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ABSTRACT

Excess body weight has become a global epidemic and a significant risk factor for developing chronic diseases, which are the
leading causes of worldwide morbidities. Adipose tissue (AT), primarily composed of adipocytes, stores substantial amounts of
energy and plays a crucial role in maintaining whole-body glucose and lipid metabolism. This helps prevent excessive body fat
accumulation and lipotoxicity in peripheral tissues. In addition, AT contains endothelial cells and a substantial population of
immune cells (constituting 60-70% of non-adipocyte cells), including macrophages, T and B lymphocytes, and natural killer cells.
These resident immune cells engage in crosstalk with adipocytes, contributing to the maintenance of metabolic and immune
homeostasis in AT. An exacerbated inflammatory response or inadequate immune resolution can lead to chronic systemic low-
grade inflammation, triggering the development of metabolic alterations and the onset of chronic diseases. This review aims to
elucidate the regulatory mechanisms through which immune cells influence AT function and energy homeostasis. We also focus
on the interactions and functional dynamics of immune cell populations, highlighting their role in maintaining the delicate bal-
ance between metabolic health and obesity-related inflammation. Finally, understanding immunometabolism is crucial for un-
raveling the pathogenesis of metabolic diseases and developing targeted immunotherapeutic strategies. These strategies may
offer innovative avenues in the rapidly evolving field of immunometabolism. (REV INVEST CLIN. 2024;76(2):65-79)
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INTRODUCTION

Excess body weight has emerged as a global epidem-
ic and a significant risk factor for the development of
chronic diseases, including diabetes, metabolic dys-
function-associated steatotic liver disease, coronary
artery disease, and cancer — leading causes of mor-
bidity and mortality worldwide!. While population-
based studies have established a clear connection
between body weight and the prevalence of condi-
tions such as hypertension, dyslipidemia, and diabe-
tes, it is noteworthy that up to 40% of overweight
individuals exhibit no metabolic abnormalities®. This
suggests that adipose tissue (AT) functionality, rath-
er than total body weight or body fat content, plays
a crucial role in determining the development of met-
abolic alterations.

It has been observed that AT contains 4-6 million stro-
mal cells per gram of mass, with 60-70% being im-
mune cells. There is evidence of a complex interrela-
tionship between adipocytes and immune cells, where
the latter regulates energy homeostasis, and adipo-
cytes modulate the immune response through the re-
lease of adipocytokines — a process defined as immu-
no-metabolism?. This narrative review aims to describe
the regulatory mechanisms through which immune
cells and adipocytes influence each other’s activities
and their impact on immunity and energy homeostasis.
Integrating the crosstalk between AT and the immune
system in health and during obesity is crucial for iden-
tifying therapeutic molecular targets and developing
novel strategies for immunomodulation.

THE PHYSIOLOGICAL ROLE
OF ADIPOSE TISSUE

After skeletal muscle, AT is the body’s second-largest
organ, constituting 15-30% of total body weight. AT
is composed mainly of adipocytes, unique cells ca-
pable of storing large amounts of energy as triglycer-
ides (TG), which features a single lipid vacuole occu-
pying 90% of their volume. Adipocytes play a crucial
role in maintaining whole-body energy homeostasis,
a process tightly regulated by hormones and cyto-
kines. During fasting conditions, glucagon, cortisol,
and epinephrine activate lipolytic enzymes, triggering
the hydrolysis of TG. This releases fatty acids as an
energy source for the muscle, heart, and other tissues
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(Fig. 1). Conversely, food intake promotes the release
of pancreatic insulin3. Within the adipocyte, insulin
binds to its receptor, initiating autophosphorylation
and recruiting additional proteins necessary for insulin
receptor activation. This process triggers an intracel-
lular signaling pathway mediated by phosphatidylino-
sitol 3-kinase and protein kinase B (AKT). The path-
way promotes the translocation of the glucose
transporter 4 receptor to the cell membrane, facilitat-
ing the entry of glucose into the cell for use as an
energy substrate (Fig. 2). The phosphatidylinositol
3-kinase-AKT pathway also inhibits lipolytic enzymes
and stimulates lipoprotein lipase secretion and activ-
ity4. In addition, adipocytes release metabolic hor-
mones such as leptin and adiponectin, known as adi-
pokines. These adipokines increase glucose uptake
and lipid oxidation in skeletal muscle, heart, and liver,
while regulating satiety and energy expenditure in the
central nervous system (Fig. 1)3. The coordinated ac-
tivities of these hormones and enzymes enable adi-
pocytes to efficiently capture lipoprotein-derived lip-
ids and esterify them into TG, preventing the
lipotoxic effects of lipid over-accumulation in non-
ATs*. Thus, the metabolic switch exerted by AT in the
transition from fed to fasting periods allows skeletal
muscle to efficiently oxidize glucose during feeding
while providing fatty acids for energy production dur-
ing fasting or exercise. Adequate AT functionality
maintains whole-body glucose and lipid metabolism,
preventing excessive body fat accumulation and lipo-
toxicity in peripheral tissues. Notwithstanding the
foregoing, AT is highly dynamic and can adapt to in-
crease in energy intake. Excessive lipids are buffered
by AT expansion through increases in cell volume (hy-
pertrophy) or the number of adipocytes (hyperplasia)
(Fig. 3). Hyperplasia is mediated by the differentiation
of mesenchymal stem cells into mature adipocytes, in
a process named adipogenesis®. Subcutaneous AT is
the physiological energy reservoir, tightly regulated
by the transcription factor peroxisome proliferator-
activated receptor gamma (PPARy), which promotes
AT expansion. On the other hand, metabolic altera-
tions such as dyslipidemia and insulin resistance (IR)
are related to AT hypertrophy®.

