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Abstract: Obesity is associated with chronic, low-grade inflammation that contributes

significantly to insulin resistance and multiple metabolic disorders. Adipose tissue is no

longer considered merely a site for energy storage; it is now recognized as an active

endocrine, metabolic, and immunological organ that secretes numerous hormones,

adipokines, cytokines, and chemokines involved in whole-body homeostasis (Makki et

al., 2013; Reilly & Saltiel, 2017). During obesity, excessive nutrient availability

promotes adipocyte hypertrophy, cellular stress, altered adipokine secretion,

immune-cell recruitment, and activation of inflammatory signaling pathways. Increased

production of pro-inflammatory mediators, including tumor necrosis factor-alpha

(TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), and monocyte chemoattractant

protein-1 (MCP-1), together with reduced protective adipokines such as adiponectin,

contributes to adipose tissue dysfunction and systemic metabolic abnormalities (Makki

et al., 2013; Zatterale et al., 2019). Important molecular mechanisms include activation

of nuclear factor-kappa B (NF-κB), c-Jun N-terminal kinase (JNK), Toll-like receptor

signaling, and the NLRP3 inflammasome, all of which can interfere with normal insulin

action (Hotamisligil, 2006; Vandanmagsar et al., 2011). Consequently, obesity-induced
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adipose tissue inflammation contributes to insulin resistance, type 2 diabetes mellitus,

dyslipidemia, metabolic dysfunction-associated steatotic liver disease, and

cardiovascular complications. This review summarizes the endocrine and inflammatory

mechanisms involved in obesity-associated adipose tissue dysfunction and discusses

their major metabolic consequences.
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1. Introduction:

Obesity is a complex metabolic disorder characterized by excessive accumulation of

adipose tissue and is strongly associated with insulin resistance, type 2 diabetes

mellitus, dyslipidemia, liver disease, and cardiovascular complications (Hotamisligil,

2006; Saltiel & Olefsky, 2017). The development of obesity is accompanied by

substantial alterations in adipose tissue structure, cellular composition, endocrine

activity, and immune function (Makki et al., 2013).

Traditionally, adipose tissue was considered primarily an organ responsible for the

storage of excess energy in the form of triglycerides. However, research over the past

several decades has established that adipose tissue is an active endocrine organ capable

of sensing nutrient availability and secreting biologically active molecules that

influence appetite, energy balance, glucose metabolism, lipid metabolism,

inflammation, and insulin sensitivity (Makki et al., 2013; Reilly & Saltiel, 2017).

2



In obesity, adipose tissue expansion is associated with adipocyte hypertrophy, altered

extracellular matrix remodeling, immune-cell infiltration, cellular stress, and persistent

activation of inflammatory pathways (Reilly & Saltiel, 2017; Zatterale et al., 2019).

These changes promote a state of chronic, low-grade inflammation, often described as

metabolic inflammation, which provides an important biological link between obesity

and metabolic disease (Hotamisligil, 2006; Saltiel & Olefsky, 2017).

The interaction between adipocytes, resident immune cells, infiltrating immune cells,

and endocrine mediators plays a central role in the progression from uncomplicated

obesity to insulin resistance and other metabolic complications (Makki et al., 2013;

Zatterale et al., 2019).

2. Adipose Tissue as an Endocrine and Immunological Organ:

Adipose tissue is composed of mature adipocytes as well as a stromal vascular fraction

containing preadipocytes, endothelial cells, fibroblasts, macrophages, lymphocytes, and

other immune cells (Makki et al., 2013). Through communication among these different

cell populations, adipose tissue regulates both local and systemic metabolic processes.

