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ABSTRACT: Chronic inflammation is widely considered a risk factor for T2DM by inducing insulin resistance, but all attempts
to translate the concept into clinical therapies have failed in the past 30 years. Anti-inflammatory medicines, including anti-TNF-a
antibody (Etanercept), anti-IL1 antibody (Anakinra), anti-IL6 (Ziltivekimab), and NLRP3 inflammasome inhibitor (Colchicine)
have excellent activities in the control of inflammation in arthritis. They reduced inflammation in T2DM patients in the clinical
trials, but none improved insulin sensitivity. Some of them exhibited a mild and transient activity in the control of blood glucose,
but the activities were related to the improvement of insulin secretion by B-cells. The failure may be related to followings: over-
interpretation of TNF-a activity; ignoring the role of anti-inflammatory cytokines; differences between mice and humans. However,
the species difference cannot fully explain the failure as these therapies did not work in the animal models as well. Moreover,
genome-wide association studies (GWAS) show that T2DM is not associated with proinflammatory cytokine genes, including TNF-
a, IL-1pB, IL-6, and CCL2(MCP1). More studies suggest that inflammation has beneficial activities in the mobilization of energy
stores and promotion of energy expenditure to prevent energy surplus, a risk factor of obesity-associated T2DM. Inflammatory cytokines
induce lipolysis, thermogenesis, and satiety. In this regard, the inflammatory response is a compensatory event to obesity-associated stress
with beneficial effects on energy metabolism. It is time to reconsider inflammation activity in obesity for protective activities.
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1. Discovery of Obesity-Induced Inflammation
1.1. Early Observations

The link between obesity and inflammation was initially observed in the early 1990s when researchers began to
unravel the complex interactions within adipose tissue. One pivotal moment came with the study by Hotamisligil et al.,
who identified the increased expression of tumor necrosis factor-alpha (TNF-a) by adipocytes in adipose tissues of
obese mice and humans; moreover, the increased TNF-a expression was associated with insulin resistance in the obese
mice; injection of TNF-a antibody into the mice to neutralize the TNF-o was found to improve the insulin sensitivity
[1]. In another early study, infusion of TNF-a into rats was found to reduce insulin sensitivity by induction of hepatic
glucose production and inhibition of muscle glucose uptake in rats [2]. These findings set up the foundation for a couple
of popular concepts, including obesity-associated inflammation, immunometabolism, and adipose tissue inflammation
in systemic insulin resistance. However, another activity of TNF-a has been ignored for a long time. TNF-a was reported
to stimulate glucose uptake in the liver, muscle, and many other tissues in the rats [2], which may be responsible for the
reduction in insulin-stimulated glucose uptake and insulin-trigged inhibition of hepatic glucose production. In support,
TNF-a was found to inhibit the signaling activity of insulin receptors, which provided a molecular mechanism for
insulin resistance [3]. Therefore, as an inflammatory cytokine, TNF-a is a representative model for the concept of
inflammation in insulin resistance (Figure 1).
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Figure 1. Supportive (black) and challenging (red) studies for the inflammation concept. Major studies are listed here to give a
overview of evidence that either supports or challenges the inflammation concept. These are original studies for each important step
in the evoluation of the concept. The confirmative studies are not listed here. Abbreviation: WF, White Fat; IR, Insulin Resistance; InR,
Insulin Receptor; TNFR, TNF receptor; KO, Knockout; ATM, Adipose Tissue Macrophages; P65, NF-kB p65; OE, Over-expression.

These early studies, together with many subsequent studies, consistently suggest that TNF-a may serve as a signal
of immune cells in the regulation of energy metabolism. Glucose, fatty acids, and amino acids are the major energy
substrates that are used to generate ATP and synthesize biomaterials. Immune cells are the most active cells in the
secretion of TNF-a, especially macrophages. In the adipose tissue, mouse adipocytes may express TNF-a protein, but
human adipocytes do not express TNF-a protein. Later studies found that in obese mice, TNF-a protein came from
macrophages instead of adipocytes in the year 2003 [4,5], which has been well-accepted in the field since then (Figure
1). Macrophages are immune cells that play an important role in the organization of immune responses through the
cytokine secretion to manage energy supply to the immune cells. TNF-a induces glucose uptake in target cells and, at the
same time, inhibits insulin action in the cells, which are examples of cytokine activities in the regulation of energy metabolism.

