling pathways (6); and third, the recognition that IgG-mediated mechanisms have both protective and pathogenic roles in metabolic diseases (7).

Reframing IgG as a metabolic regulator involves a shift from viewing antibodies solely as defense molecules to recognizing them as active contributors to tissue homeostasis and disease. Compared to the traditional focus on cellular immune infiltrates, this new understanding positions IgG as a soluble immune mediator at the center of metabolic dysfunction. The consequences extend far beyond intellectual interest, as they provide a mechanistic understanding of the rising global burden of metabolic diseases and yield novel therapeutic targets that promise to dissociate beneficial immune functions from adverse metabolic consequences.

While individual aspects of antibody biology—obesity-driven B cell dysfunction, autoantibody generation during aging, and immunosenescence—have been reviewed previously, the synthesis connecting these processes is lacking. Most studies have treated obesity- and age-driven metabolic dysregulation as separate processes, while there are recent studies, which identify similarities of obesity and ageing mechanisms (8, 9). However, the evidence suggests overlapping mechanisms. Additionally, antibody-mediated pathology has been under-studied relative to cellular immunity, particularly with respect to kinetics and therapeutic targeting.

This review aims to fill these gaps by proposing a shared temporal model of IgG-mediated immunometabolic dysfunction that encompasses both acute obesity-driven changes and chronic age-related decline. While direct temporal studies comparing obesity and aging are limited, we synthesize parallel evidence from both conditions to construct this integrative framework. Rather than scrutinizing separate mechanisms, we integrated the molecular, tissue-specific, and systemic levels of IgG dysfunction. We further highlighted the translational relevance of this model by illustrating how temporal knowledge of IgG pathology can inform precision medicine and multi-target therapies.

Our findings suggest that IgG dysfunction progresses along a predictable temporal trajectory linking obesity and aging, with the potential to treat various age-related diseases using antibody-targeted therapy. This perspective also accounts for the failure of traditional anti-inflammatory therapies at advanced stages of disease and identifies key windows of opportunity for effective treatment.

Explaining how IgG transitions from a protective immune factor to a metabolic disruptor can inform us about why some but not all individuals develop insulin resistance with similar environmental exposures, and why aging is inescapably associated with metabolic decline (10, 11). Additionally, the identification of specific IgG receptor pathways involved in metabolic regulation offers the potential for precise interventions using available pharmaceutical approaches originally developed for autoimmune diseases.




2 FcRn–IgG axis in metabolic disease



2.1 Obesity: acute IgG accumulation and insulin interference

The neonatal Fc receptor (FcRn) has emerged as a central player in metabolic diseases via regulation of IgG homeostasis in fat. Unlike other immunoglobulin isotypes, IgG has an unusually long half-life owing to FcRn-mediated recycling, avoiding lysosomal degradation and sustaining serum antibody titers (12, 13). The FcRn–IgG recycling pathway was initially described by Brambell et al. in the 1960s; however, its role in metabolic tissues remained unknown until recently (14). As illustrated in Figure 1, this recycling mechanism involves pH-dependent binding of IgG to FcRn in acidic endosomes, followed by vesicular transport and exocytosis at physiological pH.
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Figure 1 | FcRn-mediated IgG recycling pathway. This figure presents a conceptual model synthesized from multiple experimental studies (5, 12, 13, 47–49). The recycling pathway depicted represents the consensus mechanism established primarily in cell culture and animal models. IgG antibodies are taken up by pinocytosis into endosomes, where the acidic pH (6.0–6.5) promotes binding to the neonatal Fc receptor (FcRn). FcRn-bound IgG is sorted into recycling vesicles, allowing it to bypass lysosomal degradation and be returned to the extracellular space via exocytosis at physiological pH (7.4). Unbound IgG is directed to lysosomes for degradation. This recycling mechanism prolongs the serum half-life of IgG and it plays a critical role in maintaining IgG homeostasis. Dysregulation of this pathway in obesity leads to pathological IgG accumulation in adipose tissue, thus contributing to inflammation and insulin resistance.

Recent studies have demonstrated that the same recycling mechanism is dysregulated in obesity, leading to pathological IgG accumulation only in white adipose tissue (5). In diet-induced obesity models, IgG deposition in epididymal white adipose tissue reaches quantitative levels up to 16 times greater than the circulating levels, whereas IgA and IgM fail to accumulate to such an extent (5). Notably, this IgG accumulation was observed in obese human adipose tissue, suggesting a specific receptor-mediated process rather than passive extravasation by this selective deposition (5). However, the precise mechanisms underlying selective adipose tissue accumulation in humans require further investigation, as most mechanistic data derive from rodent models.

The molecular basis of FcRn-IgG interactions has been extensively characterized in the past through structural studies. pH-dependent binding engineering studies revealed an FcRn affinity threshold that governs IgG recycling efficiency, with optimal pharmacokinetic outcomes requiring balanced affinity under both acidic (pH 6.0) and neutral (pH 7.4) pH conditions (15, 16). The structural determinants of subclass-specific FcRn binding have been mapped, showing that IgG1 and IgG4 exhibit the highest FcRn affinity, whereas IgG3 displays reduced binding due to structural differences at the CH2–CH3 interface (17, 18). Surprisingly, complementarity-determining regions in the Fab domain significantly affect the FcRn binding affinity, with up to 2.5-fold differences observed between antibodies of the same subclass, thus indicating that variable domains can modulate the IgG–FcRn interactions (19, 20).

The temporal dynamics of FcRn expression in obesity reveal a complex regulatory program. During obesity development, FcRn is upregulated by adipose progenitor cells to initiate local IgG deposition (5). As persistent obesity ensues, macrophage infiltration in the adipose tissue serves as the principal source of FcRn, creating an auto-sustaining pathway for IgG sequestration and inflammatory cell recruitment. Infiltrating macrophages not only express high levels of FcRn, but also secrete inflammatory mediators that recruit more immune cells, and the accumulated IgG enhances macrophage activation by binding to Fc receptors, thereby augmenting both IgG retention and inflammation as a positive feedback mechanism. This temporal reversal of FcRn cell sources is a transition from metabolic tissue dysfunction to a full-blown inflammatory pathology.

The functional significance of IgG deposition in adipose tissue extends beyond simple inflammatory cell recruitment. Using high-level artificial intelligence-aided molecular modeling supported by experimental validation, researchers have determined the physical interactions between the Fc CH3 domain of IgG and the insulin receptor ectodomain (5). This new mechanism of insulin resistance does not require the phosphorylation of traditional inflammatory mediators or insulin receptor substrates.

The selectivity of this molecular interaction is remarkable because bound IgG sterically hinders insulin from binding to its receptor without inducing other receptor tyrosine kinases (5). This selectivity may explain why FcRn-mediated IgG accumulation produces dramatic metabolic consequences without substantially disturbing other cellular processes. The reversibility of this process, which has been demonstrated by FcRn antagonist studies using antisense oligonucleotides, suggests that this pathway can be manipulated for therapeutic purposes, even once metabolic derangement is established (5).

The demonstration of direct IgG-insulin receptor interactions complements the prevailing model of insulin resistance caused by inflammatory cytokine interference with insulin signaling cascades. These mechanisms are not mutually exclusive, but may coexist and converge on the same pathological outcome. Instead, it revealed a mechanism whereby antibodies directly compete with hormones for receptor binding, which is a novel form of molecular mimicry in metabolic diseases. This finding may explain why conventional anti-inflammatory treatment approaches are only partially effective in treating insulin resistance, as they fail to address this antibody-mediated component of the pathophysiology. It also raises the question of whether IgG accumulation in adipose tissue reflects only FcRn-dependent recycling or is compounded by increased local antibody production. Adipose-resident B cells expand in obesity and may contribute to the elevated IgG pool, though the relative quantitative contribution remains unresolved (21, 22).

While the direct IgG-insulin receptor competition model provides a compelling mechanism (5), alternative explanations warrant consideration. Some studies suggest that adipose tissue inflammation and cytokine signaling may be sufficient to induce insulin resistance independent of IgG accumulation (88, 89). Additionally, the relative contribution of direct receptor interference versus Fc receptor-mediated inflammatory signaling remains incompletely resolved. Further research distinguishing these mechanisms—particularly in human systems—will be essential for therapeutic targeting.

Moreover, the role of adaptive immunity in metabolic homeostasis may be more nuanced than a simple pathogenic model suggests. Studies in lean mice demonstrate that regulatory T cells accumulate in visceral adipose tissue and maintain metabolic homeostasis through anti-inflammatory mechanisms (158). Similarly, certain antibody populations, including natural IgM antibodies, may play protective roles in metabolic regulation (159). These findings suggest that complete immune suppression or antibody depletion strategies should be approached cautiously, as they may disrupt beneficial immunometabolic functions alongside pathogenic ones.




2.2 Aging: chronic IgG accumulation and tissue fibrosis

Although obesity is an acute paradigm of IgG-induced metabolic derangement, aging provides a chronic model that exposes additional facets of IgG pathophysiology. During healthy aging, IgG slowly accumulates in adipose tissue and may cause many of the changes traditionally attributed to aging (23). The kinetics of IgG deposition with age occur over months to years, causing persistent exposure that triggers pathological processes distinct from those arising from the acute accumulation of IgG associated with diet-induced obesity. Table 1 summarizes the key differences between obesity-associated and aging-associated IgG pathology, highlighting distinct timelines, mechanisms, and therapeutic implications.


Table 1 | Comparison of IgG pathology in obesity versus aging.
	Feature
	Obesity
	Aging



	Timeline
	Weeks (acute)
	Years (chronic)


	Primary outcome
	Insulin resistance via insulin receptor interference (5)
	Fibrosis via transforming growth factor-β and collagen deposition (19, 20)


	FcRn cellular source
	Early: adipose progenitors; Late: infiltrating macrophages (5)
	Tissue-resident macrophages (19)


	Mechanism
	Direct competition of IgG with insulin for receptor binding (5)
	Chronic FcR signaling leads to fibrotic remodeling (19)


	Therapeutic implications
	FcRn antagonism reverses insulin resistance (5)
	FcRn ablation or antagonism extends healthspan/lifespan (19)


	Inflammation role
	Amplifies acute inflammation (5)
	Drives chronic fibrotic response (19)


	Reversibility
	Yes—rapid improvement with FcRn antagonism (5)
	Yes—but slower; requires sustained intervention (19)





This comparison synthesizes distinct experimental findings from obesity (5) and aging (23) models. While these features are documented independently, their direct temporal relationship within the same experimental system has not been comprehensively evaluated.



The single most important role of persistent IgG exposure in aging adipose tissue is to trigger progressive fibrosis, a pathological characteristic that differentiates age-associated from obesity-associated metabolic dysfunction (23). IgG engages tissue-resident macrophages via Fc receptor signaling cascades to produce high levels of transforming growth factor-β, resulting in collagen deposition (23, 24). This fibrotic pathway diverges from the acute inflammatory processes usually linked to obesity, forming a chronic remodeling program that reorganizes the core architecture of the tissue.

The fibrotic consequences of chronic IgG exposure are not merely correlated with aging but are causally associated with metabolic decline. However, whether these antibodies recognize specific antigens within adipose tissue remains poorly understood. Unlike atherosclerosis, where both protective (e.g., anti-oxLDL) and pathogenic antibodies have been described, the precise antigenic drivers of adipose-tissue IgG remain elusive (25). Treatments that reduce IgG deposition reverse metabolic dysfunction with aging (23). These findings suggest that IgG deposition is a common pathway through which several stresses of aging ultimately contribute to metabolic decline.

Caloric restriction, the most effective intervention for enhancing the healthspan and lifespan of many species, significantly reduces adipose tissue IgG deposition (23). IgG replenishment in calorie-restricted animals reverses many metabolic benefits of dietary restriction, providing unambiguous evidence for the causal role of IgG in age-related metabolic disorders. These findings suggest that the metabolic benefits of caloric restriction are partially mediated by reduced IgG synthesis or enhanced clearance mechanisms.

The therapeutic implications of these data are considerable. Conditional ablation of FcRn in macrophages alone inhibits age-related IgG accumulation and extends healthspan and lifespan of model systems (23). This myeloid-restricted approach preserves other FcRn functions, while selectively interfering with disease-induced accumulation. In addition, pharmacological modulation of FcRn by antisense oligonucleotides can restore adipose tissue function and metabolic health in old animals and provide a proof-of-concept for the therapeutic value of other interventions modulating the IgG–FcRn axis in established metabolic diseases with aging (23).

The broader implications of IgG-mediated aging of adipose tissue are potentially applicable to other age-related diseases. Since FcRn is found in many tissues, and IgG deposition could be a unifying feature of aging, the same mechanisms could be involved in cardiovascular diseases, neurodegenerative diseases, and other age-related diseases (26, 27). This suggests that targeting the IgG–FcRn pathway could have far-reaching effects beyond metabolic disease.

Obesity and aging serve as acute and chronic model of IgG accumulation, and therefore, fibrosis and insulin resistance are not mutually exclusive mechanisms. The finding that targeting FcRn not only reduces fibrotic markers but also improves metabolic dysfunction (GTT/ITT) indicators suggests relevance of aging and metabolism (23). This indicates that while obesity and aging may have distinct primary pathological mechanisms, they ultimately represent a common pathological pathway where these two mechanisms interact to cause complex metabolic dysfunction (5, 23).

Having established the fundamental role of the FcRn-IgG axis in both acute and chronic metabolic diseases, it becomes evident that IgG should not be considered as a homogeneous entity. The complexity of IgG-mediated metabolic regulation extends beyond simple quantity dependent effects to encompass sophisticated structural and functional heterogeneity that fundamentally shapes disease outcomes.





3 IgG subclass heterogeneity in metabolic regulation

Although the aforementioned discussion treats IgG as an homogeneous unit, emerging evidence suggests that different IgG subclasses have distinct metabolic regulatory characteristics, including subclass-specific modes of accumulation, receptor affinity, and functional consequences in obesity and aging. The four subclasses of human IgG (IgG1, IgG2, IgG3, and IgG4) possess significantly varying structural properties, Fc receptor-binding capacities, and half-life parameters, suggesting that there may be preferential alterations in the populations of individual subclasses rather than global changes in all IgG molecules.