Adipocytes and other adipose tissue cells secrete a wide variety of biologically active

molecules, collectively referred to as adipokines. These include leptin, adiponectin,

resistin, TNF-α, IL-6, MCP-1, and plasminogen activator inhibitor-1, among others

(Makki et al., 2013; Ouchi et al., 2011).
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Under healthy conditions, adipose tissue contributes to energy storage and release while

maintaining metabolic homeostasis. Adipose-derived signals also influence insulin

sensitivity and communicate with organs such as the liver, skeletal muscle, pancreas,

brain, and immune system (Ouchi et al., 2011; Reilly & Saltiel, 2017).

However, excessive adipose tissue expansion disrupts this physiological balance.

Obesity is associated with changes in adipokine secretion, increased inflammatory

signaling, altered immune-cell populations, and impaired metabolic flexibility (Makki et

al., 2013; Reilly & Saltiel, 2017). Thus, dysfunctional adipose tissue can act as an

important source of systemic inflammatory and metabolic disturbances.

3. Adipocyte Hypertrophy and Cellular Stress:

Chronic positive energy balance promotes the storage of excess triglycerides within

adipocytes, resulting in adipocyte hypertrophy (Reilly & Saltiel, 2017). Enlarged

adipocytes experience considerable mechanical and metabolic stress and may develop

abnormalities in nutrient sensing and cellular metabolism.

As adipose tissue expands, inadequate vascular adaptation may contribute to local

hypoxia. Hypoxic conditions can promote cellular stress and stimulate the expression of

inflammatory and stress-related genes (Reilly & Saltiel, 2017; Zatterale et al., 2019).
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Obesity is also associated with oxidative stress, mitochondrial dysfunction, and

endoplasmic reticulum stress within adipocytes. These stress responses can activate

inflammatory signaling pathways and contribute to the production of cytokines and

chemokines (Gregor & Hotamisligil, 2011; Reilly & Saltiel, 2017).

Hypertrophied adipocytes may also exhibit impaired lipid storage and altered fatty acid

metabolism. Increased release of fatty acids and other metabolic signals can affect

neighboring immune cells and activate inflammatory pathways in adipose tissue and

other metabolic organs (Hotamisligil, 2006; Saltiel & Olefsky, 2017).

Therefore, adipocyte hypertrophy represents an important initiating factor in the

development of adipose tissue inflammation and metabolic dysfunction.

4. Immune-Cell Recruitment and Adipose Tissue Inflammation:

Obesity is associated with substantial changes in the immune-cell composition of

adipose tissue. Both innate and adaptive immune cells participate in the inflammatory

environment of obese adipose tissue (Makki et al., 2013; Zatterale et al., 2019).

Macrophages are among the most extensively studied immune cells in

obesity-associated adipose tissue inflammation. During obesity, chemokines such as

MCP-1 promote the recruitment of circulating monocytes into adipose tissue, where

they contribute to the inflammatory response (Makki et al., 2013).
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Macrophages frequently accumulate around damaged or dysfunctional adipocytes,

forming structures commonly known as **crown-like structures**. These macrophages

participate in adipocyte clearance and tissue remodeling but may also release

inflammatory mediators that contribute to chronic metabolic inflammation (Makki et

al., 2013; Reilly & Saltiel, 2017).

In addition to macrophages, obese adipose tissue contains altered populations of

neutrophils, dendritic cells, mast cells, B cells, and T cells. The interactions among

these immune cells contribute to the development and persistence of inflammation and

insulin resistance (Makki et al., 2013; Zatterale et al., 2019).

5. Macrophage Polarization and Functional Diversity:

Adipose tissue macrophages are highly heterogeneous and can adopt different activation

states depending on the local microenvironment. A simplified model often describes

macrophages as relatively pro-inflammatory **M1-like macrophages** or alternatively

activated, tissue-supporting **M2-like macrophages** (Zatterale et al., 2019).

In lean adipose tissue, resident macrophages generally contribute to tissue maintenance,

remodeling, and metabolic homeostasis. During obesity, the adipose tissue environment

becomes enriched with inflammatory and metabolic stress signals that promote the

accumulation of macrophages with pro-inflammatory characteristics (Makki et al.,

2013; Zatterale et al., 2019).
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These macrophages can produce inflammatory mediators, including TNF-α, IL-6, and

IL-1β, which influence adipocyte function and interfere with insulin signaling

(Hotamisligil, 2003; Zatterale et al., 2019).