In the traditional view, adipose tissue was considered an inert energy storage depot. Now, adipose tissue is
generally accepted as an active endocrine organ for its secretion of adipokines, such as leptin, adiponectin, etc. [6]. The
finding that TNF-a levels were elevated in adipose tissue of obese individuals and correlated with insulin resistance
provided the first direct evidence linking obesity-associated inflammation to metabolic disorders, which is the basis of
the concept of immunometabolism. In this subfield of immunology, energy metabolism in immune cells and its impact
on other types of cells have been the focus [7]. TNF-a from macrophages regulates energy metabolism in immune cells
as well as in non-immune cells, including hepatocytes and muscle cells [3]. These effects of TNF-o were observed in
vivo with TNF-q infusion and in vitro with TNF-a treatment at concentrations above nM, as reported by many groups,
including us [8,9]. However, TNF-a concentration only reaches this level locally in the fat tissue under obesity. This
may explain why TNF-a antibody treatment could not improve insulin sensitivity in obese patients. In obese patients,
TNF-a concentration cannot reach the level in the circulation, which may explain why the anti-TNF therapy could not
improve insulin sensitivity in T2DM patients.

In addition to TNF-a, other pro-inflammatory cytokines are elevated in obesity. Elevations in other pro-
inflammatory cytokines are extensively reported, such as interleukin-6 (IL-6), IL-1pB, and C-reactive protein (CRP) in
the circulation of obese individuals [10]. These markers of inflammation were persistently higher in the blood of obese
patients compared to lean counterparts, suggesting a chronic and systemic low-grade inflammatory state associated with
excess body fat. The association of these inflammatory mediators and metabolic disorders sparked interest in exploring
the causes and impact of inflammation on human health.
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1.2. Key Concepts

Systemic low-grade inflammation in obesity represents a mild and chronic inflammatory state, which is commonly
characterized by elevated blood levels of C— reactive protein ranging approximately from 2—10 mg/L [11]. Distinct
from acute inflammation, it entails a subtle yet persistent activation of the immune system with a strong elevation of
pro-inflammatory cytokines. Despite often being symptomless, chronic inflammation can play a significant role in the
development and progression of various diseases and aging, such as autoimmune diseases, cancers, and cardiovascular diseases.

Adipose tissue inflammation represents a part of systemic low-grade inflammation. The initiation of adipose
inflammation is related to several factors, including local hypoxia response from adipose tissue expansion [12,13], an
imbalanced extracellular matrix and fibrosis [14], as well as the overloading of cells by intermediate metabolites that
disrupts cellular homeostasis [15]. This type of inflammation is marked by an elevation in M1-like macrophage
phenotype, more production of reactive oxygen species, endoplasmic reticulum stress, endothelial dysfunction, cell
death, and senescence. The adipose inflammation is induced to repair the stress-induced damages from tissue expansion
in favor of maintenance of tissue homeostasis. It may contribute to the systemic low-grade inflammation in obesity.
The inflammation was considered a target in the treatment of type 2 diabetes, but the possibility has been challenged
by the results of most clinical trials in the past 30 years [16].

The resolution of inflammation is an actively regulated physiological process that commences at the peak of
inflammation [17]. Its purpose is to re-establish homoeostasis and clear cellular debris. The effectors of this resolution
are specialized pro-resolving mediators synthesized through transcellular processes by immune, epithelial, and
endothelial cells.

The NLRP3 inflammasome is a multiprotein complex that participates in the innate immune response through
inflammation. It consists of three main components: NLRP3 (NOD-, LRR- and pyrin domain- containing 3), ASC
(apoptosis-associated speck-like protein containing a CARD), and procaspase 1. The NLRP3 sensor can detect signals
of endogenous danger-associated molecular patterns (DAMPs) released during cellular stress and tissue damage, as
well as signals of pathogen-associated molecular patterns (PAMPs) released during infection. The ASC adapter protein
connects NLRP3 to pro-caspase 1, facilitating the cleavage of the inactive enzyme into active caspase 1. Subsequently,
active caspase 1 activates cytokine precursors such as [L-1 and IL-18. In this way, the NLRP3 inflammasome initiates
a cascade of inflammatory responses, leading to the production and release of pro-inflammatory cytokines, recruitment
of immune cells, and amplification of the inflammatory process. The pathway was considered to contribute to obesity-
associated chronic inflammation through bacteria-derived endotoxin from gut microbiota. While blood levels of IL-1§
and IL-18 in obese patients do not support the possibility.