DYSFUNCTIONAL ADIPOSE TISSUE

Energy balance in the body results from the ratio of
energy intake to energy expenditure. The intake of



A.X. MEDINA-URRUTIA ET AL. ADIPOSE TISSUE AND IMMUNOMETABOLISM

Figure 1. Metabolic and endocrine functions of adipose tissue. TG: triglycerides; VLDL: very-low-density lipoproteins.
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high-calorie diets, accompanied by low physical activ-
ity, produces a positive energy balance and weight
gain through adipogenesis and hyperplasic AT growth?3.
However, pro-inflammatory dietary patterns charac-
terized by high saturated and trans fats, lipoperoxi-
dated vegetable oils, high-fructose corn syrup, xeno-
biotics, excessive sodium, and low fiber and antioxidant
intake are the main factors driving AT dysfunction,
resulting in hypertrophic growth?. All these dietary
compounds promote the accumulation of ceramides
and diacylglycerols, potent lipotoxic and pro-inflam-
matory agents capable of disrupting the insulin sig-
naling pathway, impairing glucose uptake and PPARy
activity, while increasing pro-inflammatory cytokine
secretion (Fig. 2). These events impede adipocyte
proliferation, leading to hypertrophy that limits
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oxygen diffusion within AT, resulting in hypoxia and
activation of hypoxia-inducible factor 1o (HIF-10)8.
Reduced oxygen availability to adipocytes can lead to
mitochondrial dysfunction and reactive oxygen spe-
cies (ROS) release, causing oxidative stress and, even-
tually, cell death. Pro-inflammatory diets also lack
antioxidant polyphenols and immunomodulatory
fatty acids, such as eicosapentaenoic fatty acid (EPA)
and docosahexaenoic fatty acid (DHA)®. Consequent-
ly, the inflammatory response initiated in adipocytes
may lead to a chronic low-grade systemic inflamma-
tory profile, characterized by a high release of free
fatty acids, monocyte chemoattractant protein-1
(MCP-1), tumor necrosis factor-alpha (TNF-a), or in-
terleukin (IL)-6, as observed in most individuals with
body weight excess (Fig. 3).
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Figure 2. Activation and resolution of the inflammatory response. GLUT4: glucose transporter; IRS: insulin receptor substrate;
PI3K: phosphatidylinositol 3-kinase; AKT: protein kinase; B; PPARy: peroxisome proliferator-activated receptor gamma; JNK:
c-Jun N-terminal kinase; NF-xB: nuclear factor kappa B; TG: triglycerides; HSL: hormone-sensitive lipase; DAG: diacylglycerol;
TNF-o: tumor necrosis factor-alpha; FA: fatty acids, MCP-1: monocyte chemoattractant protein-1; IL: interleukin.
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THE EMERGING FIELD
OF IMMUNOMETABOLISM

Although AT primarily comprises adipocytes, it is a
heterogeneous organ housing a diverse array of im-
mune cell types?1°. This unique composition has led
to the hypothesis that AT could serve as a reservoir
of immune cells, offering an evolutionary advantage
by facilitating a quick response to tissue damage.
Adipocytes modulate the immune response by releas-
ing free fatty acids and adipokines, influencing im-
mune cell activity and cytokine profiles. This dynam-
ic interaction is referred to as immunometabolism?.
Understanding the impact of AT function on
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immunometabolism is pivotal to comprehend meta-
bolic health, as it is directly related to the develop-
ment of chronic metabolic diseases.

Activation and resolution
of the inflammatory response:
a dynamic balancing act

The immune system comprises a vast array of spe-
cialized cells that work in concert to protect the host
from invading pathogens, repair damaged tissues, and
clear malignant cells. These critical activities are per-
formed by recognizing pathogen-associated molecu-
lar patterns that are present in the membrane of
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Figure 3. Intracellular signals and biochemical pathways in adipocytes that interact with immune cells. PPARy: peroxisome pro-
liferator-activated receptor gamma; TG: triglycerides; FFA: free fatty acids; ROS: Reactive oxygen species; MCP-1: monocyte

chemoattractant protein-1; IL: interleukin.
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infectious pathogens. However, the immune response
is also activated by damage-associated molecular
patterns (DAMPs), which are endogenous antigens
derived from damaged or necrotic cells. This activa-
tion is known as sterile inflammation, a form of im-
mune response triggered by non-infectious insults
that represent a critical aspect of the immune sys-
tem’s ability to maintain tissue homeostasis.

At the cellular level, stressors such as oxidative and
endoplasmic reticulum stress, as well as mitochon-
drial dysfunction, promote plasma membrane insta-
bility, leading to the leakage of DAMPs and triggering
a local inflammatory response!l. The resolution of
inflammation involves a shift from pro-inflammatory
to anti-inflammatory signals. Anti-inflammatory cy-
tokines, such as IL-10, downregulate immune cell ac-
tivation, reducing the production of pro-inflammatory
mediators. Specialized pro-resolving mediators termi-
nate the inflammatory response and stimulate the
release of growth factors and matrix metalloprotein-
ases that promote tissue repair mechanisms, includ-
ing angiogenesis and fibroblast activation®>’. Thus, the
adequate and timely shift from pro-inflammatory to
anti-inflammatory signals is critical, as an exacerbat-
ed inflammatory response or inadequate resolution
may result in chronic systemic low-grade inflamma-
tion, triggering the development of metabolic altera-
tions such as IR and the onset of chronic diseases!?2.