However, macrophage biology cannot be completely explained by a simple M1/M2

classification. Current evidence indicates that adipose tissue macrophages exist across a

spectrum of activation states and perform diverse functions related to inflammation,

lipid metabolism, tissue remodeling, and immune regulation (Reilly & Saltiel, 2017).

6. Endocrine and Inflammatory Mediators:

6.1 Leptin :

Leptin is a hormone primarily produced by adipocytes and plays a central role in the

regulation of appetite and energy homeostasis. Circulating leptin concentrations

generally increase with increasing adipose mass (Ouchi et al., 2011).

Despite elevated leptin levels in obesity, the physiological effects of leptin on appetite

and energy regulation may become impaired, a phenomenon commonly described as

leptin resistance (Ouchi et al., 2011).

Leptin also has important interactions with the immune system and can influence

inflammatory responses. Therefore, increased leptin production may contribute to the

close relationship between obesity, endocrine dysfunction, and chronic inflammation

(Ouchi et al., 2011).
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6.2 Adiponectin:

Adiponectin is an important adipokine with insulin-sensitizing and anti-inflammatory

properties. It contributes to metabolic regulation and is generally considered protective

against several obesity-associated metabolic abnormalities (Ouchi et al., 2011).

Unlike leptin, adiponectin concentrations often decrease with increasing obesity.

Reduced adiponectin availability may contribute to impaired insulin sensitivity and

increased metabolic dysfunction (Ouchi et al., 2011; Zatterale et al., 2019).

The reduction in adiponectin represents an important example of how obesity alters the

endocrine function of adipose tissue and shifts the balance toward a more

pro-inflammatory and metabolically unfavorable state.

6.3 Tumor Necrosis Factor-Alpha:

TNF-α is a major pro-inflammatory cytokine implicated in obesity-associated insulin

resistance. Increased TNF-α signaling in obesity can interfere with insulin action and

promote the activation of additional inflammatory pathways (Hotamisligil, 2000, 2003).

Experimental evidence has demonstrated an important relationship between TNF-α

activity and metabolic dysfunction, helping establish inflammation as a major

contributor to obesity-associated insulin resistance (Hotamisligil, 2003, 2006).
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6.4 Interleukin-6:

IL-6 is another cytokine involved in metabolic and inflammatory regulation. Its

biological effects are context dependent, and IL-6 can have different functions

depending on its tissue source and physiological conditions (Makki et al., 2013).

Persistent elevation of inflammatory IL-6 signaling in obesity is associated with adipose

tissue dysfunction and systemic metabolic abnormalities (Makki et al., 2013; Zatterale

et al., 2019).

6.5 MCP-1:

MCP-1, also known as CCL2, is an important chemokine involved in the recruitment of

monocytes into tissues. Increased MCP-1 activity in obesity contributes to macrophage

accumulation within adipose tissue and supports the development of chronic

inflammation (Makki et al., 2013).

The recruitment of macrophages further amplifies cytokine production and contributes

to a self-sustaining inflammatory environment within obese adipose tissue (Zatterale et

al., 2019).
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7. Molecular Mechanisms of Obesity-Induced Inflammation:

7.1 NF-κB Signaling:

The nuclear factor-kappa B (NF-κB) pathway is a major regulator of inflammatory gene

expression. Activation of NF-κB promotes the transcription of numerous cytokines,

chemokines, and other inflammatory mediators (Hotamisligil, 2006).

Metabolic stress and inflammatory signals associated with obesity can activate NF-κB

signaling, thereby promoting persistent inflammation in adipose tissue and other

metabolic organs (Hotamisligil, 2006; Saltiel & Olefsky, 2017).

