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Abstract 

Adipose tissue is an organ with a high metabolic rate, functioning as a storage site for potential energy 

derived from food. It is a heterogeneous tissue composed of various cell types that respond 

differently to stimuli. Polyunsaturated fatty acids are lipids characterized by the presence of multiple 

double bonds in their molecular structure. These fatty acids are particularly vulnerable to oxidation 

by Reactive Oxygen Species, a process known as lipoperoxidation. While the oxidized lipids can serve 

important physiological roles within adipose tissue, they can also enter the bloodstream, where they 

associate with lipoproteins, leading to cellular damage and increased systemic oxidative stress. In 

cases of obesity, adipose tissue displays an exaggerated inflammatory and immune response that can 

affect multiple body systems, contributing to the onset of chronic degenerative diseases. Therefore, 

adipose tissue is a complex organ in which metabolic, endocrine, and immune response processes 

are intricately regulated and coordinated. This paper aims to elucidate the role of imbalances in 

endocrine, lipogenic, and inflammatory functions as significant risk factors for the development of 

chronic degenerative diseases, including those affecting the central nervous system. For this study, 

we searched multiple databases, including PubMed, Scopus, Google Scholar, the Cochrane Library, 

and Medscape, from 2015 to the present. 

Keywords: adipose tissue; oxidative stress; lipotoxicity; inflammation 

 

1. Introduction 

Adipose tissue functions as a metabolically active endocrine organ and serves as a reservoir of 

energy in the form of lipids for the body [1]. The primary form of energy storage in adipose tissue is 

triglycerides (TG), which are synthesized and stored in adipocytes through a process called 

lipogenesis. TG are mobilized to provide energy as needed through the process of lipolysis [2,3]. 

Storage and release of lipids are regulated by the energy demands of various organs and systems, 

including the brain, liver, skeletal muscles, cardiac muscles, and pancreas [4]. 

Adipose tissue comprises a diverse population of cells, including adipocytes and preadipocytes, 

as well as non-adipose cells such as pericytes, endothelial cells, smooth muscle cells, fibroblasts, and 

hematopoietic progenitor cells [5]. This tissue also contains a significant number of immune cells, 

including B and T lymphocytes, macrophages, myeloid cells, and mesenchymal stem cells (Figure 1). 

All these cells are embedded in a connective tissue matrix and surrounded by vascular tissue and 

nerve innervations, forming a complex communication network that regulates the activity and 

function of adipose tissue [6]. The metabolic, hormonal, immune, and nervous system regulatory 

mechanisms in adipose tissue are crucial for maintaining the body’s homeostasis [7] and require 

precise coordination to function correctly. 
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Figure 1. Schematic representation of adipose tissue composition. Adipose tissue consists of a diverse array of 

cells, including preadipocytes, mature adipocytes, mesenchymal stem cells, fibroblasts, pericytes, immune cells, 

and vascular-associated cells. Image created with Biorender.com. 

Distinct cellular features characterize adipose tissue, which can be classified into three types: 

white adipose tissue (WAT), brown adipose tissue (BAT), and beige adipose tissue (BeAT) [8]. WAT 

consists of large adipocytes, ranging from 25 to 200µm in diameter. These cells are characterized by 

a single lipid droplet that can occupy up to 90% of the cell’s volume, as well as limited vascularization 

and a low number of mitochondria [9,10]. In contrast, BAT is composed of smaller adipocytes, 

measuring between 15 and 60µm in diameter. These cells contain smaller and more numerous lipid 

compartments, a greater number of mitochondria, which gives them their brown appearance, high 

expression of Uncoupling Protein 1 (UCP-1), and greater vascularization [10,11]. BeAT exhibits 

characteristics of both white and brown adipose tissues. It contains both large and small lipid 

droplets, reflecting a multilocular structure, and has a greater number of UCP-1 in its mitochondria. 

This enhancement increases its ability to generate heat from fat and glucose compared to WAT [9,12]. 