1.3. Subsequent Key Findings

Building on the early observations, subsequent research has been conducted to understand the impact of
inflammation in T2DM patients. Those subsequent studies led to several key findings that have reshaped our
understanding of the metabolic effects of obesity-induced inflammation. In this line, TNF-a was a dominant model and
extensively investigated in both animals and humans as being reviewed [18]. In the clinical studies, Bernstein et al.
reported that anti-TNF drugs like Etanercept were effective in improving inflammation parameters in T2DM patients,
but the drug could not improve insulin sensitivity [19]. For IL-1, Larsen et al., demonstrated that IL-1 receptor antagonist
(IL-1Ra) was able to improve glycemic control in T2DM patients but could not improve insulin sensitivity [20]. In the
CANTOS trial, IL-1p inhibition with Canakinumab for 3.5 years did not reduce the incidence of new-onset T2DM [21].
These clinical studies challenged the expectations derived from the classical inflammation concept. Meta-analysis of
numerous studies leads to a conclusion that inhibition of IL-1p activity by the receptor antagonist reduced HbAlc
effectively in T2DM patients with shorter duration but not in patients with longer duration (>3 years) [22]. However,
the therapeutic effect was not a result of the improvement of insulin sensitivity. Those anti-inflammatory studies consistently
suggest that inhibition of TNF-a or IL-1B could not improve insulin sensitivity in the treatment of T2DM patients.

IL-1 secretion is increased in macrophages by activation of NLRP3 inflammasome. Colchicine is considered a safe
and affordable NLRP3 inflammasome inhibitor [23]. Its main activity involves disrupting microtubule dynamics
inhibiting immune cell recruitment/division [24]. Colchicine also blocks oligomerization of NLRP3 inflammasome and
prevents active IL-1p processing/release. Colchicine decreased cardiovascular event risk (cardiovascular-related death,
myocardial infarction, stroke, and urgent coronary revascularizations) in a study [23], but there is no evidence for its
activity in the prevention of T2DM by reducing the disease incidence.
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In addition to these clinical trials, laboratory research has elucidated the cellular and molecular mechanisms of
obesity-related inflammation. It was demonstrated that induction of chronic inflammation in adipose tissue by NF-kB
p65 overexpression could enhance energy expenditure, uncoupling inflammation from insulin resistance, offering new
insights into the relationship between inflammation and metabolism [25]. A later study of the effect of NF-«B inhibition
in adipocytes by Sherer’s group suggests that NF-kB inhibition led to adipocyte dysfunction in lipid storage and made
the transgenic mice more susceptible to insulin resistance [26]. Consistently, Zhu et al. reported that suppressing
adipocyte inflammation using adenoviral protein RIDo/p paradoxically led to insulin resistance, further highlighting
the beneficial effect of inflammatory response in the adipose tissues [27]. In a review article, adipose tissue
inflammation in obesity is proposed as a protective mechanism in the maintenance of energy balance [10]. Recently,
type 2 diabetes has been considered a “sacrifice program” that handles energy surplus through adaptive mechanisms,
including insulin resistance and inflammation [28]. Inflammatory cytokines are able to induce mobilization of energy
like triglycerides and glycogens. The cytokines promote lipolysis of triglycerides in adipocytes to release free fatty
acids and glycerol into the blood. They may induce hydrolysis of glycogen in liver and muscle cells to induce cell
consumption of glucose. At the same time, the cytokines may promote energy expenditure to reduce energy surplus in
obesity. When the cytokine level is returned to normal after inflammation, the cells should exhibit a higher insulin
sensitivity due to the reduction in energy storage. The primary activity of insulin is to stimulate energy storage in the
form of glycogen and triglycerides by consumption of blood glucose, which results in blood glucose reduction as a
secondary effect. Energy surplus in cells is an important trigger of insulin resistance in both physiological and
pathological conditions [28].

2. Characteristics of Obesity-Related Inflammation
2.1. Cellular Markers

Obesity-related inflammation is characterized by distinct cellular markers that play crucial roles in progression and
manifestation [29]. Among these, adipose tissue macrophages (ATMs) are particularly noteworthy. ATMs are often
classified into two major types: M1 and M2. M1 macrophages are pro-inflammatory, and exhibit increased activity
during obesity, secreting cytokines such as TNF-a and interleukin-6 (IL-6). These inflammatory signals may contribute
to insulin resistance by disrupting normal metabolic pathways within adipocytes and muscle cells. Conversely, M2
macrophages have an anti-inflammatory function and help maintain homeostasis in lean adipose tissue. However, their
numbers decrease during the development of obesity.

