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Abstract: Obesity has emerged as a significant global health challenge characterized by excessive fat
accumulation and a complex interplay of systemic inflammation and metabolic dysregulation. This
condition not only impacts overall health but also affects various organ systems, including the lungs.
Recent research highlights how obesity influences lung health through mechanisms involving
mechanics and chronic low-grade inflammation, which can alter pulmonary structure and function.
Despite increasing evidence that inflammation in adipose tissue plays a crucial role in systemic
metabolic disturbances, our understanding of its relationship with pulmonary neutrophilic
inflammation remains limited. There is a need to explore how adipose tissue inflammation interacts
with pulmonary physiology, particularly in the context of obesity-associated metabolic risk. By
investigating the mechanisms underlying pulmonary neutrophilic inflammation, we can identify
potential therapeutic targets to mitigate pulmonary dysfunction, as well as obesity-associated
metabolic risk. This review emphasizes the importance of adipose tissue-derived inflammatory
mediators in pulmonary neutrophilic inflammation in obesity-associated metabolic comorbidities.

Keywords: obesity; adipose tissue inflammation; pulmonary neutrophilic inflammation; systemic
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Introduction

Obesity has become one of the main public health concerns worldwide [1]. Obesity is driven by
factors such as unhealthy eating and a lack of physical activity, which have increased in recent
decades due to lifestyle changes[2]. According to the World Health Organization (2021), more than
1.9 billion adults are overweight, and more than 650 million are obese (World Health Organization,
2021). Obesity is a chronic inflammatory disease resulting from a chronic positive energy balance
resulting in increased adipose tissue (AT) [1,3,4]. This condition not only affects people's quality of
life but is also linked to an increased risk of chronic diseases, such as type 2 diabetes (T2D) and
cardiovascular disease (CVD), as well as pulmonary disease and susceptibility to environmental
stressors [5].

Energy accumulates as triglycerides in adipocytes, whereas excess energy remains as free fatty
acids (FFAs) [6]. FFAs can activate resident AT macrophages and adipocytes to express a number of
genes encoding proinflammatory adipokines and cytokines, enzymes that produce reactive oxygen
species (ROS)/nitrogen (RNS) species, chemokines, and adhesion molecules for inflammatory cells
[4,7]. This causes, first, the recruitment of neutrophils[8], which then contribute to the recruitment of
monocytes from the bloodstream toward the AT [9,10]. Stressed adipocytes and neutrophils help the
further recruitment of monocytes. The recruited monocytes then differentiate into macrophages,
which can reach 60% of the total cell population in the AT [11]. These macrophages regularly organize
in crown-like structures, and macrophages organize as crowns surrounding dead adipocytes. Under
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the prevalent hypoxic conditions in AT, due to adipocyte hypertrophy and hyperplasia, AT
macrophages change gene expression toward a proinflammatory phenotype [12,13]. Inflammation
mediators produced by AT inflammation drop into the bloodstream, causing systemic low-grade
inflammation or metaflammation. Proinflammatory mediators secreted by inflamed AT, as well as
the mechanical effects of growing AT depots, affect pulmonary physiology [14]. AT mediators, such
as leptin and proinflammatory cytokines, can increase the expression of adhesion molecules for
neutrophils in the pulmonary microvasculature [15]. This causes homing and activation of
neutrophils in the lung microvasculature, a process known as pulmonary neutrophilic inflammation
[15,16]. Thus, the exposure of obese patients to environmental stressors, such as ash, dust, bacteria,
viruses, diesel exhaust, particulate matter and other stressors, can cause the lungs to act as an extra
source of inflammatory mediators [16]. These inflammatory mediators contribute to the pool of
inflammatory mediators produced by inflamed AT [17]. Consequently, obesity-associated metabolic
risk increases [11,18]. Targeting pulmonary neutrophilic inflammation mechanisms can help reduce
the burden of obesity-associated metabolic comorbidities in obese patients exposed to environmental
stressors (Figure 1).

Herein, we discuss recent evidence showing the mechanism by which obesity sensitizes the
lungs to neutrophilic inflammation when patients are exposed to environmental stressors.
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Figure 1. Obesity-associated insulin resistance is worsened by obesity-induced pulmonary neutrophilic
inflammation. Obesity is a metabolic state characterized by excess adipose tissue, which triggers an
inflammatory response in the body. This condition is associated with the release of inflammatory cytokines by
adipocytes, which activate neutrophils in the lungs and other organs, intensifying pulmonary neutrophilic
inflammation. Inflammatory cytokines enter the bloodstream, causing systemic inflammation, a state of chronic
inflammation that affects several systems in the body. One of the most serious consequences of this systemic
inflammation is insulin resistance, where the signaling of this hormone is compromised, making it difficult to

regulate blood glucose. This process is a critical precursor to T2D and other metabolic diseases.