7.2 JNK Signaling:

The c-Jun N-terminal kinase (JNK) pathway is activated by several forms of cellular

and metabolic stress. JNK signaling can interfere with insulin action and promote

inflammatory responses (Hotamisligil, 2006; Hotamisligil & Erbay, 2008).

Persistent activation of stress-responsive pathways such as JNK provides an important

molecular mechanism through which nutrient excess and cellular stress can contribute

to insulin resistance.

7.3 Toll-Like Receptor Signaling:
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Toll-like receptors are important components of the innate immune system and can

respond to a variety of danger-associated and metabolic signals. Their activation can

stimulate downstream inflammatory pathways, including NF-κB signaling (Gregor &

Hotamisligil, 2011).

Altered lipid metabolism and obesity-associated metabolic stress can therefore interact

with innate immune signaling and contribute to chronic inflammation (Saltiel &

Olefsky, 2017).

7.4 NLRP3 Inflammasome:

The NLRP3 inflammasome is an intracellular protein complex involved in innate

immune responses. Its activation promotes caspase-1 activity and the processing and

release of inflammatory cytokines, particularly IL-1β and IL-18 (Vandanmagsar et al.,

2011).

Experimental studies have demonstrated that NLRP3 activation contributes to

obesity-induced adipose tissue inflammation and impaired insulin signaling

(Vandanmagsar et al., 2011). The inflammasome can respond to obesity-associated

danger signals and metabolic stress, linking nutrient excess with activation of

inflammatory pathways (Vandanmagsar et al., 2011).
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Evidence from experimental models also suggests that reduced NLRP3 signaling can

improve insulin sensitivity and decrease obesity-associated inflammation, highlighting

this pathway as a potential therapeutic target (Vandanmagsar et al., 2011).

8. Adipose Tissue Inflammation and Insulin Resistance:

Insulin is a major metabolic hormone that regulates glucose uptake, lipid metabolism,

and energy storage. In healthy metabolic conditions, insulin signaling promotes glucose

uptake in insulin-responsive tissues and coordinates the storage and utilization of

nutrients (Hotamisligil, 2000).

Chronic inflammation can interfere with normal insulin signaling through several

molecular mechanisms. Pro-inflammatory cytokines and stress-related kinases can

disrupt components of the insulin signaling pathway, reducing the ability of cells to

respond effectively to insulin (Hotamisligil, 2003, 2006).

Inflammation originating in adipose tissue can also influence distant metabolic organs

through circulating cytokines, adipokines, and altered lipid flux. Consequently, adipose

tissue dysfunction may contribute to insulin resistance in skeletal muscle and the liver

(Blüher, 2008; Makki et al., 2013).
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Insulin resistance is therefore considered one of the central metabolic consequences of

obesity-induced inflammation and provides a mechanistic connection between obesity

and type 2 diabetes mellitus (Hotamisligil, 2006; Saltiel & Olefsky, 2017).

9. Major Metabolic Consequences

9.1 Type 2 Diabetes Mellitus:

Persistent insulin resistance increases the demand for insulin production and can

eventually contribute to impaired glucose regulation and the development of type 2

diabetes mellitus (Hotamisligil, 2006).

Chronic adipose tissue inflammation contributes to this process through inflammatory

cytokine production, altered adipokine secretion, and disruption of insulin signaling

pathways (Makki et al., 2013; Zatterale et al., 2019).

9.2 Dyslipidemia:

Adipose tissue dysfunction can impair normal lipid storage and alter fatty acid release.

Increased circulating fatty acids and abnormal lipid metabolism can contribute to

dyslipidemia and ectopic lipid accumulation in other tissues (Hotamisligil, 2000; Reilly

& Saltiel, 2017).
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These abnormalities can further aggravate insulin resistance and metabolic

inflammation.