The subclass-specific differential binding affinities of IgG for FcRn provide a mechanistic basis for explaining subclass-specific patterns of accumulation in metabolic tissues. IgG1 and IgG4 exhibit the greatest FcRn binding and longest circulation half-lives, while IgG3 exhibits significantly reduced FcRn affinity and a consequent shorter half-life owing to structural differences at the CH2–CH3 interface (17, 28). These variations in FcRn binding directly translate into differential tissue accumulation patterns following obesity onset. Previous studies have confirmed that human IgG subclasses bind to mouse FcγRs with the relative affinities IgG3 > IgG1 > IgG4 > IgG2, and that these binding patterns were remarkably similar between human and mouse ortholog receptors (29).

The most prevalent subclass that accumulates in fat tissues in diet-induced models of obesity is IgG1, which is consistent with its exceptionally high affinity for FcRn and circulating concentration (23, 30). However, the relative tissue contents of the IgG subclasses differ fundamentally from the circulating ratios, suggesting differential FcRn-mediated recycling efficiency across subclasses within the tissue environment (23). IgG2, with reduced circulating levels, shows uneven tissue accumulation in visceral fat pads, potentially because of increased local retention processes or subclass-specific interactions with tissue-resident cells.

The extended hinge region of IgG3, which is responsible for its reduced binding to FcRn, may be advantageous in certain metabolic scenarios. Although IgG3 accumulates less effectively via Fc receptor-dependent mechanisms, structural plasticity facilitates increased complement protein and Fc receptor binding, potentially resulting in divergent inflammatory responses in metabolic tissues (29, 31). Recent studies of IgG allotypes have revealed large allotype-specific variations in IgG3, with ADCC capacity affected by residues 291, 292, and 296 in the CH2 domain, and allotypic variation in hinge length affecting effector functions (32). These findings imply that FcRn-directed therapy can have subclass-specific effects on various IgG subclasses, necessitating subclass-specific therapeutic planning.

Metabolic stress leads not only to quantitative changes in total IgG but also to qualitative changes in subclass distribution, a process referred to as class switching, which may be an adaptive process that becomes maladaptive in chronic disease (33). During the pathogenesis of obesity, metabolic stress is increasingly reoriented from the anti-inflammatory IgG4 to the pro-inflammatory IgG2 subclasses as cytokines such as IFN-γ promotes switching to pro-inflammatory IgG2a, paralleling the transition from acute adaptive processes to chronic pathological inflammation (34).

IgG1, the most abundant subclass in the circulation and tissues, has the highest affinity for the insulin receptor ectodomain, and therefore could be the primary direct mediator of insulin resistance in obesity (5). Binding of high-affinity IgG1 to activating Fc receptors (FcγRI and FcγRIII) enhances macrophage activation and pro-inflammatory cytokine release, creating a tissue environment that favors continued IgG1 production and metabolic derangement reinforcement (29, 35).

In contrast, IgG4 has unique structural characteristics that may confer protective metabolic functions. The Fab-arm exchange process in IgG4 produces functionally monovalent antibodies that are incapable of activating complement or effectively forming immune complexes (36). Early in the process of metabolic stress, increased production of IgG4 may be an attempt to maintain immune homeostasis without causing inflammatory activation. Chronic metabolic stress overwhelms this protective mechanism, and pro-inflammatory subclasses predominate.

The dynamics of subclass switching also provides useful clues regarding disease pathogenesis and therapeutic timing. Prophylactic treatment when IgG4 responses remain intact may be more effective than therapy after the pro-inflammatory subclasses have become fully established. Therapies that selectively promote IgG4 production and reduce IgG1/IgG2 levels can also restore metabolic homeostasis without impairing important immune processes such as phagocytosis.

Determining subclass-specific contributions to metabolic impairment has important implications for precision medicine and drug development. Current FcRn antagonists affect all IgG subclasses equally; however, future treatments may be beneficial for subclass-selective targeting. Designing drugs that preferentially decrease IgG1 and IgG2 while preserving IgG4 may maximize the therapeutic benefit with minimal immune suppression.

Subclass profiling can also serve as a narrow biomarker for monitoring metabolic risk and therapy. The IgG1/IgG4 ratio can provide an improved measure of metabolic disease compared to total IgG measurements, particularly when the disease is in the nascent stages with normal total antibody levels. Similarly, subclass-specific glycosylation monitoring can reveal disease-specific signatures that can guide personalized treatment plans (37).

The subclass-specific perspective also enables an understanding of variations in susceptibility to metabolic diseases and responses to therapy. Genetic polymorphisms affecting subclass production, FcRn binding affinity for subclasses, or patterns of FcRn expression could explain the heterogeneity in the course of metabolic disease. The identification of these subclass-specific determinants will enable better patient stratification and treatment selection in clinical practice.

IgG functional heterogeneity, beyond simple abundance, comprises post-translational modifications—chemical alterations occurring in proteins after their synthesis. More specifically, N-linked glycosylation at the conserved Asn297 position in the Fc region radically alters antibody function. Fc region glycosylation, specifically the presence or absence of terminal sialic acid residues, serves as a molecular switch to determine whether IgG exerts anti- or pro-inflammatory effects (6, 38, 39). Figure 2A illustrates the structural differences between sialylated and hyposialylated IgG, showing the complete versus truncated glycan chains at the Asn297 glycosylation site. Such glycosylation-dependent functional switching introduces an additional layer of complexity into IgG-mediated metabolic regulation.

[image: Diagram comparing sialylated and hyposialylated immunoglobulin G (IgG). The left side shows sialylated IgG with a complete glycan chain and terminal sialic acid residues at the Asn297 glycosylation site, labeled anti-inflammatory. The right side depicts hyposialylated IgG with a truncated glycan chain, labeled pro-inflammatory.]
Figure 2 | IgG glycosylation controls metabolic function through receptor-specific pathways. (A) IgG glycosylation structure comparison. (B) Glycosylation-dependent functional consequences. This schematic integrates mechanistic findings from references 6, 38, 39, 52, and 60. Panel (A) depicts experimentally validated glycosylation structures. Panel (B) represents a conceptual integration of multiple pathway studies rather than direct experimental observation of all depicted interactions simultaneously.(A) Structural comparison of sialylated and hyposialylated IgG. Sialylated IgG carries terminal sialic acid residues on Fc glycans at Asn297, promoting anti-inflammatory effects, whereas hyposialylated IgG lacks these residues and exhibits pro-inflammatory properties. (B) Sialylated IgG (normal pathway) binds to DC-SIGN and CD22, promoting M2 macrophage polarization (CD206, Arg1) with anti-inflammatory cytokine production (IL-10, TGF-β) and FcγRIIB-mediated inhibition of inflammatory signaling. This maintains normal endothelial function through preserved eNOS activity and nitric oxide production, supporting efficient insulin transcytosis. In contrast, hyposialylated IgG (pathological pathway) promotes M1 macrophage polarization (CD86, iNOS) with pro-inflammatory cytokine production (TNF-α, IL-1β), activates complement, and leads to ITIM phosphorylation and suppression of PI3K/Akt-eNOS pathway, thus resulting in endothelial dysfunction and impaired transcytosis.

The preceding discussion of subclass heterogeneity and post-translational modifications reveals that IgG populations in metabolic tissues are far from uniform. This structural and functional complexity becomes even more intricate when we consider that antibodies in adipose tissue can serve both beneficial and detrimental roles, depending on their specific properties and the physiological context in which they operate.




4 The dual nature of adipose tissue antibodies



4.1 Pathogenic versus protective IgG functions

The role of antibodies in adipose tissue biology is much more sophisticated than initially appreciated, with recent evidence suggesting that multiple populations of antibodies can be protective or pathogenic, depending on their specificity, timing, and tissue environment. This distinction discredits the simplistic models of antibody action and requires a more mature understanding of how multiple populations of antibodies affect metabolic health and diseases.

A cohort of IgG autoantibodies that bind to apoptotic adipocytes and facilitate their clearance by macrophages has recently been identified (7). Such homeostatic autoantibodies have been shown to contribute to the efficient clearance of dying or dead adipocytes, which otherwise would lead to chronic inflammation and the formation of crown-like structures (40, 41). The production of these protective autoantibodies is regulated by B cell-activating factor (BAFF), leading to dead adipocyte accumulation, increased tissue inflammation, and increased insulin resistance (7). However, the precise mechanisms underlying how BAFF specifically regulates protective versus pathogenic autoantibody production remain incompletely understood.

This protective function of autoantibodies represents a newly recognized mechanism for adipose tissue homeostasis. During physiological adipose tissue remodeling, an ongoing process with weight cycling or as a component of the normal turnover of tissues, apoptotic adipocyte clearance is required to prevent the formation of crown-like structures and the chronic inflammatory state of dysfunctional adipose tissue (42, 43). The efficacy of this clearance, or efferocytosis, is critical for maintaining tissue homeostasis and preventing the transition from acute-to-chronic inflammation (44).

The autoantibodies that facilitate this clearance are mechanistically and functionally distinct from disease-causing IgG populations that are sequestered through the FcRn pathways (45, 46). While FcRn-sequestered IgG directly affects insulin signaling, therapeutic autoantibodies facilitate the resolution of inflammation and tissue repair (5, 7). The neonatal FcRn binds to IgG in a pH-dependent manner, with high-affinity binding occurring at acidic pH and low affinity at physiological pH, enabling selective recycling of IgG (12, 47). However, FcRn does not discriminate between different IgG specificities or functional classes, and it recycles all IgG that maintain proper Fc structure and pH-dependent binding capacity (48, 49).

The protective/pathogenic status of antibody function appears to be disrupted in metabolic diseases. In obesity and old age, pathogenic IgG deposition is promoted, and the production or function of protective autoantibodies is reduced (7). This imbalance may result from multiple mechanisms, including altered B cell differentiation toward pro-inflammatory phenotypes, changes in cytokine environments that favor pathogenic autoantibody production, and impaired efferocytosis machinery that reduces the efficiency of protective autoantibody function (50, 51). However, the relative contributions of these mechanisms and their interactions remain poorly characterized, representing a critical gap for therapeutic targeting.

The differential effects of protective versus pathogenic IgG on macrophage function appear to result from both inherent IgG structural differences and concurrent changes in macrophage phenotype and receptor expression (39, 52). The metabolic environment shapes macrophage polarization, with M1-like macrophages showing enhanced responsiveness to pathogenic IgG signals, while M2-like macrophages are more responsive to protective autoantibody-mediated efferocytosis signals (53, 54). This represents a bidirectional interaction where IgG characteristics influence macrophage function, while macrophage phenotype determines IgG responsiveness.




4.2 IgG glycosylation and receptor specificity

The functional dichotomy between protective and pathogenic antibodies is further refined by post-translational modifications that act as molecular switches, determining the ultimate biological outcome of antibody-mediated processes. Among these modifications, glycosylation emerges as a critical determinant that can fundamentally alter antibody function independent of antigen specificity.

IgG sialylation is controlled by ST6Gal1 (β-galactoside α-2,6-sialyltransferase 1), which adds α2,6-linked sialic acids to Fc glycans at Asn297 (55, 56). While initial studies suggested IgG sialylation occurs exclusively during B cell pre-secretion (57), subsequent work demonstrated that secreted hepatocyte-derived ST6Gal1 can also modify circulating IgG using platelet-derived CMP-sialic acid (58, 59), indicating both cellular and extracellular sialylation pathways contribute to the final glycosylation profile.

The molecular determinants of the anti-inflammatory activity of sialylated IgG are subclass-specific. Terminal sialylation of IgG Fc glycans bestows anti-inflammatory activity specifically against IgG1 and IgG3 subclasses, but not IgG2 or IgG4, owing to the unique conserved amino acid residues at positions 234 and 327 in the CH2 domain (60). This subclass selectivity provides additional therapeutic opportunities for precise targeting of glycosylation-dependent IgG functions.

In obesity and type 2 diabetes, IgG is increasingly hyposialylated, losing terminal sialic acid residues that confer anti-inflammatory functions (6). Mass spectrometry analysis showed that while 19.2% of Fc Asn297-associated glycans in control IgG were terminally sialylated, no sialylation was detectable in IgG from mice fed a high-fat diet (6). This extreme loss of sialylation is a fundamental alteration in antibody structure that occurs solely in metabolic disease. However, murine IgG glycosylation is substantially different not only from human IgG but also between mouse strains (61). Therefore, these findings in mice should be interpreted as mechanistic insights rather than directly extrapolated to human IgG biology.

Hyposialylated IgG acquires the ability to engage FcγRIIB receptors—inhibitory Fc receptors that would otherwise suppress immune responses—on endothelial cells, leading to impaired insulin transcytosis and defective delivery of insulin to target tissues such as skeletal muscle (6). Insulin transcytosis is the process of the movement of insulin across the endothelial barrier from blood vessels into tissues, a necessary step for insulin to act on its target cells. This process represents tissue-specific insulin resistance at the insulin transport level, rather than insulin signaling per se. Activation of endothelial FcγRIIB by hyposialylated IgG selectively suppresses insulin-stimulated endothelial nitric oxide synthase (eNOS) activation—a nitric oxide-producing enzyme that regulates vascular function and facilitates insulin transport—disrupting the vascular component of insulin action (6, 62). Figure 2B demonstrates the contrasting functional consequences, showing how sialylated IgG promotes anti-inflammatory M2 macrophage polarization and maintains normal endothelial function, while hyposialylated IgG drives pro-inflammatory M1 responses and impairs insulin transcytosis.

A temporal relationship between IgG hyposialylation and metabolic dysfunction has been revealed in terms of disease progression. In model systems, IgG sialylation is normal during the first two weeks of high-fat diet feeding but then becomes progressively reduced as glucose intolerance develops (6). This time course is compatible with the potential that alterations in glycosylation are an effect rather than a cause of early metabolic dysfunction, but contribute to the progression and perpetuation of disease.

Notably, IgG glycosylation can be pharmacologically manipulated by supplementing with sialic acid precursors, such as N-acetyl-D-mannosamine (ManNAc) (6). This intervention restores IgG sialylation and preserves insulin sensitivity without affecting body weight, indicating that the metabolic effects of IgG can be dissociated from those of energy balance regulation. These findings highlight IgG glycosylation as a novel therapeutic target for metabolic diseases that does not rely on weight loss.

Regulation of IgG sialylation is complex and it involves multiple enzymatic pathways. The sialyltransferase family comprises 20 different enzymes with tissue-specific expression patterns and substrate specificities (56). In addition to ST6Gal1, other sialyltransferases, such as the ST3Gal family members, contribute to different linkage patterns of sialic acid addition (56). The balance between sialic acid addition by sialyltransferases and removal by neuraminidases (NEU1-4) creates a dynamic regulation of the cell surface and secreted protein sialylation (63, 64).