Neutrophilia in the Bloodstream of Obese Patients

Neutrophils are the most abundant leukocytes in human blood, the main effector cells of acute
inflammation, and the first to respond to infections [19]. Neutrophils are often considered primary
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leukocytes against infections because of their ability to act as phagocytic cells, degranulate by
releasing lytic enzymes, and perform an oxidative burst that produces reactive oxygen species (ROS)
and neutrophil extracellular traps (NETs) with antimicrobial potential [20]. Neutrophils are also
considered the main effector cells of acute inflammatory reactions, as they are the first leukocytes to
be recruited at sites of tissue irritation where they are capable of producing large amounts of
cytokines and chemokines, including TNFa, IL-1f3, IL-8, and MCP-1 [20]. Consequently, neutrophils
induce the second wave of immune cells, such as macrophages and lymphocytes, to become sites of
irritation.

During obesity-induced inflammation in animal models, the number of neutrophils in the
peripheral circulation increases [21]. From there, neutrophils can infiltrate the AT and endothelium
of blood vessels. Therefore, neutrophils play an important role in the early stages of obesity by
infiltrating visceral AT[20]. Interestingly, the number of circulating neutrophils is increased in obese
individuals, with a clear association between the neutrophil blood count and a higher body mass
index (BMI) [22]. Patients who are overweight with neutrophilia mostly have elevated serum C-
reactive protein concentrations and larger waist circumferences [23]. In addition, neutrophil counts
are significantly greater in people with metabolic syndrome than in lean patients [20]. In addition,
neutrophils in obese patients have an activated phenotype, as indicated by elevated plasma
concentrations of myeloperoxidase (MPO) and neutrophil elastase (NE), as well as increased
expression of CD66b, a marker of neutrophil degranulation [24]. Neutrophil activation in obese
individuals was also indicated by stimulation of the NF-«B signaling pathway and by increased ROS
generation and cytokine release of proinflammatory mediators [25,26]. Once in adipose tissue,
neutrophils establish direct interactions with adipocytes. This occurs through the binding of the
integrin aM (2 on neutrophils to the intercellular adhesion molecule 1 (ICAM-1) present on
adipocytes. This connection activates neutrophils, causing them to release IL-1§3 via the NF-«xB and
NLRP3 inflammasome pathways [27]. Additionally, neutrophils produce TNFa, which further
stimulates macrophages. Leptin also plays an important role, as it activates its receptor to promote
the NF-«kB pathway, inhibiting neutrophil apoptosis and allowing their persistence in adipose tissue
[28]. Moreover, FFAs derived from adipocyte lipolysis can attract more neutrophils and stimulate
their production of IL-1 [29]. Neutrophils also generate NEL, an enzyme that alters the energy
expenditure of AT and directly activates macrophages. Furthermore, the granular protein
cathelicidin (LL-37) can trigger the release of more proinflammatory cytokines from macrophages.
As neutrophils become activated, they also have the capacity to recruit monocytes that differentiate
into macrophages in the AT microenvironment [30].

Notably, weight loss, for example, after gastric band surgery, results in a reduction in both
neutrophil blood counts and their proinflammatory activity. These findings suggest that the chronic
inflammation associated with obesity contributes to the increase in neutrophils [31,32]. Elevated
levels of acute-phase proteins have been reported in obese individuals, and the adipose tissue of these
individuals produces increased levels of inflammatory mediators such as TNFa, IL-1f3, IL-6, and IL-
8 [32]. These mediators stimulate granulopoiesis in the bone marrow, promoting the release of
neutrophils into the peripheral circulation and the elimination of these leukocytes from the
endothelial wall, leading to neutrophilia. In addition, AT secretes leptin, which has been shown to
stimulate hematopoiesis and can promote neutrophil oxidative bursts, induce chemotaxis, and inhibit
apoptosis [20]. Taken together, these findings support the idea that AT in obesity plays a crucial role
in systemic inflammation, facilitating the generation, increase, and activation of neutrophils, which
become the first leukocytes to infiltrate adipose tissues [33].

Activation of Neutrophils in the Bloodstream of Obese Patients

Obesity is associated with a chronic low-grade inflammatory state affecting various tissues,
including the lungs. This inflammation is largely due to the expansion of AT, where adipocytes
increase in number (hyperplasia) and size (hypertrophy). These adipocytes release proinflammatory
cytokines, such as TNF-a and IL-6, which are crucial for the activation of the immune system [34].
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The accumulation of these cytokines in adipose tissue and their subsequent release into the
bloodstream generate an environment conducive to the activation of neutrophils [25,35].

Activated neutrophils release a variety of inflammatory mediators, including more cytokines,
proteases, and reactive oxygen species (ROS), which can aggravate tissue damage and perpetuate
inflammation [25]. This inflammatory cascade not only affects adipose tissue but also affects organs
such as the liver and lungs, where it can affect their physiology [36].

Furthermore, neutrophil activation in obesity has been associated with an increase in insulin
resistance. Systemic inflammation triggered by neutrophils and other immune cells interferes with
insulin signaling, hindering glucose uptake by peripheral tissues [24]. This mechanism is a key risk
factor for the development of T2D and other obesity-related metabolic complications [37]. Therefore,
understanding the relationship between obesity and neutrophil activation is critical for developing
therapeutic strategies that address inflammation and its adverse effects on metabolic health [38].

