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Abstract: White and brown adipose tissues are organized to form a real organ, the adipose organ, in
mice and humans. White adipocytes of obese animals and humans are hypertrophic. This condition is
accompanied by a series of organelle alterations and stress of the endoplasmic reticulum. This stress
is mainly due to reactive oxygen species activity and accumulation, lending to NLRP3 inflammasome
activation. This last causes death of adipocytes by pyroptosis and the formation of large cellular
debris that must be removed by macrophages. During their chronic scavenging activity, macrophages
produce several secretory products that have collateral consequences, including interference with
insulin receptor activity, causing insulin resistance. The latter is accompanied by an increased
noradrenergic inhibitory innervation of Langerhans islets with de-differentiation of beta cells and
type 2 diabetes. The whitening of brown adipocytes could explain the different critical death size
of visceral adipocytes and offer an explanation for the worse clinical consequence of visceral fat
accumulation. White to brown transdifferentiation has been proven in mice and humans. Considering
the energy-dispersing activity of brown adipose tissue, transdifferentiation opens new therapeutic
perspectives for obesity and related disorders.
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1. Introduction
1.1. The Adipose Organ

In mice and humans, white (WAT) and brown (BAT) adipose tissues are organized to
form a large adipose organ composed of two compartments, namely subcutaneous and
visceral [1,2].

The subcutaneous part is located below the skin and surrounds the whole organism
in humans, whilst in mice, it is mainly localized at the root of arms, thus distinguished in
the anterior and posterior parts. The visceral part, both in humans and mice, is mainly
intra-truncal and surrounds the aorta and its main branches. Furthermore, visceral fat fills
all the peritoneal folds, such as the mesentery, mesocolon, mesosigma, greater and smaller
epiploon, epiploic appendices, and all other small peritoneal ligaments, including those
related to the gynecologic structures [3].

1.2. White Adipose Tissue

WAT is the main component of this organ in adults [4]. It is formed by white adipocytes.
This cell type is characterized by a single large lipid droplet contained in its cytoplasm
(unilocular adipocytes) that is reduced to a thin, barely visible, peripheral rim. The nucleus
is squeezed and is shaped as a crescent.

This anatomy is required in order to allow maximal volume for energetic molecules in
minimal space (spherical shape) and guarantee their main function: provision of energy
to the organism in the intervals between meals [5]. The energy directly provided by
adipocytes is in the form of fatty acids that are ready to be used by the most important
organ for survival: the heart. But adipocytes, during fasting, are also able to provide the
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organism with glucose. This happens through an indirect pathway, that is, a glucogenic
stimulus to the liver (see below).

The size of adipose organ allows periods of fasting up to several weeks in humans [6].
The adipose organ can be considered as an endocrine organ because it produces

important hormones: leptin, asprosin, adiponectin, and several other cytokines [7].
Leptin is secreted in proportion to the size of adipocytes and the amount of WAT [8].

It acts on the brain to push the behavior to search for food when energy storage is scarce.
Its functional receptor is present in the neurons of the hypothalamic arcuate nucleus (ARC)
that control hunger and satiety, but also in several key areas of the limbic system. High
levels of leptin, such as those in obese people, do not reduce food intake, suggesting that
leptin resistance develops in parallel with the increased amount of fat. This aspect is in line
with the need to accept energy intake, even if storage is high, because a fasting period is, of
course, not predictable.

Recent data suggest that ciliary neurotrophic factor (CNTF) could be useful to over-
coming leptin resistance [9]. The unexpected weight loss observed in amyotrophic lateral
sclerosis patients treated with CNTF attracted the interest of this cytokine for the treatment
of obesity [10]. Unfortunately, side effects and the appearance of neutralizing antibodies
halted the anti-obesity development of this drug, but further studies revealed that adminis-
tered CNTF acts through a receptor complex belonging to the IL-6 receptor family that is
present not only in the brain, but also in the muscle, liver, and adipose tissue, where CNTF
treatment collectively promotes insulin sensitivity and energy expenditure [11].