Beige adipocytes develop through two main processes: transdifferentiation and de novo 

adipogenesis. Transdifferentiation involves the transformation of fully mature white adipocytes 

found in subcutaneous WAT into beige adipocytes. In contrast, de novo adipogenesis occurs when 

progenitor cells within WAT give rise to beige adipocytes [13,14]. Transdifferentiation of white 

adipocytes is primarily triggered by cold exposure. However, research has also shown that several 

factors, such as β -adrenergic stimulation, diet, exercise, prebiotics and probiotics, certain 

medications, and even adipokines -especially adiponectin- can promote transformation of WAT into 

BeAT [15]. 

Adipose tissue can be classified into two types based on its location in specific anatomical 

regions of the body: subcutaneous and visceral [16](Figure 2). In cases of obesity, visceral adipose 

tissue often undergoes hypertrophy in the adipocytes, which is associated with increased angiogenic 

and inflammatory activity, leading to significant metabolic changes [17]. In contrast, subcutaneous 

obesity is marked by hyperplasia, where adipocytes tend to secrete lower levels of pro-inflammatory 

molecules [18]. This distinction is important because different types of adipose tissue exhibit unique 

patterns in the expression and synthesis of adipokines, as well as varying metabolic functions, levels 

of vascularization, and innervation throughout the body [19]. 

In humans, WAT is distributed throughout the body, with the largest deposits located in the 

abdominal cavity, buttocks, thighs, and subcutaneous regions of the abdomen [5]. Smaller amounts 

of WAT can also be found in areas such as the pericardial, perivascular, periarticular, retroorbital, 

intramuscular, bone marrow, and facial tissues [20]. BAT, which is present in newborns, is in the 
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axillary, cervical, perirenal, and periadrenal areas and decreases in quantity after birth. While BAT 

was previously thought to be of minor importance in adults, increased deposits of BAT have been 

observed in individuals exposed to cold climates [21,22] and in those who participate in regular 

physical activity [23]. 

 

Figure 2. Different types and distribution of adipose tissue. White adipose tissue cells are distinguished by large 

lipid reserves, nuclei, and organelles that are located at the periphery of the cells, and a relatively low number 

of mitochondria. In contrast, brown adipose tissue is characterized by multiple small fat reservoirs, a high 

number of mitochondria, elevated expression of UCP-1, and increased thermogenic activity. Image created with 

Biorender.com. 

2. Lipogenesis 

Lipids are a diverse group of molecules, including TG, cholesterol, ceramides, phospholipids, 

sphingolipids, and others [24]. These lipids and their metabolites serve various functions, including 

energy storage, structural components, and signal transduction. Cells can either produce lipids 

endogenously or acquire them from their environment [25]. De novo lipogenesis (DNL) is the process 

through which fatty acids are synthesized from carbohydrates and other substrates, which are 

subsequently stored as TG [24]. DNL occurs in almost all cells throughout the body, but it is most 

prevalent in the liver, skeletal muscle, and adipose tissues, where it has significant metabolic 

relevance [26,27]. Under normal physiological conditions, DNL in adipocytes and hepatocytes is 

synergistically regulated by signals from peripheral tissues and the central nervous system [28]. 

However, in pathological conditions, this balance can be disrupted, resulting in increased hepatic 

DNL and decreased DNL in adipose tissue. This imbalance contributes to hepatic steatosis and other 

related metabolic diseases [25]. 

Dietary lipids are primarily ingested and absorbed in the intestine; monoacylglycerides and fatty 

acids are re-esterified and assembled for secretion into the lymph, which then enters the blood [29]. 

In circulation, lipoprotein lipase hydrolyzes TG, releasing fatty acids to muscle and adipose tissue for 

energy use or storage [30,31]. Due to their amphipathic nature, lipids are packaged and transported 

along with cholesterol and different types of lipoproteins. These include chylomicrons, very low-

density lipoproteins (VLDL) rich in triglycerides, intermediate-density lipoproteins (IDL), low-

density lipoproteins (LDL) rich in cholesterol, and high-density lipoproteins (HDL) [32]. 