In addition to macrophages, other immune cells also participate in the inflammatory process associated with obesity
[30]. T lymphocytes, for instance, infiltrate adipose tissues during obesity and produce interferon-gamma (IFN-y),
which exacerbates inflammation. Furthermore, B lymphocytes contribute through antibody production, potentially
targeting adipocyte antigens and amplifying local inflammatory responses. The balance between regulatory T cells (Tregs)
and effector T cells is critical; a shift towards more effector T cells promotes chronic inflammation in obese individuals.

Adipocytes themselves undergo phenotypic changes under conditions of obesity, becoming hypertrophic and
dysfunctional [31,32]. Hypertrophic adipocytes release altered profiles of adipokines like leptin and adiponectin, which
influence both systemic metabolism and local inflammatory processes. Leptin levels rise significantly in obesity,
contributing to increased inflammation via activation of various signaling pathways, including JAK/STAT and NF-«B.
On the other hand, adiponectin levels fall, reducing its protective effects against inflammation and insulin resistance.

2.2. Cytokine Involvement

Cytokines serve as key mediators of the inflammatory response in obesity, linking adipose tissue dysfunction to
systemic metabolic disorders [33]. TNF-a was the first cytokine identified in adipose tissue during obesity. Its role in
promoting insulin resistance has been extensively studied in cellular models, demonstrating how it interferes with
insulin signaling by activating serine kinases that phosphorylate IRS proteins, thereby impairing downstream glucose
uptake mechanisms. The TNF activities in vitro include the induction of lipolysis and the release of fatty acids by
adipocytes. However, the observations may not apply to the systemic insulin resistance in obesity as the cytokine
concentrations in the cellular models were very high and are only observed in vivo under acute infection by bacteria or viruses.

Interleukins constitute another important group of cytokines involved in obesity-induced inflammation. IL-6,
produced not only by immune cells but also by other cell types, including adipocytes, induces hepatic acute-phase
protein synthesis and affects insulin sensitivity negatively [34]. Another interleukin, IL-1B, activates the NLRP3
inflammasome, leading to further secretion of pro-inflammatory cytokines and perpetuating the cycle of inflammation.
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Additionally, IL-10, an anti-inflammatory cytokine, tends to be downregulated in obese states, failing to counterbalance
the heightened inflammatory environment effectively.

Beyond traditional cytokines, resistin and visfatin are found in obesity-associated inflammation. Resistin
expression increases in obesity and correlates with insulin resistance, although its exact mechanisms remain partially
unclear. Visfatin, originally thought to mimic insulin actions, paradoxically shows elevated levels in obese subjects and
may promote inflammatory responses rather than alleviate them.

The interplay among those cytokines forms complex networks that govern the dynamics of obesity-associated
inflammation. Understanding these interactions at a molecular level offers potential therapeutic targets for mitigating
adverse health outcomes related to obesity and type 2 diabetes mellitus. For example, blocking specific cytokine
pathways could reduce inflammation without compromising essential physiological functions mediated by others. This
approach underscores the importance of personalized medicine strategies tailored to individual patient profiles based
on detailed assessments of cytokine profiles and other biomarkers.

3. Failure of Anti-Inflammatory Drugs in Clinical Trials

The efficacy of anti-inflammatory drugs on the improvement of insulin resistance has been the subject of intense
investigation. Etanercept, a TNF-a inhibitor (Neutralization antibody), was tested in patients with metabolic syndrome.
Bernstein et al. reported that such an intervention did not improve insulin sensitivity and increased triglyceride
accumulation in the skeletal muscle in the patients [35]. These findings suggest that inhibiting TNF-o had no beneficial
effects on individuals with metabolic syndrome. This may explain why anti-TNF therapies have never been tested in a
large clinical trial for their efficacy in the treatment of T2DM [11].