The anorectic effect of CNTF is thought to be mainly due to a leptin-like activation of
JAK2-STAT3 signaling on hypothalamic ARC neurons. However, it has recently been shown
that peripheral CNTF administration led to STAT3 phosphorylation mainly in NPY/AgRP
neurons that are located in the ventromedial part of the ARC, outside the blood–brain
barrier [9]. In addition, it was also shown that it activates ERK signaling in β2-tanycytes, an
effect linked to leptin transport into the brain [12]. In line with this hypothesis, by measuring
leptin content in hypothalamic protein extracts and quantifying the phosphorylation of
STAT3 in mice treated with CNTF and with both CNTF and leptin, it has been shown that
CNTF promotes leptin entry and signaling in hypothalamic feeding centers [9]. These data
may explain CNTF effectiveness in leptin-resistant obese patients and animals and suggest
that investigation of the mechanisms by which CNTF and analogues induce reduction in
food intake has the potential to offer novel treatments for morbidly obese leptin-resistant
patients [13,14].

Asprosin is secreted by adipocytes during fasting and acts on the liver to stimulate
glucogenesis and on the brain to push the behavior of food intake [15,16]. This important
hormone was discovered recently when studying the gene responsible for the so-called
neonatal progeroid syndrome (NPS) with lypodistrophy. This gene (FBN1) produces
an extracellular matrix protein: fibrillin 1. During the process of secretion, profibrillin
1 is proteolytically processed and the C-terminal cleavage product is a 140-amino-acid-
secreted polypeptide, named asprosin from the Greek word for white (ασπρoσ), because
it is abundantly expressed in WAT. Patients with NPS are extremely lean and therefore
have very low levels of leptinemia, which should increase food search and intake, but the
absence of asprosin strongly reduces food intake.

Adiponectin is secreted by both WAT and BAT and follows the opposite rule to leptin
with a negative correlation with fat mass. Its main function is the improvement in insulin
sensitivity with anti-atherosclerotic activity on blood vessels [17].

Many other adipokines produced by both white and brown adipocytes have several
positive effects, mainly on glucose homeostasis and the cardiovascular and the coagulative
systems [7].

1.3. Brown Adipose Tissue

Brown adipocytes are polygonal cells smaller that white adipocytes (approximately
40–50 vs. 70–90 microns in diameter, respectively) [18]. Their nucleus is roundish and
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mainly centrally located. Lipids form small and numerous droplets (multilocular adipocytes).
Mitochondria are spherical and packed with laminar cristae [19]. They are provided with
a special protein (UCP1), uniquely expressed in this cell type and responsible for their
function of thermogenesis. All the intrinsic energy of fatty acids, forming lipid droplets,
is dissipated in the form of heat because of the protonophore properties of UCP1. In
normal cells, oxidation of substrates produces a proteomic gradient between the external
compartment of mitochondria and their matrix. Thus, protons tend to reach the matrix
but cannot pass through the membrane and are obliged to transit into the ATPase channel.
This proton flux creates energy that is used to convert ADP into ATP. In brown adipocytes,
protons can use the protonophore UCP1 instead of ATPase, thus dissipating the intrinsic
energy contained in the fatty acids oxidized in the respiratory chain. The multilocular
arrangement of lipids in this cell type yields massive lipolysis (occurring only at the surface
of lipid droplets), and the large number of molecules oxidized produces physiologically
relevant thermogenesis [20].

Thermogenesis is of vital importance because most mammals live in environments
below 37 ◦C, which is the temperature required for normal cellular life and activity.

In mice, BAT is mainly located in the subcutaneous position, specifically in the an-
terior depot in the interscapular space. A detailed analysis of the whole adipose organ
revealed big differences among strains but confirmed the interscapular location as the most
important depot, even if several other depots were identified in both the subcutaneous and
visceral parts of this organ [21].

In humans, BAT is mainly localized in the visceral part of the adipose organ in a tight
relationship with the aorta and its main branches in order to easily transfer heat to blood
and therefore to the whole body [2,22]. We recently showed that people living in very cold
areas (Siberia) are provided by large amounts of BAT [23].