The mechanistic insights derived from experimental models provide a compelling framework for understanding IgG-mediated metabolic dysfunction, but their clinical relevance ultimately depends on validation in human populations. Fortunately, mounting clinical evidence demonstrates that the IgG abnormalities observed in laboratory studies translate meaningfully to human metabolic diseases, offering both diagnostic opportunities and therapeutic targets that extend far beyond the controlled conditions of experimental systems.





5 Human clinical evidence supporting IgG-mediated metabolic dysfunction



5.1 IgG glycosylation profiles in human insulin resistance, and diabetes

The fact that IgG glycosylation profiles can be used as biomarkers of metabolic dysfunction has important clinical utility (65, 66). IgG N-glycosylation profiles correlate with the degree of insulin resistance and can discriminate between insulin-sensitive and -resistant individuals, even if they are within the same BMI range (65). This suggests that glycosylation profiling of antibodies can be a more sensitive indicator of metabolic risk than traditional markers. Previous studies on autoimmune diseases have shown that sialylated IgG can modulate pathogenic immune complexes and protect against tissue injury, suggesting its potential therapeutic application in metabolic diseases associated with autoimmune components (67).

Comprehensive clinical studies have validated the association between IgG N-glycosylation patterns and metabolic dysfunction in human populations. A study of 313 Chinese participants stratified by homeostatic model assessment for insulin resistance (HOMA-IR) demonstrated distinct IgG N-glycosylation profiles across insulin-sensitive (HOMA-IR < 2.69), mildly insulin-resistant (HOMA-IR ≥ 2.69 without diabetes), and severely insulin-resistant groups (HOMA-IR ≥ 2.69 with type 2 diabetes) (68). The study revealed that IgG N-glycosylation modulated immune responses and reflected metabolic disorders, with canonical correlation analysis showing significant relationships between IgG N-glycosylation and insulin resistance–related inflammatory markers, including tumor necrosis factor-α, interleukin-6, C-reactive protein, and adiponectin (68). However, the study revealed the association between IgG N-glycosylation and insulin resistance, but causality has not yet been proven. Moreover, some population studies have reported inconsistent glycosylation patterns across different ethnic groups and age ranges (145), suggesting that additional confounding factors—including genetic background, dietary patterns, and microbiome composition—may modulate the IgG-metabolism relationship. These inconsistencies highlight the need for mechanistic validation studies.

Large-scale prospective cohort studies have established IgG glycans as predictive biomarkers of cardiometabolic diseases. The European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam study examined 2,127 participants from a type 2 diabetes subcohort with 741 incident cases and identified specific IgG N-glycans associated with incident type 2 diabetes, beyond classic risk factors (69). A score based on these IgG glycan peaks showed significant association with diabetes risk across multiple validation studies (843 total cases and 3,149 total controls), with a pooled estimate of 1.50 per standard deviation increase (95% CI 1.37–1.64) (69). Moreover, consistent changes in IgG N-glycans patterns have been observed in studies on type 2 diabetes mellitus (70). These findings suggest that IgG glycosylation can play an important role as a reliable biomarker, reflecting the immunological changes that occur during insulin resistance and diabetes.

Clinical evidence also links IgG glycosylation with pregnancy-related metabolic dysfunctions. In a study of 48 pregnant women with normal glucose tolerance and 41 with gestational diabetes mellitus at 24–28 weeks of gestation, fasting insulin levels were significantly associated with several IgG glycan traits (71). These findings suggest that bisecting GlcNAc may confer functions relevant to the maintenance of glucose homeostasis, although the exact mechanisms remain to be elucidated (71).




5.2 Cardiovascular implications of IgG glycosylation

Clinical translation of IgG glycan biomarkers extends to cardiovascular outcomes. The JUPITER and TNT trials (comprising 162 and 397 case-control pairs, respectively) demonstrated that baseline IgG N-glycans, particularly galactosylated and sialylated forms, were associated with incident cardiovascular disease, with protective effects potentially mediated through the regulation of pro- or anti-inflammatory IgG responses (72).

IgG N-glycosylation, marked by a loss of galactose and sialic acid residues, along with increased bisecting GlcNAc, contributes to the pro-inflammatory states that drives dyslipidemia, hypertension and atherosclerosis progression (70, 73). Large cohort studies have also demonstrated that IgG glycan signatures are associated differently with the incidence of cardiovascular events based on sex (70). Galactosylated and sialylated IgG glycans showed a consistent positive correlation with HDL cholesterol and correlated inversely with LDL, triglycerides, and cardiovascular risk (72, 73). These findings highlight IgG glycan profiles as promising biomarkers for cardiovascular disease prediction and stratification.




5.3 Subclass-specific associations with metabolic health, and IgG levels in obesity

Human studies have also identified subclass-specific IgG glycosylation patterns associated with metabolic disorders. In a cohort of 1,826 individuals, analysis of plasma Fc glycosylation profiles of IgG1, IgG2, and IgG4 using liquid chromatography–mass spectrometry (LC–MS) demonstrated that for all subclasses, low galactosylation and sialylation and high core fucosylation were associated with poor metabolic health, including increased inflammation (C-reactive protein), reduced high-density lipoprotein (HDL) cholesterol, and elevated triglycerides (74). Notably, these associations were consistent across all three major IgG subclasses, suggesting a uniform glycosylation-dependent mechanism of metabolic regulation (74).

There are alterations in both total IgG levels and adipose tissue immune cell composition in human obesity. Clinical evidence demonstrates that obese individuals exhibit elevated IgG concentrations compared to controls, with positive correlation observed between BMI and circulating IgG levels (21, 75). Histological analysis of visceral adipose tissue from bariatric surgery patients demonstrated a 2–3 fold increase in CD19+ B cell populations, with these cells showing an activate phenotype and enhanced antibody production capacity (42, 76). The elevation of IgG and B cell population appear to be associated with the chronic low-grade inflammatory state characteristic of obesity.




5.4 Cross-population validation studies

The clinical relevance of IgG glycosylation extends to diverse ethnic populations. Independent Chinese populations from the Beijing Health Management and Community Cohort (442 cases, 670 controls) validated the association between IgG glycosylation profiles and type 2 diabetes, with the glycan score showing a strong association (combined odds ratio: 3.78) and improved model performance, increasing the area under the curve (AUC) from 0.74 to 0.90 (77). Studies in Chinese Muslim ethnic minorities (Kyrgyz, Tajik, and Uygur) and Han Chinese have demonstrated altered IgG N-glycan profiles in hypertension-diabetes comorbidities, suggesting the involvement of inflammatory processes and potential biomarkers for disease monitoring (78).




5.5 Clinical biomarker validation and clinical translation readiness

Large cross-sectional studies analyzing over 100,000 individuals have revealed associations between IgG glycome composition and numerous diseases and traits, though large interindividual variability in IgG glycome composition remains a limitation for diagnostic applications (65, 79). Despite this variability, IgG glycans demonstrate potential as biomarkers of biological age and can discriminate between insulin-sensitive and insulin-resistant individuals, even among those with similar body mass index (BMI) ranges (65, 68).

IgG glycosylation analysis represents a promising complement to existing disease biomarkers, with the knowledge of the IgG glycosylation potentially improving vaccination and immunotherapy protocols (65, 79). Its clinical utility is supported by evidence that IgG glycans serve as excellent biomarkers of biological age, with glycosylation patterns influenced by both genes and the environment, making them indicators of a person’s general health state (66, 71, 80).





6 Integrated damage-response networks



6.1 Adipocyte death and inflammatory cascades

The recognition of adipocyte death as a central trigger of metabolic inflammation has provided an important context for understanding how IgG-mediated mechanisms are integrated with other pathological processes in obesity and aging. Adipocyte death through apoptosis or necrosis releases various danger-associated molecular patterns (DAMPs) that activate innate immune responses and perpetuate tissue inflammation (81, 82).

Cell-free DNA released from dying adipocytes is one of the most important DAMPs in metabolic diseases (83, 84). This extracellular DNA acts as an endogenous ligand for Toll-like receptor 9 (TLR9), leading to macrophage activation, cytokine production, and enhanced recruitment of inflammatory cells to the adipose tissue. Direct evidence has demonstrated the accumulation of single-stranded DNA in macrophages within the obese adipose tissue, providing mechanistic insights into how adipocyte death perpetuates chronic inflammation (83).

TLR9 plays a complex role in regulating adipose tissue inflammation and metabolic homeostasis. Paradoxically, TLR9-deficient mice show increased weight gain, severe glucose intolerance, and enhanced adipose tissue inflammation when fed a high-fat diet, indicating that TLR9 signaling may have protective functions in regard to metabolic regulation (85). However, obesity-induced DNA release from adipocytes stimulates chronic inflammation and insulin resistance through TLR9 activation, suggesting context-dependent effects of this pathway (83).

The TLR9-mediated response to cell-free DNA creates an inflammatory environment that favors increased IgG production by infiltrating B cells and enhanced FcRn expression by tissue-resident cells. This creates a feed-forward loop that amplifies both DNA- and IgG-mediated inflammatory responses (21, 83). The temporal sequence of these events suggests a hypothesis that DNA release provides the initial inflammatory stimulus, whereas IgG accumulation sustains and amplifies the response over time.

In aging, this integration becomes even more complex, as age-related increases in cellular senescence and mitochondrial dysfunction compound both DAMP release and antibody production. Senescent adipocytes in aged tissues show increased susceptibility to death and enhanced DAMP release, while age-related changes in B cell function and antibody repertoire may predispose to pathological IgG accumulation. This dual burden helps explain why metabolic dysfunction accelerates with age and why interventions targeting either pathway alone may be insufficient in elderly populations (86, 87).

Experimental evidence supports this integrated model of DAMP- and antibody-mediated inflammation. TLR9-deficient mice show reduced adipose tissue inflammation and improved insulin sensitivity in response to a high-fat diet, as well as reduced macrophage infiltration and altered adipose tissue remodeling (83). Similarly, interventions that reduce IgG accumulation can break the cycle of chronic inflammation even when the initial DAMP-mediated triggers persist (5).

The interaction between DNA–TLR9 signaling and the IgG–FcRn pathway represents a convergence of innate and adaptive immune mechanisms in metabolic diseases. While TLR9 activation provides rapid inflammatory responses to tissue damage, IgG accumulation creates sustained inflammatory signaling that persists long after the initial damage occurs (5, 83). This temporal complementarity may explain why acute inflammatory responses in adipose tissue can progress to chronic metabolic dysfunction, even when the initial triggering factors are removed. Understanding this integration provides new insights into why traditional anti-inflammatory approaches, which primarily target acute mediators, have shown limited efficacy in treating chronic metabolic diseases. The persistence of antibody-mediated inflammation may explain why cytokine blockade or macrophage depletion provides only transient benefits in obesity and diabetes (88, 89).

The specificity of these responses varies significantly among the different adipose tissue depots. Visceral adipose tissue, which is more strongly associated with metabolic dysfunction than with subcutaneous fat, shows higher levels of cell-free DNA and IgG accumulation in obesity (5, 83). This depot-specific pattern may reflect differences in adipocyte susceptibility to death, local immune cell populations, or the tissue-specific expression of receptors involved in DAMP recognition and IgG binding. This depot-specific pattern aligns with well-established differences in immune cell populations between visceral and subcutaneous fat, where visceral depots show greater macrophage infiltration, increased T cell activation, and more pronounced cytokine production. The integration of IgG pathology with these known depot-specific immune differences helps explain the stronger association between visceral adiposity and metabolic risk in both obesity and aging (90, 91).

DAMPs, other than cell-free DNA, contribute to the inflammatory milieu in which IgG accumulates. Mitochondrial DNA, which contains unmethylated cytosine-phosphate-guanosine (CpG) dinucleotide motifs and short DNA sequences recognized as foreign by the immune system, similar to bacterial DNA, can also activate TLR9 and contribute to sterile inflammation in adipose tissue (92, 93). The age-related decline in mitochondrial function and increased mitochondrial DNA damage creates an additional source of DAMPs that may explain why the IgG-mediated pathology becomes more prominent with aging (94, 95).Previous studies have shown that mitochondrial DNA can interact with high mobility group box 1 (HMGB1) protein to form complexes that activate TLR9 signaling pathways, promoting cellular proliferation and inflammatory responses (84, 96). HMGB1 released from dying cells activates multiple pattern recognition receptors and enhances the inflammatory response to other DAMPs (97, 98). HMGB1 expression is significantly elevated in the adipose tissue of obese individuals compared with that in lean controls and correlates with markers of adipose tissue inflammation (98). Interactions between various DAMP signaling pathways and antibody-mediated pathways represent an area of active investigation that may reveal additional therapeutic targets.




6.2 Temporal dynamics of immunometabolic dysfunction

Integrating IgG-mediated pathways with established immune mechanisms requires understanding how these processes unfold over time in both obesity and aging. The classical view of metabolic immune dysfunction, focused primarily on macrophage infiltration and cytokine production, gains new complexity when antibody-mediated mechanisms are incorporated into the temporal framework. Knowledge of the chronological order of these events, as they contribute to IgG-mediated metabolic derangement, is important for delineating the intervention points and predicting disease progression. Based on existing data, a three-phase framework has been proposed for immunometabolic dysfunction: acute damage signaling, subacute antibody deposition, and chronic fibrotic remodeling. Figure 3 illustrates this temporal progression, showing the key events, biomarkers, and dominant pathology that characterize each phase of IgG-mediated metabolic dysfunction.
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Figure 3 | Temporal dynamics of IgG-mediated metabolic dysfunction. This temporal framework represents a conceptual synthesis of data from obesity studies (5, 40, 42, 83, 99–101) and aging studies (23, 86, 87, 102, 103). Direct longitudinal studies tracking individuals through all three phases are lacking; the timeline is extrapolated from cross-sectional and intervention studies. Metabolic inflammation follows a three-phase progression: acute phase (days-weeks) characterized by adipocyte death, DNA release, and TLR9-mediated inflammation with minimal IgG accumulation; subacute phase (weeks-months) featuring FcRn upregulation, rapid IgG tissue deposition, insulin resistance onset, and macrophage M1 polarization; and chronic phase (months-years) marked by progressive fibrosis, sustained IgG accumulation in fibrotic tissue, and self-perpetuating inflammatory cycles leading to irreversible metabolic dysfunction.