Activated neutrophils in the lungs release more inflammatory cytokines and other chemicals
(such ROS). This lung inflammation can be chronic and affect lung function. Pulmonary
inflammation is a pathological process that can be triggered by various conditions, including obesity.
In this context, neutrophil activation plays a crucial role [37]. When neutrophils are activated in
response to inflammatory cytokines, such as TNFa and IL-6, they release a series of inflammatory
mediators, including more cytokines, chemokines, and other chemicals. Among the latter, ROS,
which are highly reactive molecules that can cause oxidative damage to surrounding cells and tissues,
stand out. This damage results in an exacerbation of the inflammatory response and contributes to a
vicious cycle that perpetuates inflammation [39].

Recruitment of Monocytes and Further Differentiation into M1 Macrophages
Causes Adipose Tissue Inflammation

Adipose tissue is composed of various cell types, including mature adipocytes, preadipocytes,
mesenchymal cells, and stromal cells, such as endothelial cells, macrophages, and fibroblasts. Its
primary function is lipid storage, thereby regulating the influx of dietary lipids by removing
triacylglycerol (TAG) from the circulation and preventing the release of FFAs. In obesity, adipocytes
are overloaded with TAG, which reduces their ability to store more FFAs. This leads to an increase
in the levels of TAG and FFAs in the blood, promoting ectopic lipid accumulation in organs such as
skeletal muscle, liver, and pancreatic islets [40]. FFAs act as ligands for the Toll-2/4-like receptor
(TLR2/4) in AT macrophages and contribute to systemic inflammation [41].

During obesity, hypertrophied adipocytes face perfusion problems due to inadequate
vasculature, resulting in hypoxia and apoptotic cell death [42]. Dead cell debris induces the
production of chemokines such as the chemoattractant protein monocyte-1 (MCP-1, also known as
CCL-2), which recruits monocytes and T cells from the peripheral circulation [43]. Monocytes in the
tissue differentiate into macrophages. These macrophages, in turn, produce TNFa, IL-6, and other
cytokines that inhibit the differentiation of preadipocytes, preventing the formation of new
adipocytes that could mitigate the increase in TAG. This perpetuates a cycle of adipocyte
hypertrophy, hypoxia, apoptosis, and monocyte recruitment and differentiation into macrophages,
resulting in the phenotypic switch of macrophages toward inflammatory macrophages (M1), thus
contributing to a state of chronic low-grade systemic inflammation [44]. In obesity, the production of
proinflammatory adipocytokines such as leptin, resistin, and visfatin increases, whereas the synthesis
of adiponectin, an anti-inflammatory adipocytokine, decreases. Figure 2. There is also an increase in
the production of inflammatory mediators such as IL-6, TNFa, acute phase reactants, C-reactive
protein, serum amyloid A, complement fragment C3 and other immunomodulators [45].

Adipose Tissue Inflammation Leads to Systemic Inflammation in Obesity

White adipose tissue (WAT) serves two main functions: it is the body's main fat reservoir and
acts as the largest endocrine organ, releasing adipokines and cytokines into the bloodstream [34].
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Adipokines play crucial roles in various metabolic and physiological pathways, regulating processes
such as insulin signaling, glucose uptake, fatty acid oxidation, and other metabolic and energy
mechanisms [46]. On the other hand, cytokines modulate inflammation and its resolution, as well as
adaptive and reparative angiogenesis [11].

When a patient gains weight or becomes obese, the WAT undergoes a significant phenotypic
change. This change manifests itself in the appearance of inflamed and dysfunctional adipocytes, as
well as in the infiltration of immune cells in the vascular fraction of the stroma [11]. Inflamed
adipocytes release proinflammatory cytokines both locally and into the bloodstream, disrupting the
normal function of AT itself and affecting distant organs, such as the lung, pancreas and
cardiovascular system. From this perspective, AT can be seen as an organ with immunological and
secretory functions, whereas obesity can be considered a chronic inflammatory disease of
immunological origin [47].

In obesity, AT acts not only as an energy reservoir but also as an important source of bioactive
molecules known as adipokines. These molecules include various cytokines, chemokines, and other
proteins that play regulatory roles in the immune system and inflammation. Leptin, which is secreted
mainly by adipocytes, belongs to the cytokine family (structurally similar to IL-5, IL-6 and IL-15), and
its plasma concentrations correlate with fat mass and respond to changes in energy balance [48]. In
this context, the main effect of leptin is to act on the central nervous system and inhibit intake to
regulate energy reserves [49]. In addition, it increases basal metabolism, and leptin also stimulates
the oxidation of fatty acids and modulates the functionality of pancreatic 8 cells [50]. Therefore, a
leptin deficiency may be the cause of obesity. However, it has been reported that most obese people
have elevated levels of leptin [51]. These individuals do not have a deficiency in leptin production,
but in many cases, the leptin transporter from the blood to the interior of the central nervous system,
through the blood-brain barrier, and/or through a peripheral pathway of leptin resistance fails [52].
Therefore, leptin was initially considered an anti-obesity hormone, but experimental evidence has
demonstrated the pleiotropic effects of this molecule on reproductive function, hematopoiesis,
angiogenesis, lymphoid organ homeostasis, and T-cell functions [53]. In obese patients, high serum
leptin concentrations are associated with reduced respiratory drive and impaired hypercapnic
responses in men and women, suggesting resistance to the effects of leptin on respiratory
function[54]. See Figure 2.