Oxidative stress can affect lipid synthesis, function, degradation, and transport, resulting in 

alterations in lipid metabolism [33]. Abnormalities during lipogenesis can result in systemic lipid 

metabolism failure, contributing to conditions such as dyslipidemia, metabolic syndrome, obesity, 

type 2 diabetes mellitus (DM2), non-alcoholic fatty liver disease, cardiovascular diseases, cancer 

[34,35], and neurodegenerative disorders. This is particularly concerning as the brain requires a 

significant amount of lipids to maintain its structure and function [36]. These conditions highlight the 
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critical role of lipogenesis in maintaining metabolic homeostasis and the consequences of its 

dysregulation. 

3. Adipose Tissue as an Endocrine Organ 

The discovery of leptin revealed the adipose tissue’s role as an endocrine organ. Following this 

discovery, a diverse group of peptides known as adipokines, secreted by adipocytes, was identified. 

These peptides have important local and systemic functions, contributing to the balance between 

appetite and satiety, regulation of body fat stores and energy expenditure, glucose tolerance, insulin 

release and sensitivity, cell growth, immunity, reproduction, adipogenesis, angiogenesis, 

extracellular matrix restructuring, steroid metabolism, hemostasis, and maintenance of body 

temperature [15,37,38]. Additionally, adipose tissue releases inflammatory and anti-inflammatory 

molecules, as well as steroid hormones [6]. The primary target organs for adipokines include the 

liver, muscle, heart, pancreas, thymus, spleen, lymph nodes, and various areas of the central nervous 

system [38,39]. 

Synthesis and release of adipokines depend on the type of adipose tissue that produces them. In 

WAT secretome includes molecules such as adiponectin, leptin, adipsin, omentin, tumor necrosis 

factor alpha (TNF-α), interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1), plasminogen 

activator inhibitor-1 (PAI-1), resistin, visfatin, and retinol-binding protein 4 (RBP4). Together, these 

adipokines modulate glucose and lipid metabolism, regulate appetite and energy expenditure, and 

influence tissue and systemic inflammation [37,40]. In contrast, BAT produces a thermogenic 

secretome that includes fibroblast growth factor 21 (FGF21), bone morphogenetic protein 7 (BMP-7), 

vascular endothelial growth factor A (VEGF-A), irisin, neuregulin 4 (NRG4), nesfatin-1, meteorin-

like protein (METRNL), chemerin, IL-6, interleukin-8 (IL-8), and interleukin-10 (IL-10). These 

cytokines are associated with thermogenesis and energy expenditure, glucose homeostasis, lipid 

metabolism, and insulin sensitivity. Additionally, they promote angiogenesis and exert anti-

inflammatory effects [40,41]. In BAT, IL-6 may have favorable metabolic effects during sympathetic 

activation [42], while IL-10, produced by macrophages in the tissue, supports metabolic processes 

[43]. Furthermore, VEGF-A helps synchronize angiogenesis with the mitochondrial oxidative 

capacity of BAT, enhancing its thermogenic efficiency [44]. 

BeAT contains inducible adipocytes and shares a large part of the secretory repertoire with BAT 

and participates in the conversion of WAT. FGF21 and METRNL are highlighted, linked to 

thermogenic activation and signaling that facilitates the recruitment of cells with anti-inflammatory 

capacity [45,46]. NRG4 contributes to endocrine communication with the liver and other organs. In 

summary, the BeAT secretome induces thermogenesis, increases energy expenditure, and enhances 

insulin sensitivity, while also providing anti-inflammatory effects and indirect support for 

angiogenesis. The information gathered on adipokines has enabled their use as prognostic markers 

and in the treatment of metabolic diseases, including insulin resistance (IR), DM2, and cardiovascular 

disease [47]. 

Table 1. Comparative Overview of Adipokines by Adipose Tissue Type. 