Recently, it has been observed that brown adipose tissue also produces different types
of factors that have hormone-like functions. Overall, these factors are called batokine
and are mainly of a peptide and lipid nature. The main ones are growth factor FGF21,
neuregulin 4, IL-6, adiponectin, myostatin, lipokine 12,13diHOME, and miR-99b [24].
Overall, all these factors have positive metabolic effects and an increase in cardiovascular
efficiency. The effect of mutual functional reinforcement between brown adipose tissue
and skeletal muscle is particularly interesting. In fact, the latter, when activated, produces
irisin [25], which has a positive stimulating effect on brown adipose tissue [26].

A new cell of the brown adipose tissue parenchyma has recently been discovered.
This new cell type has a morphology very similar to that of brown adipocytes but with
special mitochondria that do not express UCP1. Its functional role would be to produce
acetate capable of regulating the production of heat by brown adipose tissue [27]. In
fact, the “Harlequin effect” that occurs in this tissue when it is acutely activated has been
known for decades; with the immunohistochemistry for UCP1, intensely reactive cells are
highlighted next to cells completely switched off from a functional point of view, which
produce heterogeneous staining that recalls the famous mask [28]. Together with the
above-mentioned acetate, the data argue that acute UCP1 activation also results in the
production of other functional inhibitors that likely protect cells from undesirable heat
shock effects [29].

1.4. Transdifferentiation Properties of the Adipose Organ

In most organs, tissues with different physiology cooperate for a common finalistic
purpose. For example, the stomach muscles produce peristalsis, while mucosae produce
gastric juice. Their cooperation is evident for digestion. As such, we asked what cooperation
exists between WAT and BAT. After several experiments, our data support the idea that
physiologic stimuli could induce reversible transdifferentiation between WAT and BAT [30].
During chronic cold exposure, WAT can transdifferentiate (direct conversion) into BAT
to increase thermogenesis, and during chronic energy positive balance, BAT converts to
WAT in order to increase the energy-storage capacity of the organ. Recently, this capacity
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of reciprocal and reversible conversion was also proved by the powerful lineage-tracing
technique [31].

Thus, transdifferentiation, i.e., the capacity of cells to reprogram their genome in
order to directly convert a mature cell into another cell type with different anatomy and
physiology, seems to be the important cooperation of WAT and BAT in the adipose organ.

1.5. Another Example of Transdifferentiation in the Adipose Organ

This innovative theory about the basic properties of cells deserves other examples and
an in-deep study.

In female mice, subcutaneous fat forms mammary glands during pregnancy and lacta-
tion. The cells producing milk (alveolar cells) are not normal constituents of breast outside
pregnancy and lactation. They develop during pregnancy and lactation. In virgin mice, the
breast is composed of a mixture of WAT and BAT infiltrated by branched mammary ducts
ending in a nipple. Mice have five bilateral nipples, thus a total of ten potential mammary
glands develop during pregnancy and lactation. In these periods, epithelial alveolar glands
develop in parallel with the disappearance of adipocytes [32].

Several experiments, including electron microscopy, BrdU data, and explants, sug-
gested adipo–epithelial transdifferentiation during pregnancy and lactation and epithelial–
adipo transdifferentiation in the post-lactation period (reviewed in [33]).

Our lineage-tracing data [33] strongly supported the hypothesis, even if some authors
deny the phenomenon based only on their lineage-tracing data [34]. We recently confirmed
epithelial–brown transdifferentiation in the post-lactation period by lineage tracing [35].
Interestingly, data from another independent group also showed that transdifferentiation
phenomena (adipo–myoepithelial and myoepithelial–adipo) can occur in mammary glands
in pregnancy and post-lactation periods [36].

2. The Obese Adipose Organ

Obesity is a well-defined clinical condition. BMI is an index mainly related to body fat,
expressing the relationship between height and weight. It is used to classify individuals as
underweight (<18.5), normal (18.5–24.9), overweight (25–29.9), or obese (>30) [37]. A total
of 90% of type 2 diabetes patients are obese or overweight [38]. Thus, a strict relationship
between fat accumulation and type 2 diabetes seems to exist.

The early work produced mainly by Bruce Spiegelman and Gokan Hotamisligil out-
lined the importance of TNFα in the adipose tissue of mice and humans [39]. They showed
that this factor was increased in obese fat and responsible for insulin resistance, thus
providing the first link between obesity and glucose dysmetabolism. Reinforcing the
negative metabolic effects, later data showed a role of TNFα in the necrosis of brown
adipocytes [40,41].