Metabolic pathways influencing
immune response

The adequate immune response depends on the re-
programming of immune cells from a pro-inflamma-
tory activity to a pro-resolution secretome. Immune
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cells, particularly lymphocytes and macrophages, un-
dergo distinct metabolic reprogramming upon activa-
tion to meet the demands of proliferation, cytokine
production, and effector functions!3. Anaerobic gly-
colysis, which converts glucose into pyruvate and lac-
tate, is central to immune cell activation. Upon stimu-
lation, immune cells rapidly up-regulate glucose
uptake and its metabolism to lactate for cell prolif-
eration and pro-inflammatory cytokine production. In
human immune cells, the increase in cytokine secre-
tion in response to pathogenic stimulation is propor-
tional to the increase in lactate release!“. Conversely,
fatty acid oxidation is vital for the differentiation and
functioning of regulatory T cells (Tregs) and den-
dritic cells>16, The oxidative phosphorylation of fatty
acids at the mitochondria is essential for memory T-
cell formation. Indeed, effector T-cells switch from
glycolysis to fatty acid oxidation to establish long-
lasting immune memory!>. Immune cells also rely on
specific fatty acids to produce pro-resolution media-
tors derived from long-chain omega-3 fatty acids
(EPA and DHA), generating lipoxins, resolvins, protec-
tins, and maresins!’. These lipid mediators are syn-
thesized for the resolution phase to quench inflam-
mation and promote the restoration of tissue
homeostasis.

The short-chain fatty acid B-hydroxybutyrate (BHB)
is a ketone released by the liver during fasting, exer-
cise, and low-carbohydrate diets, exerting immuno-
modulatory activities in macrophages and other im-
mune cells. BHB acts as a ligand for the cell surface
G-protein-coupled receptor, hydroxycarboxylic acid
receptor 2, also called GPR109A, which polarizes
macrophages and other immune cells into an anti-
inflammatory phenotype!®. Thus, ketone bodies
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arising from hepatic metabolism of free fatty acids
released from AT favor immune response resolution
during energy-demanding situations.

Amino acids are also crucial for several immune cell
functions. Immune cells mainly depend on certain
amino acids, notably glutamine and arginine. Gluta-
mine is a vital carbon and nitrogen source for nucleo-
tide and protein synthesis, making it indispensable
for rapidly dividing immune cells. Arginine, on the
other hand, is involved in the synthesis of nitric oxide
(NO) and polyamines, which are crucial for macro-
phage effector functions and host defense. Amino
acids regulate immune cell function through several
signaling pathways, including activating the rapamy-
cin pathway that controls T-cell activation and dif-
ferentiation!®. Innate and adaptive immune cell ac-
tivities are also modulated by the insulin receptor,
adding an important layer to the immune-metabolic
crosstalk in the body. Insulin binding to its receptor in
macrophages and monocytes favors pro-inflammatory
polarization in response to inflammatory stimuli such
as lipopolysaccharides (LPS)2°. Insulin receptor acti-
vation in dendritic cells also induces an inflammatory
metabolic reprogramming while preventing autopha-
gy-induced antigen presentation, thus impairing an
adequate adaptive response?!. Insulin signaling in-
creases ROS production and the release of neutrophil
extracellular traps from neutrophils, enhancing their
pathogen-clearance activities but also sustaining a
pro-inflammatory milieu, preventing the resolution of
inflammation?2. Thus, nutrient availability and me-
tabolism modulate immune cell function, cytokine
secretion, and cytokine profiles; in turn, it modulates
nutrient consumption in metabolic organs, such as
AT. This crosstalk between immune cells and AT is
critical for immunomodulation and metabolic homeo-
stasis (Fig. 4).

IMMUNE CELL POPULATIONS
IN INFLAMED ADIPOSE TISSUE

Macrophages

Macrophage (MCF), integral component of the my-
eloid lineage within the innate immune system, is dis-
tributed throughout various body tissues, swiftly re-
sponding to acute infections and diverse internal or
external threats. In murine models of obesity, MCFs
constitute as much as 50% of the total immune cell
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population?3. Conversely, in healthy humans with nor-
mal weight, MCFs make up approximately 4% of the
stromal fraction in AT, predominantly originating em-
bryonically and capable of local regeneration?4.
Among overweight individuals, hypertrophy and the
release of damage signals prompt the recruitment
and differentiation of circulating monocytes into
MCFs, resulting in a threefold increase in the MCF
ratio within AT?2>.

In 1882, Elie Metchnikoff characterized MCFs as sen-
tinel cells adept at internalizing microbes through
phagocytosis. More recently, their role in maintaining
tissue integrity and homeostasis by facilitating the
clearance of apoptotic cells through the anti-inflam-
matory process of efferocytosis has been recog-
nized'®2>. Within AT, efferocytosis manifests as the
formation of distinctive structures known as crown-
like structures (CLS). In response to DAMPs produced
by aged or apoptotic adipocytes, resident MCFs un-
dergo proliferation stimulated by IL-4. This prolifera-
tion is attributed to the smaller size of MCFs com-
pared to adipocytes (= 20um vs. = 120 um in
diameter), necessitating synergistic action to clear
damaged adipocytes effectively?>. In addition, during
AT dysfunction, hypertrophic adipocytes release
MCP-1, promoting the recruitment of circulating
monocytes and their subsequent differentiation into
inflammatory MCFs2¢. While establishing the contri-
bution of recruited peripheral cells to the total MCFs
in dysfunctional AT remains challenging, it has been
observed that up to 90% of resident MCFs are con-
centrated within CLS?7.