Adipose Tissue Secreted adipokines/peptides Principal effects References 

WAT 

Adiponectin, Leptin, Adipsin, 

Omentin, TNF-α, IL-6, MCP-1, 

PAI-1 , Resistin, Visfatin, RBP4 

Regulation of appetite and energy balance; innate/adaptive 

inflammation; modulation of glucose and lipid metabolism; 

increased insulin resistance; influences on cardiovascular 

remodeling and thrombosis 

[1,37,40,47] 

BAT 

FGF21, BMP-7, VEGF-A, Irisin, 

NRG4, Nesfatin-1, METRNL, 

Chemerin, IL-6, IL-8, IL-10 

Non-shivering thermogenesis; increased energy expenditure; 

improvement of glucose homeostasis and insulin sensitivity; 

favorable lipid handling; angiogenesis; anti-inflammatory 

and tissue-protective signaling 

[10,41] 
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BeAT 
FGF21, NRG4, METRNL, 

CXCL14, IL-6 

Inducible thermogenesis and browning of WAT; increased 

energy expenditure; improved glucose homeostasis and 

insulin sensitivity; anti-inflammatory actions 

[8,10,46]  

Secretory profiles and systemic effects associated with three types of adipose tissue. WAT has a complex 

secretome that includes insulin-sensitizing adipokines alongside pro-inflammatory mediators such as TNF-Œ±, 

IL-6, and MCP-1, as well as factors that promote fibrosis and thrombosis like PAI-1. These components influence 

appetite, inflammation, and both glucose and lipid metabolism, ultimately affecting insulin resistance and 

cardiometabolic risk. In contrast, BAT is known for its thermogenic secretory profile, featuring factors such as 

FGF21, BMP-7, VEGF-A, irisin, NRG4, and METRNL. It also secretes cytokines like IL-6, IL-8, and IL-10, which 

enhance mitochondrial oxidation and thermogenesis while supporting angiogenesis. These processes 

collectively enhance carbohydrate homeostasis, lipid metabolism, and insulin sensitivity, while promoting anti-

inflammatory signaling. BeAT shares many components of the BAT secretome but also contributes additional 

signals that facilitate the browning of WAT, such as CXCL14. This promotes inducible thermogenesis, increased 

energy expenditure, and enhanced insulin sensitivity, along with immunomodulatory and angiogenic effects. 

Overall, the gradient from WAT to BeAT to BAT illustrates a transition from a mixed immunometabolic profile 

to one that offers systemic metabolic benefits. 

4. Oxidative Stress in Adipose Tissue 

Various cell types in adipose tissue produce free radicals. Reactive oxygen species (ROS) are 

generated primarily during glucose metabolism and ATP production [48,49], as well as by innate 

immune system cells, including macrophages, monocytes, and neutrophils. These free radicals play 

essential roles in normal cell function, serving as signaling molecules and second messengers in 

processes such as phagocytosis and cell proliferation, and they facilitate the activation of immune 

system cells [50,51] (Figure 3). 

 

Figure 3. Physiological responses to various intra- and extracellular concentrations of H2O2. Responses to H2O2 

concentrations range from 10nM, which elicits normal cellular activities, to higher levels, where concentrations 

around 100nM trigger cell death processes. The specific cellular responses and the extent of damage depend on 

the type of cell. They are influenced by factors such as the individual’s health condition, genetic predispositions, 

age, and other relevant variables [51]. Image created with Biorender.com. 

Oxidative stress occurs when the increased production of ROS in the cell exceeds the capacity of 

antioxidant systems to neutralize them [52,53]. Excess ROS, such as superoxide (O2●-) and hydroxyl 

radicals (●OH), covalently modify numerous biomolecules, including lipids, proteins, and nucleic 
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acids [54]. With this, ROS can cause damage to cellular organelles within the adipocyte. 

Mitochondria, being the primary producers of ROS within the cell, are highly susceptible to oxidative 

damage, primarily affecting the electron transport chain, which leads to increased mitochondrial 

fragmentation and damage to mitochondrial DNA [55]. Furthermore, ROS also causes damage to 

nuclear DNA, particularly affecting telomeres, which contributes to cellular aging and apoptosis [56]. 

Cells possess a mechanism to mitigate Endoplasmic Reticulum (ER) stress known as the 

unfolded protein response (UPR) [57]. Furthermore, under conditions of oxidative stress, ER 

promotes the production of ceramides [58] and diacylglycerol (DAG) [59], which are lipid products 

associated with a phenomenon called lipotoxicity [60–62]. Ceramides have a critical role in IR, linking 

changes in the ER with disruptions in insulin signaling pathways and, consequently, affecting uptake 

and utilization of glucose in various tissues [63]. Additionally, due to adipocyte hypertrophy, there 

is a deregulated release of ceramides and DAG, which can be ectopically deposited in the liver or 

skeletal muscle, thereby altering their metabolism [61,62]. Ireland et al. demonstrated that the Golgi 

apparatus is also vulnerable to oxidative stress, as protein trafficking is disrupted following exposure 

to H2O2 [64]. 