IL-1 activity was tested in the treatment of T2DM in a couple of clinical trials. Blocking IL-1 activity with receptor
antagonists (IL-1Ra, Anakinra) led to a modest improvement in inflammation, such as a reduction in C-peptide, but no
improvement was observed in insulin sensitivity [36]. In another study, Larsen et al. conducted a trial of IL-1Ra
(Anakinra) impact in T2DM patients. They observed a reduction in glycated hemoglobin (HbA1c) and inflammatory
markers, such as IL-6 and C-reactive protein (CRP) [20]. However, the patients did not show an improvement in insulin
sensitivity. The clinical significance of these results remains under debate, as the observed benefits were not observed
in a subsequent large-scale clinical trial [15]. Diacerein, an indirect inhibitor of IL-1, was evaluated in a randomized
clinical trial involving T2DM patients. Tres et al. noted limited improvements in metabolic control and inflammatory
markers [37]. In a long-term clinical study of IL-1p in the cardiovascular system, inhibition of IL-1 with neutralization
antibody (Canakinumab) reduced cardiovascular events in the patients over a median period of 3.7 years but did not
reduce the incidence of diabetes [21]. These studies consistently suggest that IL-1 may not play a major role in the
pathogenesis of T2DM.

IL-6 activities have been extensively studied in obesity, as documented in several excellent review articles [34,38].
In non-obese conditions, IL-6 is secreted by skeletal muscle during exercise to the blood circulation as a myokine,
which coordinates energy metabolism. IL-6 stimulates adipocytes to release fatty acids in energy mobilization for
energy supply to the muscle. IL-6 also stimulates the liver for an increase in glucose production in the maintenance of
blood glucose. In the obese condition, IL-6 is elevated in the bloodstream, and the adipose tissue is a source of the
circulating IL-6. This elevation contributes to liver insulin resistance as glucose production by the liver is not inhibited by the
physiological level of insulin. In this condition, inhibition of IL-6 activity with receptor antagonist (Tocilizumab) improved
insulin sensitivity in patients with theumatoid diseases [39]. However, the long-term effect remains to be determined.

In addition to the cytokine-specific anti-inflammatory therapies, broad-spectrum anti-inflammation medicines have
also been tested for the improvement of insulin sensitivity. The conclusion is that the treatment may improve blood
glucose in T2Dm patients, but the activity is not due to an improvement in insulin sensitivity. Instead, the effect is from an
increase in insulin secretion [28]. The point is supported by a meta-analysis of anti-inflammatory therapies in T2DM [22].

4. Beneficial Activities of Obesity-Associated Inflammation

The translation of preclinical studies on inflammation into T2DM therapy fails in almost all clinical trials.
Emerging data suggest that we have to change the view about inflammation in T2DM. Inflammation during obesity is
not entirely detrimental but can serve protective roles under certain conditions, as proposed in 2013 [10]. Both animal
and human studies suggest the existence of low-grade chronic inflammation in obesity, but the biological significance
of the inflammation has been under debate for decades. We propose that obesity-associated inflammation might function
as an adaptive mechanism to handle excessive energy storage in adipocytes [28], which induces energy mobilization
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and energy consumption in the control of energy surplus. However, when this process becomes prolonged or
exacerbated, it may contribute to tissue damage or metabolic disorders. The detrimental effects of inflammation have
been well documented in the cardiovascular system in a recent review [11].

In support, several studies in mouse models suggest that suppressing adipocyte inflammation can impair insulin
sensitivity [27,40] (Figure 1). In an early study, insulin sensitivity was examined in mice of TNF-a receptor knockout
mice [40]. Inhibition of TNF-a signaling activity in the global receptor KO mice led to more severe insulin resistance
fed on a high-fat diet with a four-fold elevation in the fasting insulin. The TNF-a effect was tested in adipose tissue by
over-expression of TNF-a in adipocytes in mice [41]. The result was that the increased activity of TNF-a significantly
reduced obesity, but this could not improve systemic insulin sensitivity. This RIDa/B, an adenoviral protein complex,
inhibits inflammatory pathways of TLR4, TNF-a, and IL-1B. Inhibition of the inflammation by over-expression of
RIDo/p in an adipocyte-specific manner reduced the adiposity and adipose chronic inflammation in the diet-induced
obese (DIO) mice but promoted insulin resistance [27]. In another mouse study, suppression of the inflammation by
blocking IL-6 trans-signaling reduced adipose tissue inflammation and prevented adipose tissue macrophage
recruitment in DIO mice [42,43], but this intervention did not improve insulin resistance. Inhibition of TNF-a activity
by its receptor gene deletion was reported to enhance liver steatosis and insulin resistance in TNFRa-KO mice [44].
These findings underscore the beneficial roles of adipose tissue inflammation in the control of insulin sensitivity.