These data indicate that leptin receptors are present not only in the cells of the nervous system
but also in many other cells in the body [55]. More specifically, leptin appears to be a link between
the Thl proinflammatory response, nutritional status, and energy balance [56]. Thus, some data
indicate that it stimulates the proliferation and activation of peripheral mononuclear cells, stimulates
the production of proinflammatory cytokines (e.g., IL-6 and TNFa) by circulating monocytes, and
enhances the activation of lymphocytes against mitogens such as phytohemagglutinin or
concanavalin A [57]. Leptin also inhibits the production of memory T lymphocytes, increases the
production of B lymphocytes and stimulates the production of Thl-type cytokines (IL-2 and IFN-y)
by lymphocytes [52].

Leptin stimulates monocytes to express more leptin receptors and acts on T lymphocytes,
causing them to express more leptin receptors and activating them [58]. As a result, monocytes release
proinflammatory cytokines; these cytokines stimulate the T lymphocytes that respond by increasing
the production of IL-2 and IFN-y, two cytokines of the Thl response. The Thl response is
immunoprotective, but it is also proinflammatory; therefore, an exaggerated Th1 response is harmful.
On the other hand, IFN-y acts on monocytes, increasing the production of proinflammatory
cytokines; thus, we can consider leptin itself to be a proinflammatory cytokine [55]. Therefore, obesity
may be considered an inflammatory disease in which high levels of circulating leptin are frequently
observed [58].

IL-6 is primarily secreted by adipocytes and macrophages from AT and contributes significantly
to the systemic inflammation associated with obesity. This adipocytokine not only participates in the
regulation of the immune response but also has been implicated in the development of metabolic
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complications such as insulin resistance and endothelial dysfunction. Elevated IL-6 levels may
contribute to chronic inflammation and the pathogenesis of metabolic and respiratory diseases [59].
IL-6 is a multifunctional cytokine produced by a wide range of cells, including T lymphocytes,
macrophages, fibroblasts, and adipocytes. It acts on numerous cell types to regulate the immune
response, inflammation, and hematopoiesis. IL-6 exerts its effects by binding to a specific receptor,
the IL-6 receptor (IL-6R), which forms a complex with glycoprotein 130 (gp130) to activate
intracellular signaling pathways such as JAK-STAT (Janus kinase - signal transducers and
transcription activators), MAPK (mitogen-activated protein kinase) and PI3K (phosphatidylinositol-
3 kinase) [59,60].

IL-6 regulates the immune response in both the acute and chronic phases of inflammation,
participating in the differentiation and activation of T cells, as well as in the production of antibodies
by B lymphocytes. In addition, it plays a role in the transition from acute inflammation to tissue repair
[61]. Elevated IL-6 levels are associated with various chronic inflammatory, autoimmune, and
metabolic diseases, including rheumatoid arthritis, Crohn's disease, metabolic syndrome, and
obesity. In these contexts, IL-6 may contribute to disease progression by modulating inflammation
and the immune response [61]. Owing to its central role in inflammation, IL-6 has been investigated
as a therapeutic target in the treatment of inflammatory diseases. IL-6 inhibitors such as tocilizumab
and sarilumab are used to treat diseases such as rheumatoid arthritis and Castleman disease [60,61].

Another important proinflammatory adipokine secreted primarily by macrophages from
adipose tissue is TNFa. TNF-a is involved in regulating the inflammatory response and may
contribute to metabolic dysfunction associated with obesity, as well as lung inflammation [62,63].
TNF-a is a key proinflammatory cytokine involved in regulating the immune response and
inflammation. In the context of obesity, adipose tissue, especially visceral adipose tissue, serves as an
important source of circulating TNF-a [63-65]. TNF-a is secreted by several cells, including
macrophages, T lymphocytes, and adipocytes, in response to inflammatory stimuli [66]. It regulates
both local and systemic inflammation by activating inflammatory signaling pathways such as the
NF-kB and MAPK pathways and promotes the production of other proinflammatory cytokines [63].