Increased production of mitochondrial ROS in adipocytes leads to alteration of polyunsaturated 

fatty acids (PUFAs). This occurs when free radicals attack the double bonds in PUFAs through non-

enzymatic processes, resulting in byproducts such as malondialdehyde (MDA) and 4-

hydroxynonenal (4-HNE) [51,65]. These lipid byproducts are highly electrophilic and can attack the 

side chains of lysine, histidine, and cysteine residues in proteins, leading to their carbonylation and 

the formation of covalent adducts. Additionally, these byproducts modify the double bonds of lipids, 

which perpetuates the formation of advanced lipoperoxidation products and further ROS [66,67]. 

Moreover, LDL can be oxidized either directly by lipoperoxidation products or through the 

enzymatic actions of phospholipases and lipoxygenases [68]. Unlike ROS, oxidation byproducts can 

propagate and cause harmful effects in tissues distant from their site of production [69]. 

On the other hand, there is evidence that adipocyte hypertrophy has been associated with 

increased ROS in WAT [70]. Furthermore, increased ROS is also a factor involved in the 

pathophysiology of hypertension and atherosclerosis, as it oxidizes LDL that adheres to endothelial 

cells [71]. LDL and its oxidized forms (oxLDL) bind to Pattern Recognition Receptors (PRRs), such as 

Toll-like receptors (TLRs) 2 and 4, which are responsible for detecting the presence of microorganisms 

and inducing the secretion of proinflammatory interleukins, including IL-1β, IL-6, and TNF-α [72]. 

Circulating oxLDL possesses antigenic potential and significantly contributes to inflammatory 

processes, activating both innate and adaptive immunity, and affecting different tissues [73]. 

Similarly, ROS are increased in adipose tissue by bacterial and viral infections, exposure to stimuli 

such as tobacco smoke, electromagnetic and solar radiation, ozone, herbicides, xenobiotics, food 

additives, nanoplastics, among others [50,74]. Although the physiological activity of ROS has 

traditionally been related to adverse metabolic events, they act as signalers in adipose tissue and play 

essential roles, such as the inactivation of Protein Phosphatase and Tensin Homolog (PTEN), Protein 

Tyrosine Phosphatase 1B (PTP1B) and Protein Phosphatase 2 (PP2A) favoring insulin signaling 

pathways [75] or regulating the activity of UCP-1 that uncouples oxidative phosphorylation, allowing 

the flow of protons and dissipating the gradient as heat [76]. 

Loss of redox balance generally impacts various cellular organelles in adipocytes, including 

mitochondria, ER, and Golgi apparatus, as well as the functions they perform within the cell. As a 

result, oxidative stress becomes a significant risk factor and plays a role in the development of various 

chronic diseases. These include DM2, atherosclerosis, heart disease, kidney disease, cancer, and 

central nervous system disorders such as Parkinson’s disease and Alzheimer’s disease [59]. 

5. Inflammation in Adipose Tissue 

Excessive lipid storage in adipose tissue leads to adipocyte hypertrophy, increased lipolysis, 

accelerated cell death, and the development of local inflammatory and hypoxic environments [77]. 

The ability of adipose tissue to store fat is essential for metabolic health, as it serves as a physiological 
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mechanism to prevent fat accumulation in ectopic locations, such as the liver, muscles, and heart [78]. 