Two pivotal studies conducted in 2003 shed light on
the integral role of MCFs in energy metabolism?27-28,
Weisberg et al. established a direct correlation be-
tween the body weight of various mouse models of
obesity and the abundance of MCFs in AT, identified
by the F4/80 marker. Notably, this research unveiled
a direct association between the F4/80 cell ratio,
adipocyte size, and the expression of inflammatory
genes. An insightful conclusion drawn from this study
was that TNF-o production originates primarily from
AT-resident MCFs, challenging the initial hypothesis
attributing it to adipocytes or other stromal cells.
Some of these findings were corroborated in humans,
where a direct link emerged between body mass index
(BMI) and the expression of CD68, a marker for MCFs
in AT?7.
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Figure 4. A: adipose tissue expansion and B: the role of the immune system in the dysfunction of adipose tissue in response to an
inflammatory dietary pattern. TG: triglycerides; LPL: lipoprotein lipase; CD36: lipid transporter; FA: fatty acids; IL: interleukin; Treg:
regulatory T cells; PPARy: peroxisome proliferator-activated receptor gamma; GLUT4: glucose transporter; AKT: protein kinase B;
PI3K: phosphatidylinositol 3-kinase; IRS: insulin receptor substrate, TNF-a: tumor necrosis factor-alpha, ROS: reactive oxygen spe-
cies, VLDL: very lowdensity lipoproteins, HSL: hormone-sensitive lipase, DAMPs: damage-associated molecular patterns.
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Xu et al. conducted a parallel investigation, reporting
increased expression of genes associated with inflam-
mation in a murine obesity model. Their analysis in-
cluded scrutinizing the temporal relationship between
the onset of glucose and insulin metabolism altera-
tions and the production of inflammatory mediators.
Intriguingly, they observed that inflammation pre-
cedes elevated blood glucose and insulin concentra-
tions, suggesting that the recruitment of MCFs serves
as a triggering factor for IR?8:2°. However, it is essen-
tial to note the controversy surrounding this point,
since conflicting studies propose that IR might pre-
cede inflammation?”. It is crucial to acknowledge that
these insights are derived from animal models under
specific conditions and may not directly extrapolate
to human scenarios. Nevertheless, consistent reports
indicate that mitigating the inflammatory response
holds promise in preventing the development of IR
and diabetes3°.

The accumulation of MCFs in AT can be initially viewed
as a protective physiological response. However, if
stressors, such as an imbalance in calorie intake, per-
sist, this phenomenon can turn pathogenic2. MCFs
exhibit remarkable plasticity, capable of adopting
various phenotypes depending on their microenviron-
ment (Fig. 4). As weight increases and MCFs prolifer-
ate, their expression of membrane molecules and the
production of cytokines and chemokines undergo
modifications3!.

Conventionally, MCFs were categorized into two pri-
mary phenotypes based on their response to infection
or damage, referred to as M1 (pro-inflammatory) or
classically activated MCFs. Activation of M1 macro-
phages occurs in response to LPS from bacteria and
inflammatory cytokines like interferon-gamma (IFNy).
Characterized by F4/80+CD11c+ expression, M1
macrophages function as antigen-presenting cells, re-
leasing pro-inflammatory cytokines such as TNF-a,
IL-6, IL-12, IL-1B, and IL-23. They are associated with
oxidative stress due to their ability to produce ROS
and NO, contributing to their bactericidal effect32. In
contrast, alternatively activated macrophages, or M2,
are induced in response to anti-inflammatory cyto-
kines such as IL-4 or IL-13 (Fig. 4B). Identified in lean
mice expressing F4/80+CD206+CD301+CD11, M2
macrophages play a role in tissue regeneration and
repair. They secrete anti-inflammatory molecules
such as IL-10 and transforming growth factor-beta,
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and unlike M1 macrophages, they are not as efficient
in antigen presentation33.

In the context of obesity in humans, the inflamma-
tory process is more complex than in animal models.
Cells with M1 characteristics are positive for CD11c
and CD206 but exhibit high production of inflamma-
tory cytokines. When stimulated by LPS and IFNy,
human MCFs express high levels of major histocom-
patibility complex class Il and CD80/86 costimula-
tory molecules. Meanwhile, M2 macrophages in hu-
mans are characterized by increased expression of
CD206, CD163, and transglutaminase 2 but have a
limited capacity as antigen-presenting cells34.