Elevated levels of TNFa in adipose tissue are associated with insulin resistance, endothelial
dysfunction, and increased risk of cardiovascular disease in obese individuals. TNF-a can modulate
the secretion of other proinflammatory adipokines, such as IL-6, thereby exacerbating chronic
inflammatory states in obese individuals. Obesity induces excessive production of TNFa by AT,
contributing to systemic inflammation and the development of metabolic comorbidities, including
pulmonary inflammation. TNF-a may interact synergistically with other inflammatory cytokines to
potentiate detrimental effects on metabolic and cardiovascular function [64].
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Figure 2. Role of inflammatory cells in adipose tissue inflammation. The inflammatory phenotype of
expanding AT is characterized by a series of changes in adipocytes and resident immune cells. As adipocytes
hypertrophy and adipose tissue expands, these adipocytes and immune cells undergo transformations that alter
their function. Instead of secreting protective anti-inflammatory cytokines, they begin to release adipokines and
proinflammatory cytokines. These substances act both locally and systemically, contributing to the development
of insulin resistance in peripheral tissues. Chronic inflammation in adipose tissue is maintained and amplified
by the action of adipocyte-derived chemoattractants. These chemoattractants include the chemokine receptor
CC type 2 (CCR2), monocyte chemoattractant protein-1 (MCP-1, also known as CCL-2), and traffic lights 3A
(SEMAB3A). These molecules play crucial roles in attracting and maintaining immune cells in inflamed AT,
thereby perpetuating the inflammatory response and contributing to obesity-associated metabolic dysfunctions

and low-grade inflammation. Modified from [11].

Numerous studies in animal and human models have confirmed that increased body fat is
associated with AT inflammation due to excessive caloric intake. For example, Lee et al. [67]
demonstrated in immunocompromised mice that inflammation plays a key role in the development
of insulin resistance induced by a prolonged obesogenic diet. A notable feature of inflammation
associated with the growth of WAT is its persistence and low-grade inflammation, known as
"metaflammation", which is characterized by chronic inflammation that does not resolve effectively.

Inflammation is an energy-consuming process that can increase energy expenditure by reducing
both energy intake and energy storage. Inflammatory cytokines, such as factor necrosis tumor alpha
(TNFa), interleukin-1 (IL-1f), and interleukin-6 (IL-6), stimulate energy expenditure by interacting
with receptors in the central nervous system and in active metabolic tissues, similar to leptin, which
also promotes energy expenditure[68,69]. Leptin, which inhibits appetite and increases energy
expenditure [70], is produced in greater amounts in response to inflammation and hypoxia [71,72],
and its action is enhanced by TNFa [73], thus facilitating greater energy expenditure.
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However, WAT inflammation induced by excess calories does not always translate into a
significant increase in energy expenditure, allowing inflammation and weight gain to coexist in obese
patients [74]. However, AT inflammation is similar to traditional inflammatory responses, such as
the infiltration of immune cells and the release of inflammatory mediators, such as chemokines and
cytokines, by both adipocytes and resident immune cells. Inflamed WAT, even in normal-weight
patients, can cause widespread systemic inflammation through the release of cytokines into the
bloodstream [75].

WAT has diverse inflammatory features, and obesity causes a more complex inflammatory
response in visceral WAT (VAT) than in subcutaneous WAT (SAT). VAT contains more macrophages
(up to 60% of total cells in the tissue) than SAT does in obese mice, as in humans [76,77]. Obesity and
insulin resistance lead to greater adipocyte hypertrophy and hyperplasia in VAT than in SAT [78],
and the inflammation of VAT in obese humans is associated with lower expression of lipogenic
markers [79]. This occurs because more cells in the VAT adopt an inflammatory phenotype rather
than one oriented toward lipid storage, which can lead to metabolic complications, such as lipid
accumulation in the muscle and liver [79]. This accumulation interferes with peripheral insulin
signaling, causing VAT inflammation to have a significant effect on obesity-related metabolic
disorders, such as systemic insulin resistance, T2D, CVD and pulmonary inflammation [80].
However, SAT inflammation has also been shown to play a role in metabolic complications [81].

Contribution of Adipose Tissue Inflammation to Systemic Inflammation

The expansion of AT not only increases the degree of infiltration of macrophages from AT but
also causes a change in the polarization of macrophages from the M2 phenotype, with an anti-
inflammatory secretory profile effect, toward the M1 phenotype, with a proinflammatory secretory
profile [82]. The latter would be responsible for the expression of most cytokines involved in the
proinflammatory processes that occur in AT and of the molecules involved in the recruitment of more
macrophages to the tissue, establishing a vicious cycle that would amplify the activation of
inflammatory pathways [83,84]. This AT inflammation plays a critical role in the pathophysiology of
metabolic syndrome, and visceral obesity can be considered the triggering component of metabolic
syndrome (MS) [84,85]. Therefore, insulin resistance is clinically defined by the incompetence of a
certain concentration of insulin (endogenous or exogenous) to increase cellular glucose utilization.
When the amount of insulin in the blood is the same, the withdrawal of circulating glucose is lower,
and the cellular performance as metabolic fuel in the target organs is worse, resulting in poor cellular
performance (AT, muscle and liver, especially) [84].

MS is a clinical entity characterized by a set of risk factors that include visceral obesity,
alterations in lipid metabolism (increased triglycerides and decreased HDL-C) and insulin,
hypertension, and the presence of prothrombotic and inflammatory factors [86]. In different studies
carried out in both children and adults, a positive correlation has been observed between BMI and
the presence of MS, where the higher the BMI is, the greater the presence of MS [87]. In turn, MS is
associated with an increased risk of T2DM, ischemic CVD, and premature death [88,89]. In addition
to local inflammation at the AT, the inflammatory process triggered by obesity also involves skeletal
muscle and the liver in the development of systemic IR and MS [88]. It has been proposed that the
skeletal muscle mass index (SMM) could play an important role in the progression of MS. VAT
(associated with internal organs) is the most important determinant of MS in obese individuals [90].