Hypertrophic adipocytes release MCP-1, which attracts monocytes that differentiate into 

macrophages, primarily accumulating in visceral adipose tissue. These macrophages play a role in 

removing apoptotic cells and cellular debris, initiating tissue remodeling and repair [79]. When 

monocytes differentiate into M1 macrophages, they acquire pro-inflammatory properties, whereas 

M2 macrophages are anti-inflammatory, supportive of repair, and contribute to resolving the 

inflammatory response [80]. Distinctive markers of the M1 macrophage phenotype include TNF-α, 

IL-6, inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), MCP-1, matrix 

metalloproteinase-9 (MMP-9), and vascular endothelial growth factor alpha (VEGF-α). In contrast, 

M2 macrophages are characterized by the presence of interleukin-10 (IL-10) and transforming growth 

factor beta (TGF-β) [81]. The infiltration of adipose tissue by pro-inflammatory macrophages is a 

defining feature of obesity [82]. 

T lymphocytes are present in adipose tissue and exhibit phenotypic changes during lipid 

accumulation [83]. They are divided into cytotoxic CD8+ cells, which recognize antigens presented 

by major histocompatibility complex I (MHC I), and CD4+ cells, which interact with antigens 

presented by MHC II [83,84]. In turn, CD4+ cells are divided into regulatory T cells (Treg) and helper 

T cells (Th), the latter of which are classified into three main subsets: Th1, Th2, and Th17 cells. Th1, 

Th17, and CD8+ cells can promote the development of adipose tissue inflammation. In contrast, Th2 

and Treg cells maintain immune tolerance, limit excessive inflammatory responses, and prevent 

autoimmune diseases that could harm the body; however, their proportion decreases with lipid 

accumulation [85,86]. 

Proinflammatory cytokines alter signaling pathways and affect the functionality and nutrient 

flow in and out of adipose tissue, impacting high-metabolic organs such as the liver, skeletal muscle, 

and pancreas [4,87]. This indicates that lipid accumulation in adipose tissue directly contributes to a 

systemic state of inflammation [88] and influences inflammatory and immune response factors that 

promote the progression of various diseases [89]. In cases of adipocyte hyperplasia and hypertrophy, 

the formation of new blood vessels does not keep pace with the expansion of tissue cells, leading to 

local hypoxia [62]. This hypoxia in adipose tissue activates Hypoxia-Inducible Factor-1 (HIF-1), 

which promotes an increase in extracellular matrix synthesis [90]. The resulting mechanical stress, 

cellular necrosis, and accumulation of immune cells perpetuate the inflammatory state, negatively 

affecting tissue flexibility and its ability to expand [91]. 

Table 2. Immune populations of adipose tissue, phenotypic markers, and inflammatory effects. 

Cell type Markers Primary function in adipose tissue Effects References 

M1 macrophages 

TNF-α; IL-6; iNOS; 

COX-2; MCP-

1/CCL2; MMP-9; 

VEGF-A 

Pro-inflammatory responses; high 

cytokine/chemokine output; 

extracellular matrix 

degradation/remodeling; angiogenic 

factor release under stress 

Promote inflammation and 

adipose-tissue dysfunction 
[81,83] 

M2 macrophages IL-10; TGF-β 

Resolution of inflammation, tissue 

repair/remodeling, immune regulation 

and restoration of homeostasis 

Terminate inflammatory 

processes; pro-resolving, 

reparative milieu 

[81,83] 

CD8⁺ T 

lymphocytes 

Antigen recognition 

via MHC-I 

Elimination of damaged or infected cells 

within adipose depots 

In obesity, favor 

inflammatory amplification 
[84,85] 

CD4⁺ T 

lymphocytes 

Antigen recognition 

via MHC-II 

Subsets:  

Treg—immune regulation  

Th1—cell-mediated responses  

Th2—humoral responses  

Th17—chronic inflammatory 

programming 

Th1, Th17: pro-

inflammatory;  

Th2, Treg: anti-

inflammatory/pro-resolving 

[85,86] 

M1 macrophages are associated with a pro-inflammatory response, leading to matrix degradation and 

angiogenesis. In contrast, M2 macrophages facilitate the resolution of inflammation and support tissue repair. 
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CD8⁺ T lymphocytes also contribute to inflammation in cases of obesity. Similarly, CD4⁺ T cells, particularly Th1 

and Th17 cells, are pro-inflammatory, while Th2 and Treg cells function to exert anti-inflammatory effects and 

regulate immune responses. 