The inflammatory response to progressive weight
gain in humans differs from that in infection. It is
proposed that chronic overconsumption of nutrients
promotes gradual weight gain, parallel polarization of
M2 to M1 macrophages, and the development of
IR33:34. The microenvironment surrounding MCFs ex-
posed to an obesogenic environment differs from that
during infection. Consequently, Kratz et al. proposed
a model of metabolic activation in which they ana-
lyzed monocytes isolated from peripheral blood ex-
posed to a medium that mimics the metabolic condi-
tions of obesity (high concentrations of palmitic acid,
glucose, and insulin). Using this model, they defined a
new type of macrophage called metabolically acti-
vated (MMa). Through proteomic analysis, they ob-
served that MMa was characterized by the expression
of molecules related to lipid transport, such as CD36,
the type 1 scavenger receptor, the adenosine triphos-
phate (ATP)-dependent transporter ABCA1L, and the
adipocyte differentiation-related protein perilipin 2.
The study suggests that PPARy regulates this activa-
tion. While MMa showed higher expression of pro-
inflammatory cytokines (TNF-a, IL-1B, IL-6), they did
not express surface markers related to M1 macro-
phage activation (CD38, CD274, and CD319)3%.

MMas also express lipid-degrading hydrolytic pro-
teins independently of lipase-related lipolytic activ-
ity. These hydrolases are located in the lysosomes
of resident MCFs, and clear excess TG released by
hypertrophic adipocytes through exophagy3°. A simi-
lar macrophage subclass has been described in hu-
mans, characterized by the expression of CD9. These
cells secrete exosomes rich in TG and are identified
as lipid-laden foam cells in obese individuals33-34,
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These studies suggest that MCFs regulate lipid ho-
meostasis, which has evolved to favor metabolic
health. In addition to clearing apoptotic adipocytes,
they are activated to degrade excess lipids in hyper-
trophic adipocytes. Given the plasticity of MCFs in
response to the AT microenvironment, it is essential
to characterize changes in protein expression under
different metabolic stimuli to describe their metabolic-
functional heterogeneity.

The functional heterogeneity of MCFs, as well as the
need for a rapid response to damage, requires these
cells to rapidly produce energy in the form of ATP and
reprogram their metabolism to respond appropriately
to the microenvironment surrounding them. One of the
first differences identified between the MCFs was
the metabolites produced from arginine, since inducible
NO synthase acts in the M1 type and produces NO
and citrulline, while in the M2 type, arginase-1 acts
and synthesizes proline and polyamines?®.

It has been observed that the inflammatory environ-
ment surrounding the M1 macrophage converges on
the activation of nuclear factor kappa B and HIF-10,
modulating their energy metabolism. On the one
hand, inflammation increases the expression of
GLUT1, raising up to 10 times the contribution of
glucose to the MCFs?’. In addition, it stimulates the
activity of some enzymes of the glycolytic pathway
and lactate dehydrogenase, promoting the conversion
of pyruvate to lactate and limiting oxidative phos-
phorylation (FOx). A high concentration of glycolytic
intermediates favors the pentose phosphate pathway
and maintains the production of nicotinamide adenine
dinucleotide phosphate, which is essential for ROS
production. Finally, there is also decreased activity of
the enzyme isocitrate dehydrogenase, which is why
M1 macrophages accumulate citrate, which is trans-
formed into acetyl coenzyme A and promotes the
accumulation of fatty acids and produces itaconate.
This substrate functions as an inhibitor of the enzyme
succinate dehydrogenase, promotes succinate accu-
mulation, stabilizes HIF-1c, and decreases mitochon-
drial respiration, leading to more ROS. Although the
glycolytic pathway is inefficient for producing ATP, it
is the fastest way to obtain energy. It promotes a high
production of ROS, which constitutes one of the lead-
ing defense mechanisms of M1 macrophages against
pathogens and increases the release of chemokines
that exacerbate the inflammatory response3’.
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M2 macrophages primarily derive energy from the
lipolytic pathway (Fig. 4A). On the other hand, glu-
cose is metabolized to pyruvate, and in conjunction
with the efficient oxidation of fatty acids, produces
acetyl coenzyme A, which enters the tricarboxylic
acid cycle. This cycle generates nicotinamide-adenine
dinucleotide and flavin-adenine dinucleotide, serving
as electron donors essential for ATP production
through FOx. This metabolic pathway stimulates both
phagocytic and lysosomal activity, crucial for the
clearance of apoptotic cells and lipids — the primary
function of M2 macrophages. The precise mecha-
nisms by which energy metabolism is reprogrammed
in obese subjects and its relationship with dysfunc-
tional AT have not been fully elucidated. However,
observations suggest active involvement of both the
glycolytic pathway and FOx!4. Alongside MCFs,
healthy AT also houses other innate immune cells that
contribute to maintaining an anti-inflammatory envi-
ronment. These cells include eosinophils (EOSs), class
2 innate lymphoid cells (ILC2), and cytokines IL-4, 5,
13, and 33. In response to excess stored nutrients
and lipids, dysfunctional AT triggers a type 1 inflam-
matory response, as previously described, which is
associated with low-grade chronic inflammation and
systemic metabolic disturbances. In such cases, the
number of eosinophils decreases, while class 1 innate
lymphoid cells (ILC1), NK cells, and the production of
inflammatory cytokines such as IL-18, 8, 18, and
TNF-o increaset®.

Eosinophils

Eosinophils are versatile granulocytes originating in
the bone marrow. Their maturation is driven by cyto-
kines such as IL-5 and granulocyte colony-stimulating
factor, releasing differentiated cells into the circula-
tion. Known for their vital roles in allergic responses
and defense against parasitic infections, eosinophils
can migrate into tissues in response to chemokines
like eotaxin 1 and induce the expression of the Siglec-
F surface molecule (Fig. 5)38.