In experimental animals, macrophage infiltration into the skeletal muscle of obese mice has been
demonstrated, especially intramuscular adipose deposition. These macrophages exhibit a
proinflammatory M1 phenotype, accompanied by an increase in the expression of inflammatory
factors, which contribute to local IR [90].

Adipose Tissue Inflammation Causes Pulmonary Neutrophilic Inflammation in
Obesity
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Neutrophilic inflammation in the lungs of obese individuals is an emerging area of research that
has gained attention because of the increasing prevalence of obesity and its adverse effects on
respiratory health. Obesity is associated with a number of respiratory comorbidities, and excess
adipose tissue can negatively influence lung function. The relationship between obesity and
pulmonary neutrophilic inflammation is closely linked to the production of proinflammatory
cytokines. Adipokines, which are molecules produced by adipose tissue, can exacerbate lung
inflammation by activating neutrophils and other inflammatory cells. A study showed that
adipokines such as leptin and adiponectin have significant effects on the inflammatory response and
can increase neutrophil infiltration into lung tissues [91].

Adipose tissue also responds to proinflammatory stimuli that originate in the lungs and spread
through the systemic circulation. Several studies in animal models have shown that exposure to
bacteria, ozone (Os), allergens, and particulate matter (PM) activates AT to produce leptin, IL-6, and
other adipocytokines that worsen pulmonary neutrophilic inflammation [51,92]. Similarly, systemic
administration of bacteria, IL-1, lipopolysaccharide (LPS), and TNFa has been shown to increase
systemic proinflammatory adipocytokine concentrations [93]. These observations suggest that in
obese patients exposed to environmental stressors, WAT acts as an endocrine gland that releases
adipocytokines, cytokines, and other mediators, intensifying both local and systemic inflammatory
responses. Furthermore, impaired neutrophil function in obese lungs can lead to significant tissue
damage. The accumulation of neutrophils and the release of their toxic products can induce oxidative
stress and damage lung structures, contributing to the development of respiratory diseases such as
chronic obstructive pulmonary disease (COPD) and asthma [89].

The impact of neutrophilic inflammation on lung function is also reflected in changes in lung
structure. Obesity can induce changes in lung architecture, such as thickening of airway walls and
increased mucus production, which can exacerbate respiratory symptoms [94]. Neutrophilic
inflammation can induce significant damage to lung tissue. Neutrophils release proteolytic enzymes
and ROS that damage epithelial cells and connective tissue. This can lead to alterations in the
structure of the airways and lung parenchyma [94].

Pulmonary neutrophilic inflammation can contribute to the pool of inflammatory mediators in
the bloodstream, worsening obesity-associated metabolic complications in obese patients exposed to
airborne stressors. Chronic lung diseases, such as COPD and asthma, are associated with increased
systemic inflammation [95]. Inflammatory mediators released in the lungs can enter the bloodstream
and cause systemic inflammation that affects insulin signaling in peripheral tissues [96]. Chronic
inflammation in the lungs and the release of inflammatory cytokines can alter adipose and muscle
tissue function, exacerbating insulin resistance [95].

Inflamed AT releases mediators that not only impact insulin sensitivity but also may influence
lung inflammation [11]. This systemic inflammation manifests in the lung through the secretion of
proinflammatory cytokines that affect lung function and metabolic regulation [97]. Visceral adipose
tissue, in particular, is associated with increased systemic inflammation and increased risk of
respiratory and metabolic diseases [98].

Systemic inflammation resulting from pulmonary neutrophilic inflammation can contribute to
metabolic dysfunction, including insulin resistance. Inflammatory mediators present in the
bloodstream, originating in the lungs or other inflamed tissues, can interfere with insulin signaling
and alter glucose metabolism. Chronic inflammation in multiple body systems amplifies insulin
resistance and increases the risk of developing T2D [99]. This bidirectional relationship between
pulmonary neutrophilic inflammation and AT inflammation highlights the importance of addressing
both respiratory and metabolic inflammation in the management of obesity-associated metabolic
comorbidities [100].

Neutrophilic inflammation in the lungs of obese patients may negatively affect lung function
through several mechanisms. Chronic inflammation can lead to thickening of the airway walls and
increased mucus production, resulting in airway obstruction and difficulty breathing. The presence
of neutrophils has also been associated with lower lung elasticity and a greater predisposition to
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respiratory infections[94,101]. Respiratory dysfunction in obese patients can be especially severe
because of the combination of chronic inflammation and mechanical alterations in the lungs [94,101].
The management of pulmonary neutrophilic inflammation in obese lungs is an active area of
research. Therapeutic strategies may include reducing inflammation through the use of anti-
inflammatory agents and modulating the immune response [102]. For example, drugs that block
inflammatory signaling pathways or reduce adipokine production could be beneficial. Furthermore,
weight loss interventions may have a positive effect on reducing neutrophilic inflammation and
improving lung function [102]