The acute phase, occurring days to weeks after metabolic stress, is characterized by adipocyte death, through death receptor pathways and inflammasome activation, leading to rapid macrophage recruitment and pro-inflammatory cytokine release (40, 42, 99). Classical inflammatory mediators such as cytokines and chemokines dominate the pathology of this phase. MCP-1/CCL2 levels rapidly increase and amplify macrophage recruitment via CCR2-dependent mechanisms (100, 101). Antibodies contribute minimally during the acute phase, as IgG deposition via FcRn-based recycling is slow.

In aging, the acute phase may be less pronounced due to age-related immunosenescence, but the underlying inflammatory priming persists longer due to impaired resolution pathways. This creates a protracted acute phase that more readily transitions to antibody-mediated pathology, potentially explaining why metabolic dysfunction develops more insidiously but more persistently in elderly populations (102, 103).

The subacute phase, which lasts weeks to months, is characterized by widespread IgG deposition through FcRn-mediated mechanisms and chronic inflammatory cell infiltration (5). Dual Role of Caspase 8 in Adipocyte Apoptosis and Metabolic Inflammation (83). This phase represents the critical integration point where classical immune dysfunction becomes intertwined with antibody-mediated pathology. The established knowledge of M1 macrophage polarization, Th1 T cell responses, and pro-inflammatory cytokine networks in obesity now gains additional context as these processes both drive and are amplified by IgG accumulation (104, 105). This is when insulin resistance and crown-like formations surrounding moribund adipocytes begin to emerge (76, 106). The transition from acute to subacute may represent a therapeutic window because FcRn antagonism during this period can prevent the onset of chronic metabolic derangement.

During the subacute phase of chronic obesity, phenotypic switching of macrophage populations from a mixed acute inflammatory population to more polarized M1-like macrophages has also been observed (107, 108). Phenotypic switching is coupled with enhanced metabolic activation in macrophages, characterized by upregulation of both glycolytic and oxidative phosphorylation pathways to support their increased energy demands for phagocytosis and inflammatory responses (109, 110). IgG deposition in adipose tissue can directly cause macrophage activation and polarization via Fc receptor ligation and downstream signaling events (5, 23, 111).

The aging context adds additional complexity to the subacute phase, as age-related changes in T regulatory cell function and B cell repertoire may impair the normal resolution of inflammatory responses while simultaneously promoting pathological antibody production (112–115). This creates a perfect storm where both classical immune dysfunction and antibody-mediated pathology are enhanced and prolonged (116, 117).

The chronic phase, which persists for months to years, is characterized by progressive tissue fibrosis, impaired adipose tissue remodeling, and permanent metabolic derangement (23). During this phase, the IgG pathology becomes autogenic because the fibrotic tissue itself acts as a reservoir for the deposition of IgG and interferes with normal tissue repair processes. Extracellular matrix remodeling during this phase creates a pro-inflammatory and insulin-resistant microenvironment (118, 119).

In the context of aging, the chronic phase may represent an accelerated version of normal age-related tissue deterioration, where the combination of cellular senescence, impaired tissue repair, and antibody-mediated inflammation creates irreversible metabolic dysfunction. This integration helps explain why metabolic diseases become increasingly difficult to treat with age and why prevention strategies must target multiple pathways simultaneously (120, 121).

Interventions in the chronic stage require more invasive approaches, such as overt FcRn antagonism or antifibrotic therapy, because therapeutic processes are now self-perpetuating and established (23). The establishment of tissue fibrosis at this stage could limit the reversibility of metabolic impairment, even when effective IgG-suppressing interventions are initiated.

This temporal framework has profound implications for personalized medical approaches for metabolic diseases. Early identification of individuals shifting from the acute to subacute phase can potentially permit phase-specific interventions to avoid chronic dysfunction. Phase transition markers, including changes in IgG glycosylation or tissue IgG deposition, could be used to guide therapy duration and intensity (65, 71). Additionally, age-specific biomarkers that capture both immune cell dysfunction and antibody pathology may be necessary for optimal therapeutic monitoring in elderly populations (122).





7 Clinical translation and therapeutic innovation



7.1 FcRn modulation strategies

The hypercomplexity of IgG-mediated metabolic disruption necessitates multifaceted therapeutic approaches to counteract the different aspects of antibody biology. Clinical development efforts are currently focused on three predominant strategies: FcRn inhibition, BAFF modulation, and glycosylation reversal, each with strengths and potential limitations based on their mechanisms of action and prior clinical experience. Table 2 summarizes these therapeutic targets for IgG-mediated metabolic dysfunction, comparing their mechanisms of action, target selectivity, immune safety profiles, and current clinical status.


Table 2 | Therapeutic targets for IgG-mediated metabolic dysfunction: mechanisms and clinical status.
	Strategy
	FcRn antagonism
	BAFF modulation
	Glycosylation restoration
	Combination therapy
	Precision targeting



	Representative agent
	Efgartigimod (80–82)
	Belimumab (90–92)
	ManNAc (6, 96, 97)
	Efgartigimod + ManNAc
	Glycan score-guided therapy (31, 37)


	Mechanism of action
	Blocks FcRn-mediated IgG recycling to reduce tissue IgG (81, 82)
	Inhibits BAFF to reduce B cell activation and autoantibody production (90, 91)
	Supplies sialic acid precursor to restore IgG sialylation (6, 96)
	Sequential FcRn blockade followed by glycan restoration
	Biomarker-directed treatment selection (31, 37)


	Target selectivity
	IgG-specific (81, 87, 88)
	Partial B cell suppression (91, 94, 95)
	Functional modulation without IgG depletion (6)
	Temporal IgG modulation
	Patient-specific


	Immune safety profile
	Preserves IgA/IgM and memory B cells (81, 87, 88)
	Maintains immune competence (91, 93)
	Minimal off-target effects (6, 96)
	Preserves beneficial antibodies while reducing pathogenic load
	Individualized risk-benefit


	Clinical status
	Approved (autoimmune); Preclinical (metabolic) (80–82)
	Approved (SLE); requires metabolic dose optimization (90–92)
	Clinical trials (GNE myopathy); preclinical (metabolic) (96, 97)
	Preclinical (concept)
	Clinical validation needed (31, 37)





BAFF, B cell activating factor; FcRn, neonatal Fc receptor; GNE, UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase; Ig, immunoglobulin; ManNAc, N-acetylmannosamine; SLE, systemic lupus erythematosus



FcRn antagonism is the most direct approach for reducing pathological IgG deposition in metabolic tissues. Efgartigimod, an FcRn antagonist initially developed to treat autoimmune conditions such as myasthenia gravis and immune thrombocytopenic purpura, has shown promising efficacy in preclinical models of metabolic diseases (5, 23, 123). By blocking IgG recycling, efgartigimod lowers tissue IgG levels and increases insulin sensitivity without significantly affecting other immune reactions or immunoglobulin isotypes (48, 124).

Clinical trials have demonstrated both the safety and efficacy of efgartigimod in the treatment of multiple autoimmune diseases in which pathogenic autoantibodies drive disease (123, 125–128). However, efgartigimod has not yet been tested in metabolic disease populations, and extrapolation of efficacy from autoimmune to metabolic indications requires caution. The safety profile in metabolic patients—who may have different comorbidity patterns and longer treatment durations—remains to be established through dedicated clinical trials. In generalized myasthenia gravis, efgartigimod rapidly reduced total IgG and autoantibody levels in all patients, with 75% showing rapid disease improvement within one week of treatment (125, 126). Phase 2 studies on primary immune thrombocytopenia showed that efgartigimod induced up to 63.7% reduction in total IgG levels, which was associated with clinically relevant increases in platelet counts and reduced bleeding episodes (127, 128). This drug has been approved for the treatment of myasthenia gravis and is under investigation for multiple autoimmune conditions (48).

FcRn antagonistic selectivity for IgG over other immunoglobulin classes preserves the essential immune protection by IgA and IgM without interfering with the pathogenic mechanisms underlying metabolic diseases (129, 130). The clinical application of efgartigimod in autoimmune diseases has been characterized by an acceptable safety profile, with the sole significant concern being the increased infection risk due to reduced circulating levels of IgG (127, 131). However, the reversible nature of IgG suppression and perpetuation of memory B cell responses suggests that the infection risk could be acceptable in metabolic disease applications.

Extensive clinical safety data from 715 participants across multiple trials, representing over 850 patient-years of follow-up, have demonstrated that efgartigimod was well-tolerated for different dosing regimens. The pivotal ADAPT phase 3 trial demonstrated comparable treatment emergent adverse event rates between efgartigimod and placebo (77.4% vs 84.3%) with consistently low discontinuation rates (3.6% in both groups) (123). Critical for metabolic applications, efgartigimod treatment did not reduce albumin levels despite the role of FcRn in albumin recycling and did not increase LDL cholesterol levels, supporting a therapeutic window for metabolic disease applications (123, 132).




7.2 BAFF modulation strategies

BAFF modulation provides a more subtle strategy designed to maximize rather than eliminate antibody responses. As both the protective and pathogenic functions of antibodies in adipose tissue biology are likely lost with complete B cell depletion (7), it is possible that the titrated antagonism of BAFF might minimize pathogenic autoantibody formation while maintaining protective autoantibodies that support adipocyte clearance and tissue homeostasis.

Belimumab, a licensed BAFF antagonist for systemic lupus erythematosus, has established a clinical precedent for targeted BAFF modulation (133–135). In patients with lupus, belimumab blocks autoantibody production and B cell activation while maintaining overall immune competence, demonstrating that selective modulation of BAFF can provide therapeutic benefit while retaining key immune functions (134, 136). The mechanism involves neutralizing soluble BAFF and preventing its interaction with BAFF receptors, leading to the selective depletion of naïve and activated B cells while preserving memory B cells (137, 138). However, the optimal dosing regimen for metabolic disease applications may differ substantially from that used in autoimmune conditions, as the goal is partial, not complete, BAFF neutralization (7). This would require careful dose optimization to balance the protective and pathogenic activities of antibodies, and potentially individualized dosing based on patient-specific antibody profiles.




7.3 Glycosylation modulation strategies

Glycosylation correction induced by sialic acid precursor supplementation is a promising strategy to restore IgG function without altering antibody levels (6). ManNAc supplementation has been effective in restoring IgG sialylation and improving insulin sensitivity in preclinical models, without affecting body weight or overall antibody production (6). This approach is extremely desirable because it corrects the functional properties of circulating antibodies without modifying their synthesis or clearance.

The clinical development of ManNAc in its metabolic indications is based on previous experience with sialic acid supplementation for hereditary inclusion body myopathy, in which ManNAc was shown to be clinically effective and safe (139, 140). In this orphan genetic disease, in which sialic acid biosynthesis is defective, supplementation with ManNAc restores cellular sialylation and improves muscle function, establishing both the safety profile and the concept that sialic acid precursors can cure glycosylation defects in human disease. The metabolic activities of ManNAc are specifically mediated by IgG resialylation and not by the general effects on cellular sialylation, suggesting a direct mechanism with fewer side effects (6).

Alternative approaches for modulating IgG sialylation include enzymatic modifications using recombinant sialyltransferases or neuraminidases. In vitro glycoengineering methods using β-1,4 galactosyltransferase-1 and ST6Gal1 have been successfully applied to produce homogeneously sialylated antibodies (141). Mammalian cell line glycoengineering through overexpression of ST6GAL1 and manipulation of the CMP-sialic acid transporter can generate highly sialylated IgG glycoforms (142).

Combination treatment approaches may prove to be the most appropriate for the multidimensional nature of IgG-mediated metabolic dysregulation. Targeting multiple aspects of antibody biology simultaneously or sequentially may result in synergistic activity, with less risk from any single intervention (143). For example, an initial FcRn antagonist administration to reduce pathological IgG accumulation could be followed by supplementation with ManNAc to improve the functional attributes of the newly produced antibodies.





8 Precision medicine approaches

Table 3 summarizes key biomarkers for precision medicine approaches in IgG-mediated metabolic dysfunction, including their methods, clinical roles, and performance data. The metabolic dysfunction heterogeneity induced by IgG suggests that precision medicine approaches may be essential for achieving maximum therapeutic efficacy. IgG glycosylation analysis represents a promising biomarker for patient stratification, with demonstrated ability to discriminate between insulin-sensitive and insulin-resistant individuals beyond traditional risk factors such as BMI and age in research cohorts (65, 68). However, clinical validation for therapeutic decision-making is lacking. No prospective trials have demonstrated that glycosylation-guided treatment selection improves outcomes compared to standard approaches, and the substantial interindividual variability in IgG glycome composition (65, 79) currently limits diagnostic application without standardized reference ranges. Clinical validation in the Beijing health management cohort showed remarkable discrimination performance, with AUC improving from 0.74 (clinical traits alone) to 0.90 when glycan profiling was added (77).