In this review, an attempt has been made to outline how obesity modifies the anatomy
and molecular pathways of adipocytes in the adipose organ and how these alterations can
explain, at least in part, the well-evident clinical link between obesity and type 2 diabetes.

In 2003, two independent laboratories published a milestone observation at the same
time: obese fat of mice and humans is characterized by low-grade inflammation, mainly
sustained by macrophages [42,43]. Furthermore, they showed that TNFα, IL-6, and I-NOS
are mainly produced by macrophages and their increase in the blood precedes the onset of
insulin resistance.

We showed that the cause of inflammation is the death of adipocytes. Starting from the
observation that more than 90% of macrophages are restricted to characteristic histopathol-
ogy figures, we pointed to the study of these aspects to try to understand the underlining
phenomena ending in the inflammation. Macrophages formed lipid-associated structures
we called crown-like structures (CLSs) [44].

CLSs were found also in lean fat, but obese fat was enriched by about 30 times, thus
supporting inflammation. Each CLS was formed by a central large lipid droplet, mimick-
ing a normal adipocyte, surrounded by several (about 20–30 in a section) macrophages
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immunoreactive for MAC2, thus indicating an active phagocytic stage [45]. Perilipin 1
plays a key role in lipolysis; thus, it is essential for adipocyte survival. Immunostain-
ing for perilipin 1 (PLIN1) revealed that the lipid droplets surrounded by macrophages
were PLIN1-negative, thus suggesting the death of adipocytes. Electron microscopy con-
firmed the death of adipocytes, showing remnants such as irregular and altered basal
membrane invaded by macrophages and cytoplasmic debris in phagosomes into the cyto-
plasm of macrophages. Furthermore, active lipid phagocytosis was evident at the side of
macrophages in contact with the lipid droplet. All together, these observations support a
time course of events: obese adipocytes die, and macrophages come to their natural role
of scavenging debris derived from dead cells. In support of this idea is also the frequent
presence of giant multinucleated macrophages, typical of the histopathology of foreign
body reaction, in CLSs.

The discovery of a lifetime for normal adipocytes fully explained the presence of
CLSs in lean adipose tissue [46]. Notably, knockout of the hormone-sensitive lipase (HSL),
a major lipase in mature adipocytes, resulted in increased lipid storage and adipocyte
hypertrophy but not increased fat mass or obesity [47]. In these lean mice, we found typical
CLSs with a density like those found in obese animals, strongly suggesting that death is
due to adipocyte hypertrophy and not to obesity [44].

More recent results also fully confirmed the proposed time course. We used a trans-
genic mouse model in which the death of adipocytes specifically can be induced by ad-
ministration of a dimerizer that causes caspase-8 activation and the death of adipocytes.
We showed that after the administration of the dimerizer to mice, there was a progressive
increase in the number of dead adipocytes in their adipose tissues and subsequent parallel
development in the number of CLSs. Furthermore, we observed that all dead adipocytes
formed CLSs [48].

2.1. Molecular Links between Fat Chronic Inflammation and Insulin Resistance

Since the early work of Spiegelman and Hotamisligil, a molecular link between the
adverse effects of TNFα on insulin receptors (IRs) has been identified [39]. Inhibition of
tyrosine phosphorylation in substrate 1 of the insulin receptor (IRS-1) caused reduced IR
activity, resulting in insulin resistance. Thus, fat chronic inflammation seemed to be linked
to insulin resistance, which is a well-known clinical aspect strongly correlated to BMI [49].
Insulin resistance due to fat inflammation extends to skeletal muscles and liver, thus
implying important pancreatic activity for hormone production [50]. Experimental data
from mice and humans recently showed a sort of adaptive response of Langerhans islets to
this hyper-insulinemic situation. As a matter of fact, a progressive increase in density of
inhibitory noradrenergic fibers was found in ob/ob and db/db obese Langerhans islets
of mice in parallel with their progression in obesity [51]. It is worth noting that electron
microscopy showed an increased number of synaptoid contacts with beta cells. This kind
of adaptive response seems to be responsible for beta cell stress and hypo-functionality that
can be related to the clinical onset of type 2 diabetes [52,53].