Mechanical Effects of Obesity on Lung Function

The impact of obesity on respiratory function and the increased burden of respiratory disease
among obese people are significant [47,94,103]. The impact begins with the critical distribution of fat,
which represents a mechanical obstruction of lung function. Android obesity (i.e., fat distributed in
the chest, abdomen, and visceral organs) has a more direct effect on lung function than does gynoid
obesity (i.e., fat distributed in the subcutaneous tissue of the hips, thighs, arms, and legs) [94]. The
greatest impact of android obesity on lung function depends on the increase in abdominal volume
and the presence of intrathoracic fat that favors displacement of the diaphragm, reducing lung
volume, specifically functional residual capacity (FRC) and expiratory reserve volume (VRE) [94,104].
The reduction in chronic respiratory failure is directly proportional to the severity of obesity:
overweight, mildly obese, and severely obese subjects demonstrate reductions of 10%, 22%, and 33%,
respectively [94]. In obese subjects, the mechanical load caused by excess adipose tissue reduces the
capacity caliber of the airways, resulting in limited expiratory flow and low lung volume[52]. One of
the mechanical complications of obesity is increased stress on the respiratory system due to
constriction of the airways [94].

Recent studies have revealed a strong association between obesity and pulmonary hypertension,
a condition characterized by an increase in mean pulmonary arterial pressure [105]. Alterations in
the mechanics of the respiratory system caused by obesity include expiratory flow limitation,
atelectasis, and V/Q mismatch (which occurs when ventilation airflow or perfusion blood flow is
impaired, limiting primary lung function from supplying oxygen to the blood) with hypoxemia. All
of these factors have important implications in the context of critical illness [106]. The tidal volume is
also slightly lower in obese people; however, there is no significant effect on residual volume (RV) or
total lung capacity [94]. Fat accumulation in the chest and abdomen has been found to increase the
elasticity lung rate to 35% in obese individuals, which is exponentially related to body mass index
(BMI) [107]. This reduced compliance is a consequence of significant alterations in the mechanical
properties of the entire respiratory system in the presence of fat deposits in the mediastinum and
abdominal cavities and contributes to breathing difficulties, such as wheezing, difficulty breathing
(dyspnea) and shortness of breath during sleep (orthopnea) [94]. However, the mechanical properties
of the chest wall in obese individuals indicate a chest mass load rather than stiffness of the chest mass
due to elastic loading, which complicates the simplistic association between a constrictive effect and
fat volume and may indicate that fat volume increases compliance [107].

Pulmonary Neutrophilic Inflammation in Obesity-Associated Metabolic Risk

Pulmonary inflammation triggered by neutrophil activation, known as pulmonary neutrophilic
inflammation, is not limited to an acute response; it can become a chronic process that significantly
affects lung function [108]. Under conditions such as chronic obstructive pulmonary disease (COPD)
and asthma, sustained accumulation of neutrophils in the lungs is associated with tissue damage,
airway remodeling, and decreased respiratory capacity. The continued presence of ROS and
proinflammatory cytokines can lead to lung tissue destruction and reduced lung elasticity,
contributing to the progression of respiratory diseases [89].
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The data in humans are still incipient and do not allow us to determine temporal evolution, as
in animal models [109]. When obese populations with or without cardiovascular risk factors are
compared, leukocytes in the group with the worst metabolic profile present differences in
quantitative and qualitative characteristics [48], suggesting a possible role of immune system
activation in the consequences of obesity. Inflammatory markers, including the neutrophil count and
myeloperoxidase (MPO) level in the blood, have even been suggested as predictors of obesity-
associated cardiovascular morbidity and mortality [104].

Practically all metabolic pathologies associated with excess malnutrition have an inflammatory
component within their genesis and/or progression [110]. The activation of the inflammatory
pathway in any type of cell (at the level of the transcription factor NF-xB) hinders insulin cell
signaling. Insulin resistance is the condition that underlies all entities of metabolic syndrome, but for
each cardiovascular risk factor, there is also a direct pathophysiological association with
inflammation, such as diabetes, dyslipidemia, endothelial dysfunction, hypertension, and
metabolically associated liver disease (MALD) [111].

In obesity, AT- and pulmonary-derived inflammatory mediators contribute to systemic
inflammation and thus worsen insulin resistance and other obesity-associated comorbidities.
Furthermore, chronic lung inflammation has implications not only for respiratory health but also for
systemic health. Persistent inflammation can promote insulin resistance and other metabolic
disorders, creating a link between obesity-associated pulmonary neutrophilic inflammation and
metabolic health. This is particularly relevant in obese individuals, where systemic inflammation can
exacerbate respiratory conditions and contribute to an overall deterioration in quality of life [47,89].
Thus, understanding the role of neutrophils and inflammation in the lungs is critical for developing
effective therapeutic strategies to mitigate these adverse effects.