The concept of a beneficial effect of inflammation in adipose tissue is supported by a study of induction of
inflammation. The evidence comes from the induction of inflammation by over-expression of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-«kB), a transcription factor central to inflammatory processes. Tang et al.'s
work revealed that up-regulation of adipose tissue inflammation by overexpression of NF-kB p65 subunit generated
chronic inflammation in transgenic mice by failing to induce insulin resistance [25] (Figure 1). The mechanism is that
energy expenditure was enhanced in the mice by NF-kB activation. In this line, induction of the inflammation by over-
expression of IKKf in adipocytes, an upstream kinase of NF-kB, generated a similar impact in the transgenic mice for
improvement of insulin sensitivity [45]. In contrast, inhibition of inflammation by adipose IKKP gene knockout
impaired insulin sensitivity in mice [46]. IL-2, a cytokine from T cells with an activity in the promotion of inflammation,
was found to improve insulin sensitivity by induction of sympathetic nerve activities in mice [47]. This group of studies by
this and other laboratories consistently suggests that obesity-associated inflammation may protect systemic insulin sensitivity
by induction of energy expenditure, which was originally proposed by us in 2012 [48] and 2013 [10], respectively.

The beneficial activity of obesity-associated inflammation was then extended into physiological activities of
inflammatory cytokines in a review in 2015 [49] (Figure 1). In the review, we examined activities of several cytokines
(TNF-a, IL-1, IL-6, IL-7, IL-15, IL-18) in the regulation of energy metabolism in both physiological and pathological
conditions. The cytokine activities are discussed in obesity (energy surplus condition), calorie restriction (energy
deficient condition), physical exercise (energy consumption condition), and cancer cachexia (high energy demand
condition). The conclusion is that the inflammatory cytokines are signaling molecules in the induction of energy
mobilization and energy consumption. Inhibition of the cytokine activities may increase the risk of obesity from a
deficiency in energy mobilization and consumption. These views received support from review articles in the
immunology field, in which the cytokine activities are discussed in the evolution of immunometabolism and regulation
of tissue homeostasis by Medzhitov’s group in 2019 [50] and 2021 [17,51]. In a recent perspective, Rosen and Kajimura
proposed that the conventional view linking adipose inflammation to insulin resistance requires reevaluation [52]
(Figure 1). Their analysis indicates that inflammation might sometimes function as a protective mechanism rather than
solely as a pathological process. This perspective is in line with our view to challenge the traditional concept of
inflammation in T2DM. In extension to these views, we proposed that obesity-associated inflammation and insulin
resistance both are “sacrifice programs” handling energy surplus in obesity to take care of the energy surplus in a recent
perspective [28].

5. Potential Strategies for Future Research

The exploration of new targets in the treatment of obesity-associated chronic inflammation and type 2 diabetes
mellitus (T2DM) is essential for advancing therapeutic strategies. In the past, most studies focus on the inflammatory
cytokine network, particularly on TNF-a, IL-6, and IL-1p. Clinical studies have shown that targeting these cytokines
has no benefit on the control of insulin resistance, a hallmark of T2DM. Several new drugs for T2DM have led us to
focus on the role of energy surplus in the pathogenesis. In this line, GLP-1 receptor activators (such as Semaglutide)
improved insulin sensitivity by reducing food intake through satiety. SGLT2 (sodium-dependent glucose transporters
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2) inhibitors (such as Empagliflozin, Dapagliflozin, and Canagliflozin) have shown reliable therapeutic effects on
T2DM through energy (glucose) discharge in urine. These medicines both resolve the energy surplus problem and
reduce obesity in T2DM patients. In addition, the medicines also reduce inflammatory status in the patients from energy
metabolism activities [53,54]. Clinical data from these new medicines consistently suggest that obesity-associated
inflammation and insulin resistance are results of energy surplus. Control of energy surplus is a strategy for the control
of chronic inflammation and insulin resistance in obese subjects. In this way, GLP-1R and SGLT2 are new targets in
the control of obesity-associated chronic inflammation.