Thus, chronic fat inflammation could link obesity to type 2 diabetes.

2.2. The Cause of Death of Hypertrophic Adipocytes

The main alteration visible in obese fat is the hypertrophy of white adipocytes. In genet-
ically obese mice, the size of obese adipocytes is about 7–11 times that of lean adipocytes [54].
In humans, the increase is about 2–3 [55]. This new anatomy implies an increased dis-
tance from capillaries and consequent hypoxia, as demonstrated by HIFα production [56].
Furthermore, it is well known that an excess of nutrients can cause, per se, endoplasmic
reticulum stress in adipocytes [57]. Thus, it is not surprising that electron microscopy can
reveal signs of stress and alterations of organelles in hypertrophic adipocytes [58].

The normal anatomy of adipocytes suggests that their expansion, in the case of an
excess of nutrients, must be limited. As a matter of fact, different types of collagens sur-
round the external surface of lean adipocytes. A thin amorphous envelope of collagen
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IV (basal or external lamina) surrounds the cell from the early stages of development.
Transmission (TEM) and high-resolution scanning electron microscopy (HRSEM) recently
showed that a thin network of collagen fibrils (with the size of type III collagen) forms a
further external reinforcement that is likely devoted to limiting any excess of expansion [58].
In obese adipocytes both structures (basal membrane and fibrils network) look reinforced
with increased thickness of the first [59] and increased size (unpublished) and number of
fibrils [58] suggesting a sort of reaction of the cell to hypertrophy. Together with these
reactions, c-jun N-terminal kinase (JNK) and nuclear factor kB (NFkB) signaling are up-
regulated, leading to increased expression of downstream cytokines, such as TNF-α, IL-6,
and monocyte chemoattractant protein-1 MCP-1 and HP [60,61]. These last two are potent
chemoattractants for macrophages, thus leading to preliminary inflammatory invasion
surrounding moribund stressed hypertrophic adipocytes and ending in CLS formation
after the death of the adipocytes (Figure 1).
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Figure 1. Mesenteric fat of obese db/db mice. Transmission (A) and high-resolution scanning electron
microscopy (C) showing early stage of macrophages invasion (arrows). (B): MAC2 immunohisto-
chemistry showing both early (asterisk) and late stages of macrophage invasion, ending in CLS
formation (as indicated). In (C), the indicated macrophage is enlarged in the inset. CAP: capillary.
Bar: 8 µm in (A), 80 µm in (B), and 20 µm in (C) (2 µm in inset).

Electron microscopy revealed that the endoplasmic reticulum (ER) (Figure 2) and
mitochondria appear as the most altered organelles in stressed adipocytes [58]. The ER was
dilated, and the mitochondria reduced in number and size [58].
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2.3. Molecular Mechanisms Responsible for the Oxidative Stress Induced by High Levels of Lipids
in Obese Adipocytes

The endoplasmic reticulum (ER) is a membrane-bound organelle that is responsible for
the folding, modification, and synthesis of secretory and structural proteins. The process of
protein synthesis and folding is highly controlled and is sensitive to the perturbation of
ER homeostasis. The unfolded protein response (UPR) refers to the mechanisms by which
cells control ER protein homeostasis.

Mitogen-activated protein kinases (MAPKs) are involved in several cellular responses
to a series of diverse intra- and extracellular stimuli.

Hypertrophy of adipocytes caused by obesity induce both the UPR and stress-activated
MAPK pathways (reviewed in [57]).

UPR signaling is initiated by three ER-membrane-associated proteins: PERK (PKR-like
eukaryotic initiation factor 2a [eIF2a] kinase); IRE1 (inositol-requiring enzyme 1); and
ATF6 (activating transcription factor 6). They act in a concerted way to control protein
synthesis and the degradation and production of molecules necessary for ER homeostasis.
Several chaperons were identified as responsible for the adaptive ER responses, and the
ER-resident leucine-zipper transcription factors ATF6 and its downstream-activated protein
XBP1 stimulate the expression of a broad series of genes involved in several pathways,
such as protein folding, secretion, and degradation, to clear misfolded proteins from the
ER. PERK is responsible for translational reduction in the arrival of new proteins in the ER.