9.3 Metabolic Dysfunction-Associated Steatotic Liver Disease:

Increased fatty acid delivery from dysfunctional adipose tissue can contribute to lipid

accumulation in the liver. Inflammatory mediators and altered adipose-liver

communication may further promote hepatic metabolic dysfunction (Blüher, 2008;

Saltiel & Olefsky, 2017).

Thus, adipose tissue inflammation represents an important component of the metabolic

interaction between obesity and liver disease.

9.4 Cardiovascular Disease:

Obesity-associated inflammation, insulin resistance, and dyslipidemia collectively

contribute to an increased risk of cardiovascular disease (Hotamisligil, 2000; Saltiel &

Olefsky, 2017).

Chronic systemic inflammation can influence vascular function and interact with other

metabolic risk factors, thereby contributing to long-term cardiovascular complications.
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10. Therapeutic Implications:

Because adipose tissue inflammation plays a significant role in metabolic dysfunction,

improving adipose tissue health represents an important therapeutic objective.

Reduction of excess adiposity and improvement of metabolic homeostasis can decrease

adipose tissue stress and improve insulin sensitivity (Reilly & Saltiel, 2017).

Research has also focused on inflammatory signaling pathways, immune-cell

regulation, adipokine modulation, and inflammasome activity as potential therapeutic

targets (Reilly & Saltiel, 2017; Vandanmagsar et al., 2011).

However, inflammation is not exclusively harmful. Controlled inflammatory and

immune responses are important for tissue remodeling, defense, and normal

physiological adaptation. Therefore, broad suppression of inflammatory pathways may

not always produce beneficial metabolic effects (Reilly & Saltiel, 2017).

Future therapeutic strategies may therefore focus on selectively targeting specific

inflammatory mechanisms while preserving essential immune and tissue-maintenance

functions.
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11. Future Perspectives:

Future research should further investigate the cellular heterogeneity of adipose tissue

and the mechanisms through which individual immune-cell populations influence

metabolic homeostasis. Advances in molecular and cellular techniques are improving

the understanding of interactions among adipocytes, macrophages, lymphocytes,

endothelial cells, and other components of the adipose tissue microenvironment (Reilly

& Saltiel, 2017).

Another important research direction involves understanding why some individuals with

obesity develop severe metabolic complications while others remain comparatively

metabolically healthy. Differences in adipose tissue distribution, immune responses,

adipocyte function, genetic factors, and environmental influences may contribute to this

variability (Makki et al., 2013; Saltiel & Olefsky, 2017).

A more precise understanding of adipose tissue inflammation may support the

development of targeted interventions for obesity-associated insulin resistance and

metabolic disease.
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12. Conclusion:

Obesity-induced adipose tissue inflammation represents a major biological mechanism

linking excessive adiposity with metabolic disease. Adipose tissue functions as a

complex endocrine and immunological organ, and obesity disrupts its normal

physiological activities through adipocyte hypertrophy, cellular stress, altered adipokine

secretion, immune-cell recruitment, and activation of inflammatory signaling pathways

(Makki et al., 2013; Reilly & Saltiel, 2017).

Increased production of inflammatory mediators such as TNF-α, IL-6, IL-1β, and

MCP-1, together with reduced protective adipokines such as adiponectin, promotes

local and systemic metabolic dysfunction (Ouchi et al., 2011; Zatterale et al., 2019).

Molecular pathways including NF-κB, JNK, Toll-like receptor signaling, and the

NLRP3 inflammasome contribute to the interaction between inflammation and impaired

insulin action (Hotamisligil, 2006; Vandanmagsar et al., 2011).

Consequently, chronic adipose tissue inflammation contributes to insulin resistance and

increases the risk of type 2 diabetes mellitus, dyslipidemia, liver dysfunction, and

cardiovascular disease. A better understanding of the endocrine, immune, and molecular

mechanisms underlying adipose tissue inflammation may help identify more precise

strategies for the prevention and management of obesity-associated metabolic disorders.
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