Table 3 | Key biomarkers for precision medicine in IgG-mediated metabolic dysfunction.
	Biomarker
	IgG glycosylation profiling
	IgG glycan score
	Subclass-specific IgG glycosylation
	Cross-ethnic glycan patterns
	Cardiovascular glycan signatures
	Gestational diabetes glycans
	Tissue IgG imaging
	FcRn polymorphisms



	Method
	Mass spectrometry, microarray (37, 38)
	LC–MS composite scoring (32, 34)
	LC–MS subclass profiling (33)
	Standardized LC–MS (35)
	JUPITER/TNT protocols (36)
	Plasma protein glycan analysis (39)
	PET tracer, biopsy (105)
	SNP genotyping (15, 106, 107)


	Clinical role
	T2DM risk stratification; insulin resistance classification (31, 37)
	Diabetes prediction; early intervention targeting (32, 34)
	Metabolic phenotyping; inflammation assessment (33)
	Global applicability; population-specific risk (35)
	CVD risk prediction in metabolic disease (36)
	Pregnancy metabolic risk assessment (39)
	Localized disease activity; FcRn-targeted therapy guidance (105)
	Therapy response prediction; dosing optimization (15, 106, 107)


	Pros
	Non-invasive, predictive, blood-based (37, 38)
	Strong association (OR 3.78); multi-population validation (32, 34)
	Consistent across IgG1/IgG2/IgG4; HDL correlation (33)
	Validated across Asian populations; ethnic minorities (35)
	Galactosylated/sialylated IgG protective; HDL correlation (36)
	Early detection; glucose homeostasis correlation (39)
	Site-specific info, response tracking, real-time (105)
	Stable, predictive, blood-based, pharmacogenomic (15, 106, 107)


	Cons
	Needs standardization; population variations (37, 38)
	Requires population-specific cutoffs (32, 34)
	Complex analysis; higher cost (33)
	Population-specific variations (35)
	Limited to specific glycan types (36)
	Limited to pregnancy; mechanism unclear (39)
	Invasive or in development (105)
	Limited functional data; population-specific (15, 106, 107)


	Performance data
	AUC improved 0.74→0.90 with NRI: 0.35; IDI: 0.42; Validated in 1826 Chinese Han and minority populations (31, 37)
	843 cases validated across 2,127 individuals prospective design (32, 34)
	Consistent across IgG1/IgG2/IgG4 subclasses (33)
	Validated across Kyrgyz, Tajik, and Uygur populations (35)
	162–397 case-control pairs; galactosylated/sialylated forms protective (36)
	48 controls vs 41 GDM cases; glucose homeostasis correlation (39)
	Up to 16-fold adipose accumulation vs plasma (5, 105)
	715 participants, >850 patient-years safety data (80, 101, 102)





AUC, area under the curve; ADAPT, autoimmune disease antibody-mediated pathology trial; ADCC, antibody-dependent cellular cytotoxicity; CVD, cardiovascular disease; FcRn, neonatal Fc receptor; GDM, gestational diabetes mellitus; HDL, high-density lipoprotein; IDI, integrated discrimination index; IgG, immunoglobulin G; LC–MS, liquid chromatography–mass spectrometry; NRI, net reclassification index; OR, odds ratio; PET, positron emission tomography; SNP, single nucleotide polymorphism; T2DM, type 2 diabetes mellitus.



However, the clinical rationale for biomarker-guided treatment selection remains largely theoretical. While IgG glycosylation patterns can identify high-risk individuals and monitor therapeutic responses—as demonstrated by changes following weight loss interventions and anti-inflammatory therapies (37, 79, 144)—prospective trials establishing that biomarker-guided therapy improves clinical outcomes compared to standard approaches are lacking. The substantial interindividual variability in IgG glycome composition across populations also presents challenges for establishing universal reference ranges and treatment algorithms (65, 79, 145).




9 Future directions and emerging questions

The recognition of IgG as a crucial mediator of metabolic dysfunction creates numerous avenues for future research that fall outside the boundaries of our current understanding of antibody biology in metabolic diseases. Several significant questions remain to be answered before the full therapeutic potential of inhibiting IgG-mediated pathways can be accomplished and their broader implications for human health can be realized.

The role of other classes of immunoglobulins in metabolic regulation is only partly understood despite new evidence that they play a significant role in metabolic homeostasis via alternative mechanisms. Although IgM and IgA are not FcRn-bound and therefore do not accumulate by the same mechanism as IgG, new evidence suggests that IgA regulates intestinal metabolism and glucose homeostasis through alternative mechanisms (146, 147). IgA-deficient mice show decreased glucose tolerance and insulin sensitivity during high-fat diet feeding, suggesting an important role of this family of immunoglobulins in metabolic regulation (146). Studies have demonstrated that sialylated IgM can inhibit T cell proliferation through internalization via FcμR, whereas asialylated IgM lacks this inhibitory capacity, indicating glycosylation-dependent functional regulation extends beyond IgG (148).

The intestinal immune system is important for investigating the regulation of immunoglobulin-mediated metabolic control. Secretory IgA in the gut plays an important role in maintaining microbial homeostasis and intestinal barrier function, both of which strongly correlate with metabolic health (146, 147). The interaction of intestinal IgA responses with systemic IgG-mediated disease is a potentially important axis of therapeutic intervention, particularly in light of the new appreciation of the gut–adipose tissue axis of metabolic disease (149, 150).

Tissue-specific differences in FcR expression and function are critical for future studies. Various tissues have different patterns of Fc receptor expression, which may dictate the tissue-specific effects of antibody accumulation (145, 151). It would be valuable to understand how receptor expression patterns dictate the anatomical distribution of IgG-mediated pathology to guide therapeutic strategies that preferentially protect metabolically vital tissues without compromising immune function.

Given the increased focus on metabolic dysregulation in neurodegenerative diseases, the brain is a particularly intriguing target tissue for IgG-mediated pathology (152). FcRn expression has been described in the blood–brain barrier and could potentially permit the transport of IgG across the central nervous system. Therefore, similar accumulation mechanisms may be the basis for neurometabolic dysfunction (153). The theoretical connection between IgG-mediated metabolic pathology and cognitive impairment is an important research topic.

The potential of immunometabolic dysfunction as a causative factor in other aging diseases apart from diabetes and obesity is an interesting field to explore. As IgG deposition has been postulated to be a phenomenon of aging, it may be argued that common mechanisms are involved in cardiovascular disease, cancer, and other age-related diseases (23, 144, 154). Elucidating the common immunometabolic pathways between two or more age-related diseases may reveal the general mechanisms of aging and suggest broader applications for IgG-targeted therapeutic interventions.

Cardiovascular disease is a highly promising candidate for study given the established associations between inflammation, insulin resistance, and atherosclerosis (155, 156). The potential involvement of IgG deposition in vascular tissues and its role in endothelial dysfunction and atherosclerotic plaque formation may be novel therapeutic targets for cardiovascular disease prevention and treatment.

The simultaneous design of combination therapies targeting various facets of immunometabolic derangement is crucial for clinical progress. Given the multicomponent nature of the IgG-related pathology and its intersection with other inflammatory and metabolic pathways, optimal therapeutic responses may require interventions that simultaneously affect multiple targets. The synergistic potential of combining FcRn blockade, glycosylation alteration, and traditional metabolic therapy will be central to translating mechanistic insights into better clinical outcomes (157).

The timing and order of combination interventions may be particularly important given the temporal dynamics of immunometabolic dysfunction. Varying approaches may be required for early treatment in the acute or subacute phases versus the treatment of chronic diseases after onset (5, 83). The development of treatment algorithms using biomarkers to determine the optimal timing and combination of interventions is a key challenge for clinical applications.

Finally, the possibility of the preventive use of IgG-targeted therapies is an uncharted field with far-reaching public health consequences. Since IgG deposition antedates overt metabolic diseases, prevention of diabetes and other metabolic diseases in high-risk subjects may be possible through early intervention (20, 65). Identification of predictive biomarkers of impending IgG-driven pathology prior to the onset of clinical symptoms would allow for the development of truly preventive regimens for metabolic diseases.



9.1 Limitations and future directions

Several limitations of the current evidence base warrant acknowledgment. First, much of the mechanistic data linking IgG accumulation to metabolic dysfunction derives from rodent models, particularly mice. While these provide valuable insights, IgG glycosylation patterns and subclass distributions differ substantially between mice and humans (61), potentially limiting direct translatability. Second, the temporal framework proposed here synthesizes cross-sectional and intervention studies from obesity and aging separately; longitudinal studies tracking IgG dynamics through metabolic disease progression in the same individuals are lacking. Third, causality remains incompletely established in human populations, where most evidence is associative. While animal studies demonstrate causation through genetic manipulation and antibody transfer experiments (5, 7, 23), human intervention trials with IgG-targeted therapies in metabolic disease are absent.

Fourth, alternative mechanisms may explain observed associations. For instance, IgG accumulation could represent an epiphenomenon of underlying metabolic dysfunction rather than a primary driver. Classical mechanisms of insulin resistance—including intracellular lipid accumulation (particularly diacylglycerol and ceramides), mitochondrial dysfunction, and endoplasmic reticulum stress—remain well-established primary drivers of metabolic disease with extensive mechanistic validation (160). While IgG accumulation correlates with metabolic dysfunction, the temporal sequence and causal hierarchy relative to these established mechanisms require clarification. The relative contributions of direct receptor interference, Fc receptor-mediated inflammation, and other immune pathways remain to be quantified. Fifth, the precision medicine applications proposed require substantial further validation, including prospective clinical trials demonstrating that biomarker-guided therapy improves outcomes.

These limitations highlight critical research needs (1): longitudinal human studies tracking IgG glycosylation, tissue accumulation, and metabolic parameters simultaneously (2); mechanistic studies in human tissue systems to validate rodent-derived mechanisms (3); clinical trials of IgG-targeted therapies in metabolic populations (4); standardization of glycosylation analysis methods and establishment of clinically validated reference ranges; and (5) comparative studies directly evaluating IgG-mediated versus alternative mechanisms within the same experimental systems.





10 Conclusion

Recognition of IgG as a central mediator of metabolic dysregulation represents a paradigm shift that fundamentally alters our understanding of the relationship between immune system activity and metabolic health. The convergence of obesity, aging, and autoimmunity research has revealed that antibodies are not merely passive markers of immune activation, but are active promoters of metabolic illness via direct molecular engagement with core metabolic signaling pathways.

The chronological progression from acute inflammatory reactions to subacute IgG deposition and chronic fibrotic dysfunction provides a unified schema for the development and persistence of metabolic diseases over time. This model explains why traditional anti-inflammatory approaches have been unsuccessful in the management of established metabolic diseases, as they fail to address the antibody-mediated components that dominate later stages of the disease. The fact that different populations of antibodies can exert opposing effects on metabolic health highlights the complexity of antibody biology and the need for nuanced therapeutic approaches.

Identification of the exact molecular targets in IgG-mediated mechanisms offers realistic opportunities for therapeutic interventions based on established pharmaceutical approaches. The clinical applications of FcRn antagonists, BAFF modulators, and glycosylation-restoring therapies offer multiple complementary approaches to target different aspects of IgG-mediated metabolic dysfunction. The encouraging safety profiles of these interventions for autoimmune disease suggest that translation to metabolic indications is possible with cautious dose optimization and patient selection.

Precision medicine principles are required to optimize therapeutic results as these approaches move toward the clinic. IgG-mediated disease heterogeneity demands individualized approaches based on patient-specific factors, such as antibody glycosylation status, tissue-specific accumulation patterns, and genetic variation in the implicated receptors and enzymes. Biomarker-based treatment algorithms are required to establish the optimal timing, dosage, and combination of therapies for a particular patient.

Most importantly, the broader implications of these findings extend beyond metabolic diseases and impinge on our understanding of aging, immunity, and the fundamental mechanisms that maintain tissue homeostasis throughout life. The recognition that antibodies can flip from protective to pathogenic functions provides new insights into how beneficial immune responses can become maladaptive in chronic diseases. As we continue to clarify the complex interplay between antibodies and metabolism, we may discover that many aging-related diseases share immunometabolic mechanisms that can be treated using similar therapies.

Clinical translation of these advances represents both a challenge and an opportunity. Although the identification of specific molecular targets has therapeutic potential, the complexity of antibody biology and the need for individualized approaches necessitate novel clinical trial designs and regulatory strategies. It is also critical to recognize that many IgG-mediated mechanisms have been elucidated in murine models, in which IgG glycosylation patterns and subclass distributions differ from humans. Therefore, comprehensive investigations of IgG glycosylation in human tissues are required prior to clinical translation. The ultimate success of these efforts depends on the continued collaboration between basic scientists, clinical investigators, and pharmaceutical developers to ensure that mechanistic insights are efficiently translated into improved patient outcomes.

Looking ahead, the field of immunometabolism remains poised to advance rapidly, with emerging findings relentlessly challenging existing paradigms. The role of IgG in metabolic diseases offers a compelling example of how distinct biological systems can engage in unforeseen ways to influence human health. The continued exploration of these interactions promises to provide new insights into disease mechanisms and therapeutic opportunities that can transform our approach to metabolic diseases and aging-disorder therapies.





Author contributions

MSK: Conceptualization, Writing – review & editing. SK: Writing – original draft, Writing – review & editing. JK: Writing – original draft, Writing – review & editing. HLL: Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Hankuk University of Foreign Studies Research Fund 884 This study was supported by Global - Learning & Academic research institution for Master’s·PhD 885 students, and Postdocs (G-LAMP) Program of the NRF grant funded by the Ministry of Education 886 (No. RS-2025-25442355).





Conflict of interest

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





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





References

	 Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis factor-alpha: direct role in obesity-linked insulin resistance. Science. (1993) 259:87–91. doi: 10.1126/science.7678183


	 Kern PA, Ranganathan S, Li C, Wood L, Ranganathan G. Adipose tissue tumor necrosis factor and interleukin-6 expression in human obesity and insulin resistance. Am J Physiol Endocrinol Metab. (2001) 280:E745–51. doi: 10.1152/ajpendo.2001.280.5.E745


	 Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J Clin Invest. (2003) 112:1821–30. doi: 10.1172/JCI19246


	 Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW. Obesity is associated with macrophage accumulation in adipose tissue. J Clin Invest. (2003) 112:1796–808. doi: 10.1172/JCI200319246


	 Yu L, Yang YX, Gong Z, Wan Q, Du Y, Zhou Q, et al. FcRn-dependent IgG accumulation in adipose tissue unmasks obesity pathophysiology. Cell Metab. (2025) 37:656–72 e7. doi: 10.1016/j.cmet.2024.11.001


	 Tanigaki K, Sacharidou A, Peng J, Chambliss KL, Yuhanna IS, Ghosh D, et al. Hyposialylated IgG activates endothelial IgG receptor FcgammaRIIB to promote obesity-induced insulin resistance. J Clin Invest. (2018) 128:309–22. doi: 10.1172/JCI93935


	 Lempicki MD, Gray JA, Abuna G, Murata RM, Divanovic S, McNamara CA, et al. BAFF neutralization impairs the autoantibody-mediated clearance of dead adipocytes and aggravates obesity-induced insulin resistance. Front Immunol. (2024) 15:1436900. doi: 10.3389/fimmu.2024.1436900


	 Santos AL, Sinha S. Obesity and aging: Molecular mechanisms and therapeutic approaches. Ageing Res Rev. (2021) 67:101268. doi: 10.1016/j.arr.2021.101268


	 Jura M, Kozak LP. Obesity and related consequences to ageing. Age (Dordr). (2016) 38:23. doi: 10.1007/s11357-016-9884-3


	 Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan C, Rothman DL, et al. Mitochondrial dysfunction in the elderly: possible role in insulin resistance. Science. (2003) 300:1140–2. doi: 10.1126/science.1082889


	 Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, Wohlgemuth SE, et al. Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging. Science. (2005) 309:481–4. doi: 10.1126/science.1112125


	 Raghavan M, Bonagura VR, Morrison SL, Bjorkman PJ. Analysis of the pH dependence of the neonatal Fc receptor/immunoglobulin G interaction using antibody and receptor variants. Biochemistry. (1995) 34:14649–57. doi: 10.1021/bi00045a005


	 Brambell FW, Hemmings WA, Morris IG. A theoretical model of gamma-globulin catabolism. Nature. (1964) 203:1352–4. doi: 10.1038/2031352a0


	 Brambell FWR. The transmission of passive immunity from mother to young1970. Front Biol. (1970) 18:1–385.