In summary, excessive accumulation of oxidized lipids leads to cellular changes that create a 

pro-oxidant and inflammatory environment within adipocytes. This environment affects the 

secretion profiles of adipokines and alters the endocrine, metabolic, antioxidant, and immunological 

functions of adipose tissue. As a result, these negative effects extend to other organs, compromising 

the organism’s overall functioning [92]. 

6. Cholesterol and Lipotoxicity 

Adipose tissue plays a significant role in cholesterol metabolism. Cholesterol is a vital structural 

lipid component of cell membranes, essential for cell growth and viability [93]. It can also be found 

in organelles that contain lipid bilayers, such as mitochondria and the ER. Additionally, cholesterol 

serves as a precursor to steroid hormones, bile acids, and vitamin D [94]. While virtually all cells can 

produce cholesterol, the liver, intestine, and brain are the primary organs responsible for its synthesis 

[95]. The processes of biosynthesis, uptake, transport, storage, utilization, and excretion regulate 

cholesterol homeostasis. Approximately 25% of the body’s cholesterol is stored in adipose tissue. In 

cases of obesity, an imbalance in cholesterol levels can trigger an inflammatory response from 

adipocytes and immune cells within the tissue, disrupting metabolic homeostasis [96,97]. In the early 

stages of obesity, WAT expands primarily due to adipocyte hypertrophy [98]. This remodeling is 

necessary to store excess energy. It requires the formation of new blood vessels and the recruitment 

of immune cells that produce cytokines and chemokines as part of a temporary adaptive 

inflammatory response [99,100]. When there is an excess of lipids and local hypoxia persists, 

cholesterol can crystallize within adipocytes. When adipocytes undergo cell death, cholesterol 

crystals are released to the extracellular space. Immune system recognizes these abnormal cholesterol 

crystals as Damage Associated Molecular Patterns (DAMPs) [101]; macrophages in the tissue attempt 

to break down these cholesterol crystals from dead cells through phagocytosis. Upon entering the 

macrophages, the cholesterol crystals can destabilize lysosomal membranes [102]. This release of 

lysosomal contents into the cytoplasm acts as an intracellular signal that activates the NLRP3 

inflammasome [97]. This process causes the cleavage of Caspase-1 and the maturation of interleukins 

IL-1β and IL-18, thereby amplifying inflammation, recruiting more immune cells to the area, and 

forming crown-like structures (CLS) around necrotic adipocytes. These structures also facilitate the 

formation of macrophage aggregates around dead adipocytes, which phagocytose lipid debris, 

including cholesterol crystals [103]. Activation of signaling pathways through TLRs by ROS or 

DAMPs favors the production of extracellular matrix components, such as collagen, which renders 

adipose tissue fibrotic [79], contributing to the perpetuation of the inflammatory response [104] and 

dysfunctional tissue growth. 

Cholesterol accumulates in the inner membranes of mitochondria, leading to a reduction in 

membrane fluidity. This change promotes the oxidation of cardiolipin and alters the assembly of 

respiratory complexes I, II, and III, which results in decreased oxidative phosphorylation and lower 

ATP production [105]. Furthermore, this accumulation restricts the transport of reduced glutathione 

from the cytosol, causing an increase ROS within the mitochondria [106]. Cholesterol also influences 

the physiology of BeAT and BAT, because an increase in cholesterol within mitochondrial 

membranes may affect the activity of uncoupling protein 1 (UCP-1) and hinder mitochondrial 

biogenesis. This limits the transformation of WAT into BeAT or BAT, ultimately reducing 

thermogenesis and energy expenditure [107], contributing to IR and chronic low-grade systemic 

inflammation. 

It is important to note that cholesterol can be oxidized through non-enzymatic mechanisms by 

ROS. This process generates oxysterols, including 7-oxocholesterol, 7β-hydroxycholesterol, 

cholesterol epoxides, 27-hydroxycholesterol, and 24S-hydroxycholesterol [108–110]. These oxysterols 
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can modify ionic fluxes across the plasma membrane, significantly alter membrane properties, induce 

oxidative stress in ER, activate signaling pathways that promote inflammation, and ultimately lead 

to cell death [111,112]. Moreover, experimental evidence indicates that adipose tissue not only 

accumulates traditional lipids but also acts as a significant reservoir of oxysterols. This may have 

important implications for chronic inflammation and metabolic dysfunction associated with obesity 

[113]. Ultimately, oxysterols play crucial roles in maintaining cholesterol homeostasis, regulating 

immune function, and controlling bone health [114]. They also facilitate neurogenesis in the brain 

[115] and modulate lipid metabolism in various cells and tissues [116]. 