An intriguing discovery hinting at the participation of
resident eosinophils in AT homeostasis was made
when Siglec-F+ eosinophils in the rat epididymis ex-
hibited the highest expression of IL-4, a cytokine piv-
otal in the differentiation of M2 macrophages. This
observation suggested that eosinophils contribute
to AT health by promoting the activation of M2
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Figure 5. Altered hormonal signaling and biochemical pathways in adipocytes leading to pro-inflammatory immune cells activa-
tion and its metabolic consequences. Treg: regulatory T cells; Th2: type 2 helper T cells; IL: interleukin; ILC2: class 2 innate
lymphoid cells; IFN-y: interferon-gamma; ILC1: class 1 innate lymphoid cells; IL-1p: interleukin 1 beta; TNF-o: tumor necrosis

factor-alpha. Adapted from Saetang J. et al., 20181°.
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macrophages. However, efforts to recruit eosinophils
through IL-5 administration did not enhance insulin
signaling or increase energy expenditure in an obese
mouse model3°. Conversely, mice on a high-fat diet
experienced a reduction in eosinophil numbers in the
epididymis and an increase in M1 macrophages. This
effect reversed when the mice transitioned to a low-
fat diet, leading to weight loss. Notably, macrophages
can also stimulate eosinophil recruitment, complicat-
ing the regulatory mechanisms between these cells3®.
In contrast to previous findings, another study re-
ported that eosinophils, in the presence of oxidized
low-density lipoproteins, induced the activation of M1
macrophages, producing pro-inflammatory cyto-
kines4©.

While studies analyzing the association between the
number of circulating eosinophils and BMI in humans
present contradictory results, beneficial metabolic ef-
fects have been observed by inducing eosinophilia in
patients with diabetes infected with non-pathogenic
parasites4!. This underscores the need for further
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M1 macrophages
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research to clarify the role of eosinophils in different
physiological contexts. Much of the evidence regard-
ing their involvement in AT homeostasis comes from
murine models, and the results may not necessarily
apply to humans.

IL-1B, TNF-0.
——

Innate lymphoid cells (ILCs)

In recent years, ILCs have garnered significant atten-
tion. Emerging from lymphoid progenitor cells in the
fetal liver and adult bone marrow, ILCs constitute a
family of effector cells within the immune system,
playing crucial roles in metabolism, homeostasis, tis-
sue repair, and regeneration. These cells are distrib-
uted across various tissues, including AT, as well as
parenchymal organs such as the kidneys and liver.
ILCs are categorized into five types: natural killer (NK)
cells, ILC1, ILC2, ILC3, and lymphoid tissue-inducing
cellsto.

ILC2s play a crucial role in maintaining AT homeosta-
sis by fostering a type 2 inflammatory environment
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and promoting thermogenesis. This activity enables
AT to enhance energy expenditure by converting sur-
plus energy into heat, involving beige adipocytes that
are more prevalent in lean individuals and are charac-
terized by a rich mitochondrial content*2. It is hypoth-
esized that ILC2 cells facilitate the differentiation of
beige adipocytes by increasing the activity of mito-
chondrial uncoupling protein-1, possibly mediated
through the production of the opioid penta-peptide
met-enkephalin, thereby enhancing uncoupling pro-
tein-1 expression in adipocytes*3.

The recruitment of ILC2s into AT is contingent on
the presence of IL-33, although the source of this
cytokine remains a topic of debate. Some studies
propose that stromal cells in AT, including fibro-
blasts and endothelial cells, are responsible for IL-33
production3. AT mesenchymal cells have been sug-
gested as primary IL-33 producers, with IL-33 po-
tentially playing a role in beige adipocyte differen-
tiation. In addition, IL-5 production by ILC2s in AT is
pivotal for EOS recruitment and retention, and this
mechanism is also IL-33 dependent*4. The collabora-
tion between EQS, ILC2s, and their secretion of IL-4
and IL-13 collectively supports the presence of M2
macrophages, contributing significantly to AT ho-
meostasis43:44,

The number of AT-resident ILC2 cells in humans
tends to decrease with increasing BMI, likely due to
reduced IL-33 production“2. In mice, studies suggest
that a high-fat diet can increase IL-33 protein expres-
sion associated with programmed cell death, leading
to decreased ILC2 cell numbers and reduced produc-
tion of IL-5 and IL-13. This shift creates a type 1
inflammatory environment and promotes IR. More-
over, the infiltration of IFNy-producing cells into AT
has been observed to alter IL-33 production and ILC2
numbers (Fig. 5). Although the mechanisms behind
the decrease in ILC2s during obesity are not fully
defined, it is worth noting that the detrimental ef-
fects of a high-fat diet in obese animals can be re-
versed by administering IL-33, resulting in improved
insulin sensitivity and blood glucose levels#>. Previous
reports have indicated that obesity induced by a high-
fat diet can increase IL-12 expression and IFNy re-
lease, leading to the proliferation of ILC1s in AT and
the development of IR*¢. These findings have been
corroborated in humans, where a direct correlation
was found between the number of circulating and
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resident ILC1 cells in AT. In addition, ILC1 cells were
more abundant in obese individuals and even more so
in those with diabetes. This study also revealed a
significant association between AT’s number of ILC1
cells and IR-related variables. Moreover, the number
of ILC1 cells and IR were independent predictors of
AT fibrosis*’.