	 Zalevsky J, Chamberlain AK, Horton HM, Karki S, Leung IW, Sproule TJ, et al. Enhanced antibody half-life improves in vivo activity. Nat Biotechnol. (2010) 28:157–9. doi: 10.1038/nbt.1601


	 Dall'Acqua WF, Kiener PA, Wu H. Properties of human IgG1s engineered for enhanced binding to the neonatal Fc receptor (FcRn). J Biol Chem. (2006) 281:23514–24. doi: 10.1074/jbc.M604292200


	 Stapleton NM, Andersen JT, Stemerding AM, Bjarnarson SP, Verheul RC, Gerritsen J, et al. Competition for FcRn-mediated transport gives rise to short half-life of human IgG3 and offers therapeutic potential. Nat Commun. (2011) 2:599. doi: 10.1038/ncomms1608


	 Ghetie V, Hubbard JG, Kim JK, Tsen MF, Lee Y, Ward ES. Abnormally short serum half-lives of IgG in beta 2-microglobulin-deficient mice. Eur J Immunol. (1996) 26:690–6. doi: 10.1002/eji.1830260327


	 Sampei Z, Igawa T, Soeda T, Okuyama-Nishida Y, Moriyama C, Wakabayashi T, et al. Identification and multidimensional optimization of an asymmetric bispecific IgG antibody mimicking the function of factor VIII cofactor activity. PloS One. (2013) 8:e57479. doi: 10.1371/journal.pone.0057479


	 Igawa T, Tsunoda H, Tachibana T, Maeda A, Mimoto F, Moriyama C, et al. Reduced elimination of IgG antibodies by engineering the variable region. Protein Eng Des Sel. (2010) 23:385–92. doi: 10.1002/pmic.201000114


	 Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G, et al. B cells promote insulin resistance through modulation of T cells and production of pathogenic IgG antibodies. Nat Med. (2011) 17:610–7. doi: 10.1038/nm.2353


	 Nishimura S, Manabe I, Takaki S, Nagasaki M, Otsu M, Yamashita H, et al. Adipose natural regulatory B cells negatively control adipose tissue inflammation. Cell Metab. (2013) 18:759–66. doi: 10.1016/j.cmet.2013.09.017


	 Yu L, Wan Q, Liu Q, Fan Y, Zhou Q, Skowronski AA, et al. IgG is an aging factor that drives adipose tissue fibrosis and metabolic decline. Cell Metab. (2024) 36:793–807.e5. doi: 10.1016/j.cmet.2024.01.015


	 Khan T, Muise ES, Iyengar P, Wang ZV, Chandalia M, Abate N, et al. Metabolic dysregulation and adipose tissue fibrosis: role of collagen VI. Mol Cell Biol. (2009) 29:1575–91. doi: 10.1128/MCB.01300-08


	 Binder CJ, Chang MK, Shaw PX, Miller YI, Hartvigsen K, Dewan A, et al. Innate and acquired immunity in atherogenesis. Nat Med. (2002) 8:1218–26. doi: 10.1038/nm1102-1218


	 Deane R, Sagare A, Hamm K, Parisi M, Lane S, Finn MB, et al. apoE isoform-specific disruption of amyloid beta peptide clearance from mouse brain. J Clin Invest. (2008) 118:4002–13. doi: 10.1172/JCI33572


	 Latvala S, Jacobsen B, Otteneder MB, Herrmann A, Kronenberg S. Distribution of fcRn across species and tissues. J Histochem Cytochem. (2017) 65:321–33. doi: 10.1369/0022155417705095


	 Morell A, Terry WD, Waldmann TA. Metabolic properties of IgG subclasses in man. J Clin Invest. (1970) 49:673–80. doi: 10.1172/JCI20195


	 Kusner DJ, Hall CF, Jackson S. Fcγ receptor-mediated activation of phospholipase D regulates macrophage phagocytosis of IgG-opsonized particles. J Immunol. (1999) 162:2266–74. doi: 10.4049/jimmunol.162.4.2266


	 Pyzik M, Rath T, Lencer WI, Baker K, Blumberg RS. FcRn: the architect behind the immune and nonimmune functions of igG and albumin. J Immunol. (2015) 194:4595–603. doi: 10.4049/jimmunol.1403014


	 Roux KH, Strelets L, Brekke OH, Sandlie I, Michaelsen TE. Comparisons of the ability of human IgG3 hinge mutants, IgM, IgE, and IgA2, to form small immune complexes: a role for flexibility and geometry. J Immunol. (1998) 161:4083–90. doi: 10.4049/jimmunol.161.8.4083


	 Dard P, Lefranc M-P, Osipova L, Sanchez-Mazas A. DNA sequence variability of IGHG3 alleles associated to the main G3m haplotypes in human populations. Eur J Hum Genet. (2001) 9:765–72. doi: 10.1038/sj.ejhg.5200700


	 Buhre JS, Becker M, Ehlers M. IgG subclass and Fc glycosylation shifts are linked to the transition from pre- to inflammatory autoimmune conditions. Front Immunol. (2022) 13:1006939. doi: 10.3389/fimmu.2022.1006939


	 Stavnezer J. Immunoglobulin class switching. Curr Opin Immunol. (1996) 8:199–205. doi: 10.1016/S0952-7915(96)80058-6


	 Dekkers G, Treffers L, Plomp R, Bentlage AEH, de Boer M, Koeleman CAM, et al. Decoding the human immunoglobulin G-glycan repertoire reveals a spectrum of fc-receptor- and complement-mediated-effector activities. Front Immunol. (2017) 8:877. doi: 10.3389/fimmu.2017.00877


	 van der Neut Kolfschoten M, Schuurman J, Losen M, Bleeker WK, Martinez-Martinez P, Vermeulen E, et al. Anti-inflammatory activity of human IgG4 antibodies by dynamic Fab arm exchange. Science. (2007) 317:1554–7. doi: 10.1126/science.1144603


	 Kristic J, Vuckovic F, Menni C, Klaric L, Keser T, Beceheli I, et al. Glycans are a novel biomarker of chronological and biological ages. J Gerontol A Biol Sci Med Sci. (2014) 69:779–89. doi: 10.1093/gerona/glt190


	 Anthony RM, Nimmerjahn F, Ashline DJ, Reinhold VN, Paulson JC, Ravetch JV. Recapitulation of IVIG anti-inflammatory activity with a recombinant IgG Fc. Science. (2008) 320:373–6. doi: 10.1126/science.1154315


	 Kaneko Y, Nimmerjahn F, Ravetch JV. Anti-inflammatory activity of immunoglobulin G resulting from Fc sialylation. Science. (2006) 313:670–3. doi: 10.1126/science.1129594


	 Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, Faloia E, et al. Adipocyte death defines macrophage localization and function in adipose tissue of obese mice and humans. J Lipid Res. (2005) 46:2347–55. doi: 10.1194/jlr.M500294-JLR200


	 Murano I, Barbatelli G, Parisani V, Latini C, Muzzonigro G, Castellucci M, et al. Dead adipocytes, detected as crown-like structures, are prevalent in visceral fat depots of genetically obese mice. J Lipid Res. (2008) 49:1562–8. doi: 10.1194/jlr.M800019-JLR200


	 Strissel KJ, Stancheva Z, Miyoshi H, Perfield JW 2nd, DeFuria J, Jick Z, et al. Adipocyte death, adipose tissue remodeling, and obesity complications. Diabetes. (2007) 56:2910–8. doi: 10.2337/db07-0767


	 Alkhouri N, Gornicka A, Berk MP, Thapaliya S, Dixon LJ, Kashyap S, et al. Adipocyte apoptosis, a link between obesity, insulin resistance, and hepatic steatosis. J Biol Chem. (2010) 285:3428–38. doi: 10.1074/jbc.M109.074252


	 Schilperoort M, Ngai D, Katerelos M, Power DA, Tabas I. PFKFB2-mediated glycolysis promotes lactate-driven continual efferocytosis by macrophages. Nat Metab. (2023) 5:431–44. doi: 10.1038/s42255-023-00736-8


	 Roopenian DC, Akilesh S. FcRn: the neonatal Fc receptor comes of age. Nat Rev Immunol. (2007) 7:715–25. doi: 10.1038/nri2155


	 Pyzik M, Sand KMK, Hubbard JJ, Andersen JT, Sandlie I, Blumberg RS. The neonatal fc receptor (FcRn): A misnomer? Front Immunol. (2019) 10:1540. doi: 10.1038/nri2155


	 Ghetie V, Ward ES. Multiple roles for the major histocompatibility complex class I- related receptor FcRn. Annu Rev Immunol. (2000) 18:739–66. doi: 10.1146/annurev.immunol.18.1.739


	 Ober RJ, Martinez C, Lai X, Zhou J, Ward ES. Exocytosis of IgG as mediated by the receptor, FcRn: an analysis at the single-molecule level. Proc Natl Acad Sci. (2004) 101:11076–81. doi: 10.1073/pnas.0402970101


	 Vaccaro C, Zhou J, Ober RJ, Ward ES. Engineering the Fc region of immunoglobulin G to modulate in vivo antibody levels. Nat Biotechnol. (2005) 23:1283–8. doi: 10.1038/nbt1143


	 Frasca D, Blomberg BB. Inflammaging decreases adaptive and innate immune responses in mice and humans. Biogerontology. (2016) 17:7–19. doi: 10.1007/s10522-015-9578-8


	 Lumeng CN, Liu J, Geletka L, Delaney C, Delproposto J, Desai A, et al. Aging is associated with an increase in T cells and inflammatory macrophages in visceral adipose tissue. J Immunol. (2011) 187:6208–16. doi: 10.4049/jimmunol.1102188


	 Anthony RM, Kobayashi T, Wermeling F, Ravetch JV. Intravenous gammaglobulin suppresses inflammation through a novel TH2 pathway. Nature. (2011) 475:110–3. doi: 10.1038/nature10134


	 Wynn TA, Chawla A, Pollard JW. Macrophage biology in development, homeostasis and disease. Nature. (2013) 496:445–55. doi: 10.1038/nature12034


	 Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity. (2014) 41:14–20. doi: 10.1016/j.immuni.2014.06.008


	 Meng L, Forouhar F, Thieker D, Gao Z, Ramiah A, Moniz H, et al. Enzymatic basis for N-glycan sialylation: structure of rat alpha2,6-sialyltransferase (ST6GAL1) reveals conserved and unique features for glycan sialylation. J Biol Chem. (2013) 288:34680–98. doi: 10.1074/jbc.M113.519041


	 Kitagawa H, Paulson JC. Differential expression of five sialyltransferase genes in human tissues. J Biol Chem. (1994) 269:17872–8. doi: 10.1016/S0021-9258(17)32390-6


	 Hess C, Winkler A, Lorenz AK, Holecska V, Blanchard V, Eiglmeier S, et al. T cell-independent B cell activation induces immunosuppressive sialylated IgG antibodies. J Clin Invest. (2013) 123:3788–96. doi: 10.1172/JCI69344


	 Jones MB, Oswald DM, Joshi S, Whiteheart SW, Orlando R, Cobb BA. B-cell-independent sialylation of igG. Proc Natl Acad Sci U S A. (2016) 113:7207–12. doi: 10.1073/pnas.1607295113


	 Dougher CW, Buffone A, Nemeth MJ, Nasirikenari M, Irons EE, Bogner PN, et al. The blood-borne sialyltransferase ST6Gal-1 is a negative systemic regulator of granulopoiesis. J Leukocyte Biol. (2017) 102:507–16. doi: 10.1189/jlb.3A1216-538RR


	 Sneed SL, Strandberg EA, Laureano AFS, Vattepu R, Sun Y, Tran TT, et al. Molecular determinants of sialylated IgG anti-inflammatory activity. Proc Natl Acad Sci U S A. (2025) 122:e2411600122. doi: 10.1073/pnas.2411600122


	 de Haan N, Reiding KR, Krištić J, Hipgrave Ederveen AL, Lauc G, Wuhrer M. The N-glycosylation of mouse immunoglobulin G (IgG)-fragment crystallizable differs between IgG subclasses and strains. Front Immunol. (2017) 8:608. doi: 10.3389/fimmu.2017.00608


	 Tanigaki K, Chambliss KL, Yuhanna IS, Sacharidou A, Ahmed M, Atochin DN, et al. Endothelial fcgamma receptor IIB activation blunts insulin delivery to skeletal muscle to cause insulin resistance in mice. Diabetes. (2016) 65:1996–2005. doi: 10.2337/db15-1605


	 Bagriacik EU, Miller KS. Cell surface sialic acid and the regulation of immune cell interactions: the neuraminidase effect reconsidered. Glycobiology. (1999) 9:267–75. doi: 10.1093/glycob/9.3.267


	 Bonten EJ, Campos Y, Zaitsev V, Nourse A, Waddell B, Lewis W, et al. Heterodimerization of the sialidase NEU1 with the chaperone protective protein/cathepsin A prevents its premature oligomerization. J Biol Chem. (2009) 284:28430–41. doi: 10.1074/jbc.M109.031419


	 Pucic M, Knezevic A, Vidic J, Adamczyk B, Novokmet M, Polasek O, et al. High throughput isolation and glycosylation analysis of IgG-variability and heritability of the IgG glycome in three isolated human populations. Mol Cell Proteomics. (2011) 10:M111010090. doi: 10.1074/mcp.M111.010090


	 Lauc G, Huffman JE, Pučić M, Zgaga L, Adamczyk B, Mužinić A, et al. Loci associated with N-glycosylation of human immunoglobulin G show pleiotropy with autoimmune diseases and haematological cancers. PloS Genet. (2013) 9:e1003225. doi: 10.1371/journal.pgen.1003225