Obesity is a complex metabolic condition that, in addition to pulmonary neutrophilic
inflammation, is associated with a number of significant metabolic abnormalities. These
abnormalities are crucial to understanding how obesity contributes to the development of chronic
diseases such as T2D. Metabolic alterations associated with obesity include insulin resistance,
alterations in insulin secretion, and a dysfunctional lipid profile [112]. These alterations not only
affect glucose metabolism but also have important implications for cardiovascular health and other
aspects of general metabolic well-being [113].

Pulmonary neutrophilic inflammation is a pathological process that can be triggered by various
conditions, including obesity. In this context, neutrophil activation plays a crucial role. When
neutrophils are activated in response to inflammatory cytokines such as TNF-a and IL-6, they release
a series of inflammatory mediators, including more cytokines, chemokines, and chemicals such as
reactive oxygen species (ROS) [114]. These highly reactive molecules cause oxidative damage to
surrounding cells and tissues, exacerbating the inflammatory response and contributing to a vicious
cycle that perpetuates inflammation [115].

Lung inflammation triggered by neutrophil activation is not limited to an acute response; it can
become a chronic process that affects not only respiratory function but also systemic health. Sustained
accumulation of neutrophils in the lungs is associated with an increase in the release of inflammatory
mediators that enter the bloodstream, which can lead to systemic inflammation [89]. This
inflammatory state can negatively influence metabolic function, contributing to conditions such as
insulin resistance and T2D, as inflammatory cytokines alter insulin signaling in peripheral tissues
[88,96]. Furthermore, chronic lung inflammation may have broader repercussions on the overall
health of individuals [30]. This is especially relevant in obese individuals, where systemic
inflammation can contribute to an overall deterioration in quality of life and an increase in morbidity
[116].

Pulmonary neutrophilic inflammation is a key factor in insulin resistance associated with
obesity. Excess adipose tissue produces a number of inflammatory mediators, such as
proinflammatory cytokines, including TNFa and IL-6 [91]. These cytokines can interfere with insulin
signaling in the muscles and liver, exacerbating insulin resistance and contributing to the
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development of T2D [117]. Chronic inflammation in adipose tissue is also linked to impaired
endothelial function and increased predisposition to cardiovascular disease[118].

Chronic inflammation and insulin resistance are interconnected through common inflammatory
mechanisms. In obesity, excess adipose tissue releases proinflammatory adipokines such as TNFq,
IL-6, and C-reactive protein [119]. These proinflammatory cytokines not only affect metabolic
function and insulin sensitivity in peripheral tissues, such as the liver and muscles but also influence
lung inflammation [120]. Systemic inflammation and the production of these cytokines contribute to
further inflammation in lung tissue [116].

Systemic inflammation is a phenomenon characterized by the presence of proinflammatory
cytokines in the bloodstream and is often triggered by obesity [46]. In this state, adipocytes, as they
expand, release inflammatory mediators such as TNF-a and IL-6 [121,122]. These cytokines not only
activate neutrophils in the lungs and other tissues but also induce a generalized inflammatory
response that affects various organs. This chronic inflammation, in particular, has been directly
associated with the development of insulin resistance, a metabolic disorder in which cells do not
respond adequately to insulin, compromising blood glucose regulation [116].

Insulin resistance originates, in part, from the interference of inflammatory cytokines in insulin
signaling pathways. In a state of systemic inflammation, cytokines such as TNFa can inhibit the
translocation of glucose transporters to the cell membrane and reduce the effectiveness of insulin in
the liver and muscles [123]. This mechanism not only causes an increase in blood glucose levels but
also contributes to a vicious cycle in which hyperglycemia and insulin resistance further promote
inflammation [80]. Thus, systemic inflammation becomes a central factor in the development of T2D
and other metabolic disorders [112].

Furthermore, the interrelationship between systemic inflammation and insulin resistance has
broad implications for metabolic health. Chronic inflammation can promote not only insulin
resistance but also the risk of cardiovascular disease, dyslipidemia, and other conditions associated
with metabolic syndrome[89,111]. In obese individuals, systemic inflammation contributes to an
overall deterioration in quality of life and an increase in morbidity. Therefore, addressing
inflammation through interventions such as regular exercise, weight loss, and an anti-inflammatory
diet is essential to improve metabolic health and prevent complications [86].

Concluding Remarks and Therapeutic Perspectives

Obesity affects the mechanical and biochemical functions of the lungs. AT-derived systemic
inflammation is the main contributor to pulmonary neutrophilic inflammation. This, in turn,
provides additional inflammatory mediators that can worsen obesity-associated metabolic
comorbidities, including insulin resistance. Obesity-associated metabolic risk is greater in obese
patients exposed to airborne irritants because it can cause pulmonary neutrophilic inflammation and
thus increase systemic inflammation, the main driver of obesity-associated metabolic comorbidities.
Therefore, obesity treatments that shrink AT and induce weight loss, such as lifestyle interventions,
pharmacotherapy, and bariatric surgery, could represent another approach to treating obesity-
associated pulmonary neutrophilic inflammation and reducing obesity-associated metabolic risk.
The search for natural and synthetic products to reduce the homing and activation of neutrophils can
help reduce the disparities between obese patients and obese patients exposed to airborne stressors.
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