Another emerging area of interest involves the identification of signals of energy surplus in cells. In this aspect,
intracellular ATP has been a new potential candidate for the signal in addition to ER stress, lipokines, oxidative stress,
etc [11]. Lee et al. found that over-supply of intracellular ATP promoted the expression of inflammatory cytokines in
adipose tissue [55]. In vitro, induction of ATP production in macrophages with lauric acid treatment induced expression
of pro-inflammatory cytokines. Inhibition of ATP production with B-oxidation inhibitor (Etomoxir) or mitochondrial
uncoupler (2,4-dinitrophenol, DNP) suppressed the cytokine expression. ATP is able to activate inflammasome in the
induction of pro-inflammatory response. AMPK (AMP-activated protein kinase) and SIRT1 (Sirtuin 1) are intracellular
energy sensors that regulate ATP production through an impact on metabolic pathways, including glycolysis and
mitochondrial respiration. This suggests that metabolic regulators such as AMPK or SIRT1 are potential targets in the
control of obesity-related inflammation and improving insulin sensitivity.

Additionally, recent research has focused on the role of macrophages in adipose tissue homeostasis. Chavakis et
al. highlighted how macrophage function within adipose tissue can promote or inhibit inflammation [56]. Specifically,
M1 macrophages contribute to pro-inflammatory responses, while M2 macrophages exhibit anti-inflammatory
properties. Modulating the polarization state of these cells presents another avenue for developing targeted therapies
against obesity-induced inflammation and its associated metabolic disorders.

6. Improved Methodologies

Improving methodologies for studying obesity-associated chronic inflammation requires integrating
multidisciplinary approaches. Advanced imaging techniques, such as positron emission tomography (PET) combined
with computed tomography (CT), offer non-invasive ways to monitor inflammatory processes in vivo [57]. These tools
enable researchers to track changes in adipose tissue composition and immune cell infiltration over time, providing
valuable insights into disease progression and response to interventions.

Moreover, advancements in omics technologies, including genomics, transcriptomics, proteomics, and
metabolomics, facilitate comprehensive profiling of biological systems affected by obesity and T2DM. By employing
systems biology approaches, it becomes possible to identify key nodes within complex networks that drive pathological
conditions. For example, Wang et al.'s work on immunometabolism from an evolutionary perspective underscores the
importance of considering both innate immunity and metabolism when designing experiments [50].

Animal models remain crucial for preclinical testing but must be refined to reflect human physiology better.
Farooqi and Xu emphasized the translational potential of mouse models in understanding human metabolic diseases
[33]. However, discrepancies between species necessitate careful consideration during experimental design. Developing
more accurate animal models that capture genetic diversity and environmental factors influencing human obesity will
enhance their predictive power.

7. Bridging the Gap between Bench and Bedside
7.1. Lessons from Clinical Trials

Clinical trials have been instrumental in shaping our understanding of the relationship between obesity-associated
inflammation and T2DM. The early discovery that adipose tissue expresses TNF-a highlighted the potential role of
inflammation in insulin resistance. Subsequent clinical studies aimed at targeting inflammatory pathways with drugs
demonstrated negative results, underscoring the complexity of translating bench findings into effective bedside treatments.

One significant lesson learned from the clinical trials is the disassociation of inflammation and insulin resistance
in T2DM patients under anti-inflammatory therapies. Bernstein et al. (2006) reported that while patients with metabolic
syndrome experienced improvements in inflammation markers after treatment with TNF inhibitor (etanercept), they did
not show any benefit in insulin sensitivity [19]. This observation challenged the concept of inflammation in the
pathogenesis of insulin resistance.
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The clinical trials on other anti-inflammation therapies gave similar challenges. Larsen et al. (2007) demonstrated
that interleukin-1 receptor antagonist therapy improved glycemic control in patients with T2DM over a six-month period
[20]. However, the effect was not from the improvement of insulin sensitivity. Furthermore, Tres et al.'s randomized
controlled trial using IL-1 inhibitor (diacerein) illustrated that inflammatory markers were decreased together with the
improvement of blood glucose, and there was no significant improvement in insulin sensitivity [37], suggesting that
inflammation might not be the sole driver of insulin resistance.

The failure of anti-inflammatory strategies to consistently improve insulin sensitivity raises questions about the
underlying mechanisms linking inflammation and metabolic disorders. It was proposed that anti-inflammatory therapies
fail due to an incomplete understanding of the physiology of inflammatory response within the adipose
microenvironment [49]. Future approaches should consider both pro- and anti-inflammatory cytokines, as well as their
balance, which could better reflect the nuanced nature of inflammation in obesity and diabetes.