NK cells, a subset of ILCs, exhibit a classic effector
function of cytotoxicity, crucial for eliminating tumor
cells. This function is finely regulated by the expres-
sion of germline-encoded inhibitory receptors, primar-
ily of the killer cell immunoglobulin-like receptor type,
which recognizes major histocompatibility system
molecules on target cells. In vitro studies have sug-
gested that the cytotoxic capacity of NK cells from
obese individuals is diminished due to decreased ex-
pression of granzymes and perforins, impairing their
ability to eliminate damaged cells*8.

While morbidly obese individuals have been found to
have fewer circulating NK cells than lean subjects, a
recent study in overweight or moderately obese sub-
jects did not report this effect*®. Interestingly, an-
other study by Li et al. demonstrated a higher number
of NK cells in individuals with excess adiposity, sug-
gesting that population demographics and the num-
ber of subjects studied may account for these dis-
crepancies®?. NK cells are considered contributors to
the amplification and sustainment of type 1 inflam-
mation, constituting over 40% of total IFNy produc-
tion in AT. They play a role in promoting the differen-
tiation of MCFs toward the M1 phenotype. In addition,
NK cells produce IL-15 and IL-12, which stimulate
their activation and proliferation at sites of tissue
damage, thereby contributing to the loss of insulin
sensitivity. This feedback loop between NK cells and
MCFs has primarily been observed in visceral AT. Par-
adoxically, NK cells have been found to exert their
cytotoxic activity primarily on M2 MCFs, suggesting
that NK cells may eliminate MCFs that have fulfilled
their physiological function. This complex interplay
between NK cells and MCFs and their potential effects
on metabolically activated macrophages (MMa) war-
rants further investigation. The interaction between
NKG2D and RAE-1 (NK receptor and MCFs ligand)
plays a crucial role in regulating inflammation. The
reduced expression of RAE-1 in MCFs of obese indi-
viduals makes them less susceptible to the regulatory
cytotoxic action of NK cells>°.
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Inflammatory response in dysfunctional
adipose tissue

Most research on the immune response and its rela-
tionship with AT homeostasis has predominantly fo-
cused on MCFs, as they are the most abundant cells
in murine models, serving as central regulators of the
inflammation-IR relationship. However, in healthy hu-
mans, lymphocytes constitute approximately 50% of
AT'’s total resident immune cells23. Lymphocytes have
been observed to infiltrate hypertrophic adipocytes
with crown structures. CD4+ and Tregs are present
in healthy AT, maintaining a type 2 inflammatory
environment. In contrast, hypertrophic AT contains
CD4+ and CD8+ cytotoxic effector T lymphocytes
designed to specifically eliminate damaged cells by
secreting perforin and granzyme B. These responses
favor the differentiation of M1 MCFs and the devel-
opment of IR0,

CD4+ T lymphocytes, also known as T helper (Th)
cells, recognize antigens presented by cells express-
ing major histocompatibility complex class Il, such
as MCFs and dendritic cells. When activated, they
amplify immune responses through proliferation and
cytokine production. These cells are categorized
into Th1 lymphocytes, activated by IFNy, and known
for producing IFNy and TNF-o; Th2 lymphocytes,
activated by IL-4, and known for producing ILs 1, 4,
5, 10, and 13; and Th17 and Th22 lymphocytes,
which secrete IL-17 and IL-22, respectively!®. Stud-
ies characterizing the profile of T cells in human AT
provide essential information regarding their rela-
tionship with metabolic abnormalities. Fabbrini et al.
obtained subcutaneous AT biopsies from lean and
obese subjects, with and without metabolic abnor-
malities. Compared with metabolically healthy lean
and obese subjects, obese individuals with meta-
bolic abnormalities had increased AT CD4+ lympho-
cyte counts and CCL-5 and IL-17 expression. CD4+
cells from dysmetabolic subjects were positive for
IL-22 and 17, accompanied by higher plasma con-
centrations of these cytokines. The authors of this
work demonstrated through in vitro assays that IL-22
and 17 induce insulin resistance in the liver and
muscle, altering glucose uptake in these tissues>!.
The accumulation of CD4+ cells that produce IL-22
and 17 was confirmed in a study carried out in pa-
tients with diabetes, in which it was shown that the
MCFs have receptors for these cytokines and that
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the interaction between these cells favors the in-
creased production of IL-1B. Considering this back-
ground and results from other studies®?, we can
conclude that subjects with obesity are character-
ized by presenting a higher proportion of Thl7,
Th22, and CD4+ cells in AT, which favors a pro-in-
flammatory environment and the development of
metabolic abnormalities.

Treg cells, characterized by the expression of FOXP3,
play a crucial role in maintaining tolerance toward self.
Evidence from a mouse model in which the FOXP3
gene was deleted demonstrated the importance of
Treg cells, as their absence resulted in lymphoprolif-
erative disease and premature death. Although Treg
cells originate in the thymus, they can also be found
as resident lymphocytes. Visceral AT in mice was one
of the first tissues where these resident Treg cells
were discovered, colonizing the area within the first 4
days of life. These resident Treg cells are character-
ized by high expression of neuropilin-1 and IL-33%3,
Their main function is to balance the inflammatory
response by suppressing effector T cells and inflam-
matory MCFs through several mechanisms, including
the expression of suppressor molecules such as
CTLA4, consumption of IL-2, and secretion of trans-
forming growth factor-beta and IL-10%%. Multiple
studies in animal models characterized by obesity and
IR have reported fewer Treg cells than in healthy ani-
mals. Similar observations have been made when
comparing obese and IR individuals to healthy lean
subjects, suggesting a potentially protective meta-
bolic effect of these cells>®®.