	 Bartsch YC, Rahmoller J, Mertes MMM, Eiglmeier S, Lorenz FKM, Stoehr AD, et al. Sialylated autoantigen-reactive igG antibodies attenuate disease development in autoimmune mouse models of lupus nephritis and rheumatoid arthritis. Front Immunol. (2018) 9:1183. doi: 10.3389/fimmu.2018.01183


	 Chen X, Balmer L, Lin K, Cao W, Huang Z, Chen X, et al. IgG N-glycosylation contributes to different severities of insulin resistance: implications for 3P medical approaches. EPMA J. (2025) 16:419–35. doi: 10.1007/s13167-025-00410-x


	 Birukov A, Plavsa B, Eichelmann F, Kuxhaus O, Hoshi RA, Rudman N, et al. Immunoglobulin G N-glycosylation signatures in incident type 2 diabetes and cardiovascular disease. Diabetes Care. (2022) 45:2729–36. doi: 10.2337/dc22-0833


	 Shkunnikova S, Mijakovac A, Sironic L, Hanic M, Lauc G, Kavur MM. IgG glycans in health and disease: Prediction, intervention, prognosis, and therapy. Biotechnol Adv. (2023) 67:108169. doi: 10.1016/j.biotechadv.2023.108169


	 Štambuk T, Kifer D, Smirčić-Duvnjak L, Vučić Lovrenčić M, Gornik O. Associations between plasma protein, IgG and IgA N-glycosylation and metabolic health markers in pregnancy and gestational diabetes. PloS One. (2023) 18:e0284838. doi: 10.1371/journal.pone.0284838


	 Hoshi RA, Plavsa B, Liu Y, Trbojevic-Akmacic I, Glynn RJ, Ridker PM, et al. N-glycosylation profiles of immunoglobulin G and future cardiovascular events. Circ Res. (2024) 134:e3–e14. doi: 10.1161/CIRCRESAHA.123.323623


	 Loaeza-Reyes KJ, Zenteno E, Moreno-Rodriguez A, Torres-Rosas R, Argueta-Figueroa L, Salinas-Marin R, et al. An overview of glycosylation and its impact on cardiovascular health and disease. Front Mol Biosci. (2021) 8:751637. doi: 10.3389/fmolb.2021.751637


	 Plomp R, Ruhaak LR, Uh H-W, Reiding KR, Selman M, Houwing-Duistermaat JJ, et al. Subclass-specific IgG glycosylation is associated with markers of inflammation and metabolic health. Sci Rep. (2017) 7:12325. doi: 10.1038/s41598-017-12495-0


	 Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, et al. Normalization of obesity-associated insulin resistance through immunotherapy. Nat Med. (2009) 15:921–9. doi: 10.1038/nm.2001


	 Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adipose tissue macrophage polarization. J Clin Invest. (2007) 117:175–84. doi: 10.1172/JCI29069


	 Wu Z, Li H, Liu D, Tao L, Zhang J, Liang B, et al. IgG glycosylation profile and the glycan score are associated with type 2 diabetes in independent chinese populations: A case-control study. J Diabetes Res. (2020) 2020:5041346. doi: 10.1155/2020/5041346


	 Meng X, Song M, Vilaj M, Stambuk J, Dolikun M, Zhang J, et al. Glycosylation of igG associates with hypertension and type 2 diabetes mellitus comorbidity in the chinese muslim ethnic minorities and the han chinese. J Pers Med. (2021) 11. doi: 10.3390/jpm11070614


	 Huffman JE, Pucic-Bakovic M, Klaric L, Hennig R, Selman MH, Vuckovic F, et al. Comparative performance of four methods for high-throughput glycosylation analysis of immunoglobulin G in genetic and epidemiological research. Mol Cell Proteomics. (2014) 13:1598–610. doi: 10.1074/mcp.M113.037465


	 Krištić J, Lauc G. The importance of IgG glycosylation—What did we learn after analyzing over 100,000 individuals. Immunol Rev. (2024) 328:143–70. doi: 10.1093/gerona/glu009


	 Kosteli A, Sugaru E, Haemmerle G, Martin JF, Lei J, Zechner R, et al. Weight loss and lipolysis promote a dynamic immune response in murine adipose tissue. J Clin Invest. (2010) 120:3466–79. doi: 10.1172/JCI42845


	 Ghosh S, Lertwattanarak R, Garduno Jde J, Galeana JJ, Li J, Zamarripa F, et al. Elevated muscle TLR4 expression and metabolic endotoxemia in human aging. J Gerontol A Biol Sci Med Sci. (2015) 70:232–46. doi: 10.1093/gerona/glu067


	 Nishimoto S, Fukuda D, Higashikuni Y, Tanaka K, Hirata Y, Murata C, et al. Obesity-induced DNA released from adipocytes stimulates chronic adipose tissue inflammation and insulin resistance. Sci Adv. (2016) 2:e1501332. doi: 10.1126/sciadv.1501332


	 Garcia-Martinez I, Santoro N, Chen Y, Hoque R, Ouyang X, Caprio S, et al. Hepatocyte mitochondrial DNA drives nonalcoholic steatohepatitis by activation of TLR9. J Clin Invest. (2016) 126:859–64. doi: 10.1172/JCI72971


	 Hong CP, Yun CH, Lee GW, Park A, Kim YM, Jang MH. TLR9 regulates adipose tissue inflammation and obesity-related metabolic disorders. Obes (Silver Spring). (2015) 23:2199–206. doi: 10.1002/oby.21212


	 Tchkonia T, Zhu Y, van Deursen J, Campisi J, Kirkland JL. Cellular senescence and the senescent secretory phenotype: therapeutic opportunities. J Clin Invest. (2013) 123:966–72. doi: 10.1172/JCI64098


	 Palmer AK, Xu M, Zhu Y, Pirtskhalava T, Weivoda MM, Hachfeld CM, et al. Targeting senescent cells alleviates obesity-induced metabolic dysfunction. Aging Cell. (2019) 18:e12950. doi: 10.1111/acel.12950


	 Larsen CM, Faulenbach M, Vaag A, Volund A, Ehses JA, Seifert B, et al. Interleukin-1-receptor antagonist in type 2 diabetes mellitus. N Engl J Med. (2007) 356:1517–26. doi: 10.1056/NEJMoa065213


	 Chawla A, Nguyen KD, Goh YP. Macrophage-mediated inflammation in metabolic disease. Nat Rev Immunol. (2011) 11:738–49. doi: 10.1038/nri3071


	 Barbarroja N, Lopez-Pedrera R, Mayas MD, Garcia-Fuentes E, Garrido-Sanchez L, Macías-González M, et al. The obese healthy paradox: is inflammation the answer? Biochem J. (2010) 430:141–9. doi: 10.1042/BJ20091463


	 Frasca D, Blomberg BB, Paganelli R. Aging, obesity, and inflammatory age-related diseases. Front Immunol. (2017) 8:1745. doi: 10.3389/fimmu.2017.01745


	 Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, et al. Circulating mitochondrial DAMPs cause inflammatory responses to injury. Nature. (2010) 464:104–7. doi: 10.1038/nature08780


	 Oka T, Hikoso S, Yamaguchi O, Taneike M, Takeda T, Tamai T, et al. Mitochondrial DNA that escapes from autophagy causes inflammation and heart failure. Nature. (2012) 485:251–5. doi: 10.1038/nature10992


	 Boyapati RK, Dorward DA, Tamborska A, Kalla R, Ventham NT, Doherty MK, et al. Mitochondrial DNA is a pro-inflammatory damage-associated molecular pattern released during active IBD. Inflammatory bowel diseases. (2018) 24:2113–22. doi: 10.1016/j.mad.2018.01.002


	 López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. (2013) 153:1194–217. doi: 10.1016/j.cell.2013.05.039


	 Hu Q, Ren J, Ren H, Wu J, Wu X, Liu S, et al. Urinary mitochondrial DNA identifies renal dysfunction and mitochondrial damage in sepsis-induced acute kidney injury. Oxid Med Cell longevity. (2018) 2018:8074936. doi: 10.1093/hmg/ddq335


	 Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature. (2002) 418:191–5. doi: 10.1038/nature00858


	 Montes VN, Subramanian S, Goodspeed L, Wang SA, Omer M, Bobik A, et al. Anti-HMGB1 antibody reduces weight gain in mice fed a high-fat diet. Nutr Diabetes. (2015) 5:e161. doi: 10.1038/nutd.2015.11


	 Luk CT, Chan CK, Chiu F, Shi SY, Misra PS, Li YZ, et al. Dual role of caspase 8 in adipocyte apoptosis and metabolic inflammation. Diabetes. (2023) 72:1751–65. doi: 10.2337/db22-1033


	 Kanda H, Tateya S, Tamori Y, Kotani K, K-i H, Kitazawa R, et al. MCP-1 contributes to macrophage infiltration into adipose tissue, insulin resistance, and hepatic steatosis in obesity. J Clin Invest. (2006) 116:1494–505. doi: 10.1172/JCI26498


	 Weisberg SP, Hunter D, Huber R, Lemieux J, Slaymaker S, Vaddi K, et al. CCR2 modulates inflammatory and metabolic effects of high-fat feeding. J Clin Invest. (2006) 116:115–24. doi: 10.1172/JCI26498


	 Shaw AC, Goldstein DR, Montgomery RR. Age-dependent dysregulation of innate immunity. Nat Rev Immunol. (2013) 13:875–87. doi: 10.1038/nri3547


	 Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: a new immune-metabolic viewpoint for age-related diseases. Nat Rev Endocrinol. (2018) 14:576–90. doi: 10.1038/s41574-018-0059-4


	 McLaughlin T, Liu L-F, Lamendola C, Shen L, Morton J, Rivas H, et al. T-cell profile in adipose tissue is associated with insulin resistance and systemic inflammation in humans. Arteriosclerosis thrombosis Vasc Biol. (2014) 34:2637–43. doi: 10.1161/ATVBAHA.114.304636


	 Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat Med. (2009) 15:914–20. doi: 10.1038/nm.1964


	 Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory properties of adipose tissue macrophages recruited during diet-induced obesity. Diabetes. (2007) 56:16–23. doi: 10.2337/db06-1076


	 Kratz M, Coats BR, Hisert KB, Hagman D, Mutskov V, Peris E, et al. Metabolic dysfunction drives a mechanistically distinct proinflammatory phenotype in adipose tissue macrophages. Cell Metab. (2014) 20:614–25. doi: 10.1016/j.cmet.2014.08.010


	 Hill DA, Lim HW, Kim YH, Ho WY, Foong YH, Nelson VL, et al. Distinct macrophage populations direct inflammatory versus physiological changes in adipose tissue. Proc Natl Acad Sci U S A. (2018) 115:E5096–E105. doi: 10.1073/pnas.1802611115


	 Jaitin DA, Adlung L, Thaiss CA, Weiner A, Li B, Descamps H, et al. Lipid-associated macrophages control metabolic homeostasis in a trem2-dependent manner. Cell. (2019) 178:686–98 e14. doi: 10.1016/j.cell.2019.05.054


	 Coats BR, Schoenfelt KQ, Barbosa-Lorenzi VC, Peris E, Cui C, Hoffman A, et al. Metabolically activated adipose tissue macrophages perform detrimental and beneficial functions during diet-induced obesity. Cell Rep. (2017) 20:3149–61. doi: 10.1016/j.celrep.2017.08.096


	 Guilliams M, Bruhns P, Saeys Y, Hammad H, Lambrecht BN. The function of Fcgamma receptors in dendritic cells and macrophages. Nat Rev Immunol. (2014) 14:94–108. doi: 10.1038/nri3582


	 Palatella M, Guillaume SM, Linterman MA, Huehn J. The dark side of Tregs during aging. Front Immunol. (2022) 13:940705. doi: 10.3389/fimmu.2022.940705


	 de Mol J, Kuiper J, Tsiantoulas D, Foks AC. The dynamics of B cell aging in health and disease. Front Immunol. (2021) 12:733566. doi: 10.3389/fimmu.2021.733566


	 Chung HY, Kim DH, Lee EK, Chung KW, Chung S, Lee B, et al. Redefining chronic inflammation in aging and age-related diseases: proposal of the senoinflammation concept. Aging Dis. (2019) 10:367–82. doi: 10.14336/AD.2018.0324


	 Mouat IC, Goldberg E, Horwitz MS. Age-associated B cells in autoimmune diseases. Cell Mol Life Sci. (2022) 79:402. doi: 10.1007/s00018-022-04433-9


	 Thirugnanam S, Rout N. A perfect storm: the convergence of aging, human immunodeficiency virus infection, and inflammasome dysregulation. Curr Issues Mol Biol. (2024) 46:4768–86. doi: 10.3390/cimb46050287


	 Motwani MP, Newson J, Kwong S, Richard-Loendt A, Colas R, Dalli J, et al. Prolonged immune alteration following resolution of acute inflammation in humans. PloS One. (2017) 12:e0186964. doi: 10.1371/journal.pone.0186964


	 Halberg N, Khan T, Trujillo ME, Wernstedt-Asterholm I, Attie AD, Sherwani S, et al. Hypoxia-inducible factor 1alpha induces fibrosis and insulin resistance in white adipose tissue. Mol Cell Biol. (2009) 29:4467–83. doi: 10.1128/MCB.00192-09


	 Li Q, Hata A, Kosugi C, Kataoka N, Funaki M. The density of extracellular matrix proteins regulates inflammation and insulin signaling in adipocytes. FEBS Lett. (2010) 584:4145–50. doi: 10.1016/j.febslet.2010.08.033


	 Bapat SP, Myoung Suh J, Fang S, Liu S, Zhang Y, Cheng A, et al. Depletion of fat-resident Treg cells prevents age-associated insulin resistance. Nature. (2015) 528:137–41. doi: 10.1038/nature16151


	 Camell CD, Sander J, Spadaro O, Lee A, Nguyen KY, Wing A, et al. Inflammasome-driven catecholamine catabolism in macrophages blunts lipolysis during ageing. Nature. (2017) 550:119–23. doi: 10.1038/nature24022


	 Saavedra D, Ane-Kouri AL, Barzilai N, Caruso C, Cho KH, Fontana L, et al. Aging and chronic inflammation: highlights from a multidisciplinary workshop. Immun Ageing. (2023) 20:25. doi: 10.1186/s12979-023-00352-4