Moreover, clinical trials have underscored the importance of personalized medicine. Not all patients respond
equally to the same treatment, necessitating tailored therapeutic regimens based on individual characteristics such as
age, sex, ethnicity, and specific biomarkers. These lessons highlight the need for more comprehensive studies that incorporate
diverse populations and evaluate multiple endpoints to ensure robust conclusions regarding efficacy and safety.

7.2. Integrating Multidisciplinary Approaches

To bridge the gap between basic research and clinical application, it is essential to adopt multidisciplinary
approaches that integrate insights from immunology, metabolism, genetics, and systems biology. The intricate interplay
between immune cells and adipocytes requires a holistic perspective that considers how different components interact
under physiological and pathological conditions. Farooqi and Xu (2024) emphasized the translational potential of mouse
models in human metabolic diseases, but they also cautioned against over-reliance on animal data without corroborating
evidence in humans.

Systems biology offers a powerful framework for analyzing complex networks involved in obesity-induced
inflammation and T2DM. By leveraging advanced computational tools and high-throughput technologies, researchers
can identify key nodes and pathways that are most amenable to therapeutic modulation. Wang et al. (2015) reviewed
the regulatory role of energy balance in inflammation, suggesting that integrating metabolic flux analysis with
inflammatory signaling could yield novel targets for intervention.

Genomics and epigenomics provide further avenues for investigation. Genetic variations influencing cytokine
production or receptor responsiveness may explain why certain individuals develop severe insulin resistance despite
similar levels of obesity-related inflammation. Epigenetic modifications triggered by environmental exposures, such as
diet and physical activity, add another layer of complexity that must be considered in designing effective interventions.

Immunometabolism represents another promising area where multidisciplinary collaboration holds great promise.
Lee et al. (2018) presented an integrated view of immunometabolism, highlighting the bidirectional relationship
between immune function and metabolic processes. Understanding how immune cells adapt their metabolism during
activation could lead to innovative strategies for mitigating inflammation without compromising overall health.

8. Conclusions

Obesity-associated chronic inflammation has been extensively studied over the past 30 years. There is no debate
about the existence of inflammation, but there is a debate about the impact of inflammation on insulin resistance. The
cause/effect relationship could not be approved for inflammation/insulin resistance, especially in the human body. The
debate is supported by the failure of anti-inflammatory therapies in the improvement of insulin sensitivity in all clinical
studies. Targeting TNF-a with etanercept does not lead to improvements in insulin resistance or other metabolic benefits
in the human body. Similarly, interventions involving interleukin-1 receptor antagonists failed to improve insulin
sensitivity in the human body, although a mild improvement of blood glucose was observed through induction of insulin
secretion. Non-steroid anti-inflammation medicines such as salsalate also failed to improve insulin resistance in T2DM
patients [58]. Evidence from animal and human studies consistently suggests that inflammatory response may protect
insulin sensitivity by induction of energy expenditure through taking care of energy surplus. In this line, the
inflammatory response is considered a feedback mechanism to the energy surplus condition in obesity to prevent more
severe metabolic disorders. The feedback effects include induction of lipolysis, inhibiting adipocyte expansion, and
induction of energy expenditure to promote energy consumption (Figure 2). Therefore, induction of inflammation under
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certain conditions may favor control of blood glucose in a long run by reducing obesity. Energy surplus is the primary
cause of obesity, inflammation, and insulin resistance.

Catabolism Anabolism
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Figure 2. Impact of insulin and inflammation in anabolism and catabolism. Insulin is the main driving force for anabolism that
promotes storage of glucose, lipids and proteins through biosynthesis. The storage under conditions of ecessive substrate supply
leads to expansion of adipsoe tissue for obesity, which in turn causes insulin resistance. Insuin resistance is able to inhibit the insulin
activity in a feedback manner to attenuate the energy storage process in fight against sverer obesity. Obesity may trigger
inflammation to slow down the anabolism to decrease energy storage, and at the same time to promote catabolism for an increase
in energy mobilization and consumption. The inflammation effect contributes to loss of energy storage and body weight in the
control of obesity. Weight loss eventually increase insulin sensitivity and reduce inflammation to attenuate the catabolism to prevent
body weight over loss. These events keep runing in the physiological condition to maintain energy balance in the body.
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