In general, a dysfunctional relationship between cholesterol metabolism and oxidative stress in 

adipose tissue is marked by the buildup of cholesterol and its oxidized derivatives, leading to 

mitochondrial dysfunction, increased ROS production, and, consequently, cellular damage and 

necrosis. 

7. Conclusions 

Adipose tissue should be considered more than just an energy reservoir, but rather an organ that 

participates in redox, endocrine, and immune processes, which are crucial for overall health. 

Excessive nutrient intake and various stressors trigger an increase in ROS production and the 

accumulation of lipotoxic intermediates. These changes alter mitochondrial structure and function, 

activate the NLRP3 complex, and reprogram innate and adaptive immune cells, promoting a chronic 

inflammatory response and the development of fibrosis. In contrast, thermogenesis processes in BAT 

and BeAT, along with anti-inflammatory signals, mitigate adverse effects and improve the body’s 

health. It can be stated that many metabolic and chronic degenerative diseases originate from the 

dynamics of redox balance, thermogenic and immune adaptive mechanisms, highlighting the 

importance of controlling oxidative load and lipotoxic flux in adipose tissue. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Abbreviation Full name  

•OH Hydroxyl radical 

4-HNE 4-Hydroxynonenal 

ATP Adenosine triphosphate 

BAT Brown adipose tissue 

BeAT Beige adipose tissue 

BMP-7 Bone morphogenetic protein 7 

CD4+ CD4+ T lymphocytes (Helper T cells) 
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CD8+ CD8+ T lymphocytes (Cytotoxic T Cells) 

CLS Crown-like structures 

COX-2 Cyclooxygenase-2 

CXCL14 C-X-C motif chemokine ligand 14 

DAG Diacylglycerol 

DAMP Damage-associated molecular patterns 

DM2 Type 2 diabetes mellitus  

DNL De novo lipogenesis 

FGF21 Fibroblast growth factor 21 

H2O2 Hydrogen peroxide 

HDL High-density lipoprotein 

HIF-1 Hypoxia-inducible factor 1 

IDL Intermediate-density lipoprotein 

IL-1β Interleukin-1 beta 

IL-6 Interleukin-6 

IL-8 Interleukin-8 

IL-10 Interleukin-10 

iNOS Inducible nitric oxide synthase 

IR Insulin Resistence 

LDL Low-density lipoprotein 

MCP-1 Monocyte chemoattractant protein-1 

MDA Malondialdehyde 

METRNL Meteorin-like protein 

MHC-I Major histocompatibility complex class I 

MHC-II Major histocompatibility complex class II 

MMP-9 Matrix metalloproteinase-9 

NLRP3 NLR family pyrin domain containing 3  

NRG4 Neuregulin 4 

O2•− Superoxide anion 

oxLDL Oxidized low-density lipoprotein 

PAI-1 Plasminogen activator inhibitor-1 

PRR Pattern recognition receptors 

PP2A Protein Phosphatase 2  

PTEN Phosphatase and Tensin Homolog 

PTP1B Protein Tyrosine Phosphatase 1B 

PUFA Polyunsaturated fatty acids 

RBP4 Retinol-binding protein 4 

RE Endoplasmic reticulum 

ROS Reactive oxygen species 

TG Triglycerides 

Th1 T helper 1 cells 

Th2 T helper 2 cells 

Th17 T helper 17 cells 

TGF-β Transforming growth factor beta 

TLR Toll-like receptors 

TNF-α Tumor necrosis factor alpha 

Treg Regulatory T cells 

UCP-1 Uncoupling protein 1 

UPR Unfolded Protein Response 

VEGF-A Vascular endothelial growth factor A 

VLDL Very-low-density lipoprotein 

WAT White adipose tissue 
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