	 Howard JF Jr., Bril V, Vu T, Karam C, Peric S, Margania T, et al. Safety, efficacy, and tolerability of efgartigimod in patients with generalised myasthenia gravis (ADAPT): a multicentre, randomised, placebo-controlled, phase 3 trial. Lancet Neurol. (2021) 20:526–36. doi: 10.1016/S1474-4422(21)00159-9


	 Ulrichts P, Guglietta A, Dreier T, van Bragt T, Hanssens V, Hofman E, et al. Neonatal Fc receptor antagonist efgartigimod safely and sustainably reduces IgGs in humans. J Clin Invest. (2018) 128:4372–86. doi: 10.1172/JCI97911


	 Howard JF Jr., Utsugisawa K, Benatar M, Murai H, Barohn RJ, Illa I, et al. Safety and efficacy of eculizumab in anti-acetylcholine receptor antibody-positive refractory generalised myasthenia gravis (REGAIN): a phase 3, randomised, double-blind, placebo-controlled, multicentre study. Lancet Neurol. (2017) 16:976–86. doi: 10.1016/S1474-4422(17)30369-1


	 Howard JF Jr., Bril V, Burns TM, Mantegazza R, Bilinska M, Szczudlik A, et al. Randomized phase 2 study of FcRn antagonist efgartigimod in generalized myasthenia gravis. Neurology. (2019) 92:e2661–e73. doi: 10.1212/WNL.0000000000007600


	 Newland AC, Sanchez-Gonzalez B, Rejto L, Egyed M, Romanyuk N, Godar M, et al. Phase 2 study of efgartigimod, a novel FcRn antagonist, in adult patients with primary immune thrombocytopenia. Am J Hematol. (2020) 95:178–87. doi: 10.1002/ajh.25680


	 Broome CM, McDonald V, Miyakawa Y, Carpenedo M, Kuter DJ, Al-Samkari H, et al. Efficacy and safety of the neonatal Fc receptor inhibitor efgartigimod in adults with primary immune thrombocytopenia (ADVANCE IV): a multicentre, randomised, placebo-controlled, phase 3 trial. Lancet. (2023) 402:1648–59. doi: 10.1016/S0140-6736(23)01460-5


	 Ward ES, Martinez C, Vaccaro C, Zhou J, Tang Q, Ober RJ. From sorting endosomes to exocytosis: association of Rab4 and Rab11 GTPases with the Fc receptor, FcRn, during recycling. Mol Biol Cell. (2005) 16:2028–38. doi: 10.1091/mbc.e04-08-0735


	 Nixon AE, Chen J, Sexton DJ, Muruganandam A, Bitonti AJ, Dumont J, et al. Fully human monoclonal antibody inhibitors of the neonatal fc receptor reduce circulating IgG in non-human primates. Front Immunol. (2015) 6:176. doi: 10.3389/fimmu.2015.00176


	 Bril V, Druzdz A, Grosskreutz J, Habib AA, Mantegazza R, Sacconi S, et al. Safety and efficacy of rozanolixizumab in patients with generalised myasthenia gravis (MycarinG): a randomised, double-blind, placebo-controlled, adaptive phase 3 study. Lancet Neurol. (2023) 22:383–94. doi: 10.1016/S1474-4422(23)00077-7


	 Gwathmey KG, Broome CM, Goebeler M, Murai H, Bata-Csorgo Z, Newland AC, et al. Safety profile of efgartigimod from global clinical trials across multiple immunoglobulin G-mediated autoimmune diseases. Expert Rev Clin Immunol. (2025) 21:627–38. doi: 10.1080/1744666X.2025.2497840


	 Navarra SV, Guzman RM, Gallacher AE, Hall S, Levy RA, Jimenez RE, et al. Efficacy and safety of belimumab in patients with active systemic lupus erythematosus: a randomised, placebo-controlled, phase 3 trial. Lancet. (2011) 377:721–31. doi: 10.1016/S0140-6736(10)61354-2


	 Furie R, Petri M, Zamani O, Cervera R, Wallace DJ, Tegzová D, et al. A phase III, randomized, placebo-controlled study of belimumab, a monoclonal antibody that inhibits B lymphocyte stimulator, in patients with systemic lupus erythematosus. Arthritis Rheumatism. (2011) 63:3918–30. doi: 10.1002/art.30613


	 Stohl W, Metyas S, Tan SM, Cheema GS, Oamar B, Xu D, et al. B lymphocyte stimulator overexpression in patients with systemic lupus erythematosus: longitudinal observations. Arthritis Rheumatol. (2003) 48:3475–86. doi: 10.1002/art.11354


	 Hahn BH, McMahon MA, Wilkinson A, Wallace WD, Daikh DI, Fitzgerald JD, et al. American College of Rheumatology guidelines for screening, treatment, and management of lupus nephritis. Arthritis Care Res (Hoboken). (2012) 64:797–808. doi: 10.1002/art.33361


	 Cambridge G, Isenberg DA, Edwards J, Leandro MJ, Migone T-S, Teodorescu M, et al. B cell depletion therapy in systemic lupus erythaematosus: relationships among serum B lymphocyte stimulator levels, autoantibody profile and clinical response. Ann rheumatic diseases. (2008) 67:1011–6. doi: 10.1136/ard.2007.079418


	 Petri M, Stohl W, Chatham W, McCune WJ, Chevrier M, Ryel J, et al. Association of plasma B lymphocyte stimulator levels and disease activity in systemic lupus erythematosus. Arthritis Rheumatol. (2008) 58:2453–9. doi: 10.1002/art.23678


	 Malicdan MC, Noguchi S, Hayashi YK, Nonaka I, Nishino I. Prophylactic treatment with sialic acid metabolites precludes the development of the myopathic phenotype in the DMRV-hIBM mouse model. Nat Med. (2009) 15:690–5. doi: 10.1038/nm.1956


	 Carrillo N, Malicdan MC, Leoyklang P, Shrader JA, Joe G, Slota C, et al. Safety and efficacy of N-acetylmannosamine (ManNAc) in patients with GNE myopathy: an open-label phase 2 study. Genet Med. (2021) 23:2067–75. doi: 10.1038/s41436-021-01259-x


	 Thomann M, Reckermann K, Reusch D, Prasser J, Tejada ML. Fc-galactosylation modulates antibody-dependent cellular cytotoxicity of therapeutic antibodies. Mol Immunol. (2016) 73:69–75. doi: 10.1016/j.molimm.2016.03.002


	 Yamane-Ohnuki N, Kinoshita S, Inoue-Urakubo M, Kusunoki M, Iida S, Nakano R, et al. Establishment of FUT8 knockout Chinese hamster ovary cells: an ideal host cell line for producing completely defucosylated antibodies with enhanced antibody-dependent cellular cytotoxicity. Biotechnol Bioeng. (2004) 87:614–22. doi: 10.1002/bit.20151


	 Long GV, Carlino MS, Au-Yeung G, Spillane AJ, Shannon KF, Gyorki DE, et al. Neoadjuvant pembrolizumab, dabrafenib and trametinib in BRAF(V600)-mutant resectable melanoma: the randomized phase 2 NeoTrio trial. Nat Med. (2024) 30:2540–8. doi: 10.1038/s41591-024-03077-5


	 Alberro A, Iribarren-Lopez A, Sáenz-Cuesta M, Matheu A, Vergara I, Otaegui D. Inflammaging markers characteristic of advanced age show similar levels with frailty and dependency. Sci Rep. (2021) 11:4358. doi: 10.1038/s41598-021-83991-7


	 Berger M, Norvell TM, Tosi MF, Emancipator SN, Konstan MW, Schreiber JR. Tissue-specific Fc gamma and complement receptor expression by alveolar macrophages determines relative importance of IgG and complement in promoting phagocytosis of Pseudomonas aeruginosa. Pediatr Res. (1994) 35:68–77. doi: 10.1203/00006450-199401000-00015


	 Luck H, Khan S, Kim JH, Copeland JK, Revelo XS, Tsai S, et al. Gut-associated IgA(+) immune cells regulate obesity-related insulin resistance. Nat Commun. (2019) 10:3650. doi: 10.1038/s41467-019-11370-y


	 Fadlallah J, El Kafsi H, Sterlin D, Juste C, Parizot C, Dorgham K, et al. Microbial ecology perturbation in human IgA deficiency. Sci Transl Med. (2018) 10. doi: 10.1126/scitranslmed.aan1217


	 Ohmi Y, Ise W, Harazono A, Takakura D, Fukuyama H, Baba Y, et al. Sialylation converts arthritogenic IgG into inhibitors of collagen-induced arthritis. Nat Commun. (2016) 7:11205. doi: 10.1038/ncomms11205


	 Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes. (2007) 56:1761–72. doi: 10.2337/db06-1491


	 Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc Natl Acad Sci. (2013) 110:9066–71. doi: 10.1073/pnas.1219451110


	 Bruggeman CW, Houtzager J, Dierdorp B, Kers J, Pals ST, Lutter R, et al. Tissue-specific expression of IgG receptors by human macrophages ex vivo. PloS One. (2019) 14:e0223264. doi: 10.1371/journal.pone.0223264


	 Bonomi CG, De Lucia V, Mascolo AP, Assogna M, Motta C, Scaricamazza E, et al. Brain energy metabolism and neurodegeneration: hints from CSF lactate levels in dementias. Neurobiol Aging. (2021) 105:333–9. doi: 10.1016/j.neurobiolaging.2021.05.011


	 Bien-Ly N, Yu YJ, Bumbaca D, Elstrott J, Boswell CA, Zhang Y, et al. Transferrin receptor (TfR) trafficking determines brain uptake of TfR antibody affinity variants. J Exp Med. (2014) 211:233–44. doi: 10.1084/jem.20131660


	 Schneider CV, Schneider KM, Teumer A, Rudolph KL, Hartmann D, Rader DJ, et al. Association of telomere length with risk of disease and mortality. JAMA Intern Med. (2022) 182:291–300. doi: 10.1001/jamainternmed.2021.7804


	 Swirski FK, Libby P, Aikawa E, Alcaide P, Luscinskas FW, Weissleder R, et al. Ly-6Chi monocytes dominate hypercholesterolemia-associated monocytosis and give rise to macrophages in atheromata. J Clin Invest. (2007) 117:195–205. doi: 10.1172/JCI29950


	 Yuan M, Konstantopoulos N, Lee J, Hansen L, Li ZW, Karin M, et al. Reversal of obesity- and diet-induced insulin resistance with salicylates or targeted disruption of Ikkbeta. Science. (2001) 293:1673–7. doi: 10.1126/science.1061620


	 Patsouris D, Li PP, Thapar D, Chapman J, Olefsky JM, Neels JG. Ablation of CD11c-positive cells normalizes insulin sensitivity in obese insulin resistant animals. Cell Metab. (2008) 8:301–9. doi: 10.1016/j.cmet.2008.08.015


	 Kolodin D, van Panhuys N, Li C, Magnuson AM, Cipolletta D, Miller CM, et al. Antigen- and cytokine-driven accumulation of regulatory T cells in visceral adipose tissue of lean mice. Cell Metab. (2015) 21:543–57. doi: 10.1016/j.cmet.2015.03.005


	 Tsiantoulas D, Diehl CJ, Witztum JL, Binder CJ. B cells and humoral immunity in atherosclerosis. Circ Res. (2014) 114:1743–56. doi: 10.1161/CIRCRESAHA.113.301145


	 Samuel VT, Shulman GI. The pathogenesis of insulin resistance: integrating signaling pathways and substrate flux. J Clin Invest. (2016) 126:12–22. doi: 10.1172/JCI77812







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

Copyright © 2025 Kim, Kim, Lee and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1661391-g002.jpg
Sialylated IgG (Normal Pathway)  Hyposialylated IgG (Pathological Pathway)

Terminal
sialic acid
residues » O °
Complement ®
activation @ ®
O O

M2 macrophage
P TNF-a

@
@
CD86 iNOS
IL-18
® —

M1 macrophage

FcyRIIB

ITIM

glycosylation
site

Sialylated IgG Hyposialylated IgG Normal endothelial function /) Endothelial dysfunction
Efficient insulin transcytosis,

Impaired transcytosis,

‘ Galactose . N-acetylglucosamine . Mannose anti-inflammatory

A Core fucose ‘ Sialic acid environment tissue inflammation






OEBPS/Images/fimmu-16-1661391-g001.jpg
Pinocytosis ///

Non-specific uptake PH7.4 R/
g . 4
o* /
Endosome ® » .
Exocytosis
s . AT Vesicle-membrane fusion
Acidification & Bmdmg Exposure to extracellular pH
acidic environment FcRn recycling: Ready for
H74—-6.0~6.5
Strong FcRn-1gG binding P ” next cycle
FCRH%[? FcRn-bound IgG — Recycling pathway
’ Lysosome

Unbound proteins =

, Lysosomal degradation
pH 6.0~6.5





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2025.1661391_cover.jpg
& frontiers | Frontiers in Immunology

Temporal dynamics of IgG-mediated
immunometabolic dysfunction: from acute
obesity to chronic aging





OEBPS/Images/fimmu-16-1661391-g003.jpg
Days

Weeks

Months Years

Acute phase

Adipocyte death and ¢ "e° !
apoptosis 9 8,
o0

§ Cell-free DNA release,
TLR9 activation f}

MCP-1/CCL2 upregulation

Initial macrophage &
recruitment @
Biomarkers | Elevated inflammatory l

cytokines, :

cell-free DNA, MCP-1 I

IgG Status | Minimal tissue

Dominant

Pathology

|

|

|
_________________ I
. n " |
Classical inflammation |
|

Subacute phase Chronic phase

1
FcRn upregulation

Progresswe tissue fibrosis

I Macrophage-dominated FcRn
formation ** TGF-B pathway actlvatlon
Macrophage phenotype

' expression :
AT
shift (M1-like polarization) |

Onset of insulin resistance |
Crown-like structure *

, Irreversible tissue remodeling
Onset of insulin resistance |

CoIIagen deposition

Self-sustaining

\\(] Significant IgG tissue! &% inflammatory cycle

accumulation’

Increased tissue IgG, 1 Fibrosis markers, sustained
altered glycosylation ! ' 1gG accumulation, metabolic

patterns, dysfunctlon
insulin resistance markers |

Rapid accumulation via I Chronic accumulation with

FcRn recycling : fibrotic tissue reservoir
_________________ D mmmmmm e

lgG-mediated insulin | Fibrosis and tissue dysfunction

resistance :