B lymphocytes have also been found to participate in
the regulation of energy homeostasis. Several animal
models of diet-induced obesity have shown increased
infiltration of B cells in visceral AT, particularly im-
munoglobulin (Ig)G-producing lymphocytes. In addi-
tion, one study demonstrated that inoculating IgG
produced in obese animals accelerates inflammation
and IR%%. Interestingly, the administration of poly-
clonal IgG in patients with common variable immuno-
deficiency, characterized by low IgG concentrations,
decreased inflammation, improved insulin sensitivity,
and enhanced endothelial function. Peripheral blood B
cells obtained from patients with diabetes were shown
to induce a pro-inflammatory phenotype, character-
ized by increased production of IL-6 and TNF-o and
decreased IL-10>7.
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TARGETING IMMUNOMETABOLISM
FOR OBESITY INTERVENTION

Immunomodulatory drugs and their
potential in obesity treatment

The resolution of inflammation is a primary strategy
to combat the deleterious effects of chronic immune
cell activation. Several immunomodulatory agents
have been tested for obesity treatment, offering
promising pathways for intervention. These emerging
therapeutic compounds exhibit immunomodulatory
activities by suppressing the synthesis and secretion
of pro-inflammatory cytokines by immune cells, en-
hancing anti-inflammatory signaling, and rebalancing
the immune milieu. They may also stimulate a shift
from M1 to M2 macrophages and regulate the activ-
ity of T cell subsets, promoting anti-inflammatory
Tregs while inhibiting pro-inflammatory T cell re-
sponses. These mechanisms lead to the resolution of
inflammation and improvement in insulin sensitivity.
Some examples of these compounds include salicy-
lates, which increase insulin sensitivity by reducing
pancreatic inflammation and insulin clearance; etan-
ercept and infliximab, TNF-o inhibitors that improve
insulin sensitivity; canakinumab, an IL-1B inhibitor
that has demonstrated beneficial effects on glycemic
control; tofacitinib, a Janus kinase inhibitor that may
reduce AT inflammation; and metformin, widely used
as a diabetes medication that exhibits immunomodu-
latory effects, including reducing macrophage infiltra-
tion and inflammation in AT?8.

Lifestyle interventions influencing
adipose tissue immunometabolism

While immunomodulatory drugs are effective in pre-
venting and resolving low-grade chronic inflamma-
tion associated with dysfunctional AT, their acces-
sibility and cost may limit their widespread use.
Therefore, lifestyle modification remains the most
effective strategy for the long-term prevention and
treatment of inflammatory diseases. Anti-inflamma-
tory dietary patterns, such as the Mediterranean and
Dietary Approaches to Stop Hypertension (DASH),
have demonstrated significant immunomodulatory
activities in individuals with metabolic syndrome>9:60.
Key components of an immunomodulatory dietary
pattern include long-chain omega-3 fatty acids EPA
and DHA from marine sources, antioxidant, and
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immunomodulatory polyphenols (such as genistein,
resveratrol, quercetin, epigallocatechin, and kaemp-
ferol), prebiotic fermentable fiber, probiotic bacteria
and yeast, branched-chain amino acids, as well as
vitamins A and D, selenium, and zinc>°¢%. These com-
ponents, naturally present in various foods, contrib-
ute to reducing inflammation and improving meta-
bolic health.

In addition to dietary changes, other lifestyle modifi-
cations play crucial roles in regulating inflammation
and maintaining metabolic health. Regular physical
exercise has well-documented anti-inflammatory ef-
fects and can help improve insulin sensitivity. Ade-
quate sleep patterns and effective stress-coping
mechanisms also contribute to reducing inflammation
and supporting overall health.

FUTURE DIRECTIONS

The immune system plays a pivotal role in maintain-
ing AT homeostasis and influencing the development
of metabolic abnormalities. The burgeoning field of
immunometabolism focuses on unraveling these intri-
cate connections and exploring novel treatment strat-
egies for inflammatory diseases associated with met-
abolic dysfunction. While substantial research has
been conducted on various immune cell types and
their involvement in energy metabolism, much of this
work has been carried out in animal models. However,
significant differences in the proportion of these cells
and their responses to various stimuli pose challenges
in extrapolating findings to human contexts. A wealth
of information exists regarding the polarization of
immune cells in response to classic inflammatory pro-
cesses induced by LPS or IFNy, contributing substan-
tially to the field of immunometabolism. Neverthe-
less, many aspects remain to be understood about
the involvement of diverse immune cell types in in-
flammation induced by metabolic alterations, their
interactions in response to metabolic stimuli, and the
regulatory mechanisms maintaining healthy AT.

The interactions and functional dynamics of immune
cell populations within AT are critical for preserving
the delicate balance between metabolic health and
inflammation associated with obesity. A comprehen-
sive understanding of the roles and regulatory mech-
anisms of immune cells in AT is essential for decoding
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the pathogenesis of metabolic diseases and formulat-
ing targeted immunotherapeutic strategies. AT
emerges as a dynamic immunological niche with pro-
found implications for both metabolic and immune
regulation. Exploring interventions that manipulate
glucose and insulin pathways holds promise for en-
hancing host defense, mitigating inflammation, and
advancing immunotherapies within the realm of im-
munometabolism.
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