The UPR undertakes many critical processes for normal cellular homeostasis, such
as survival pathways, immune responses, and nutrient sensing. In each case, the UPR
activates pathways to control processes, which can have effects both within and beyond
the cell in which they are activated. Prolonged activation of distinct signaling networks
stimulated by each branch of the UPR is a critical cause for adverse outcomes [60].
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Under ER stress conditions, such as those presented by nutrient overload, the re-
sponses induced by ER stress result in a maladaptive set of events, leading to various
cellular or systemic pathologies, including death by pyroptosis [58]. In particular, PERK
and ATF6 induce expression of transcription factor C/EBP homologous protein (CHOP),
which in turn leads to reduced expression of the antiapoptotic gene Bcl2 and increased
expression of a number of proapoptotic genes. Nutrient-sensing pathways are linked to ER
function, for example, the mTORC1 complex, which is a major cellular nutrient sensor that
is coupled to the UPR that is thus sensitive to the nutritional status of the cell, responding
to glucose deprivation, exposure to excess fatty acids, hypoxia, and growth stimuli. Impor-
tantly, all three components of UPR regulate immune signaling NF-kB during ER stress.
Furthermore, signaling through toll-like receptors (TLRs) can activate IRE via ROS with
inflammatory cytokine production. Activation of XBP1 by IRE1 promotes the sustained
production of inflammatory mediators, including interleukin (IL) 6.

Furthermore, experimentally induced ER stress in cultured cells can cause increased
expressions of many inflammatory molecules, such as IL8, IL6, MCP1, and tumor necrosis
factor (TNF) [57].

Importantly, cytokines and their pathways can influence the function of ER. This is
negatively influenced by pathways involving JNK and IkB kinase (IKK) and by some medi-
ators, such as ROS. The duration and level of oxidative stress and the levels and magnitude
of ROS and/or NO production can induce a maladaptive balance in ER responses.

JNK and p38 MAP kinases respond to inflammatory cytokines and to many chemical
and physical changes in the environment, as well as DNA damage and redox imbalance,
thus they are often called stress-activated MAPKs.

Stress-activated MAPKs play a key role in the regulation of inflammatory cytokine
expression. They target transcription factors and chromatin-remodeling enzymes that
regulate the expression of cytokines during inflammatory responses.

The immune response due to inflammation is strictly related to the involvement of
specific innate and adaptive immune cells. These types of cells are influenced by stress-
activated MAPK signaling pathways. Macrophages represent an important part of the im-
mune response often described as innate. Stress-activated MAPKs can control macrophage
polarization, specifically as M1 (associated with the expression of inflammatory cytokines)
or M2 (expressing anti-inflammatory cytokines), and are involved in tissue remodeling.
JNK is required for the M1, but not M2, macrophage phenotype.

Feeding a high-fat diet causes metabolic stress and activates stress-activated MAPK
signaling pathways. This is mediated by increased amounts of saturated free fatty acids
that activate the MLK group of MAPKKKs, which are responsible for the canonical
phosphorylation-dependent activation of MAPK [57].

As a consequence of most of the above-cited pathways, in obese adipocytes, reactive
oxygen species (ROS) are produced and accumulated in the ER (hydrogen peroxide and
other peroxides, superoxide radical, hydroperoxyl radical, and hydroxyl radical), reaching
levels that can be toxic to the cell [62,63].

Another kinase, PKR (protein kinase RNA-activated), is activated during ER stress,
leading to the activation of NLRP3 inflammasome [64,65]. In addition, we showed the
presence of cholesterol crystals in obese adipocytes [58], in line with the well-known
cholesterol level increase in adipocytes in parallel with their size [66]. This further reinforces
the idea that stressed adipocytes are able to activate inflammasomes because cholesterol
crystals have been shown to trigger NLRP3 inflammasomes in synovial tissue, causing
gout inflammation at this site [67]. Furthermore, many cholesterol crystals were also found
in the macrophages of CLSs, reinforcing the idea regarding their clearing activity. Thus,
hypertrophic-stressed adipocytes have several inflammasome inductors.

It is worth noting that stressed adipocytes, through the autocrine stimulus of IL-
1β, also produce a protein, namely sFRP4 (secreted frizzled-related protein 4), acting
on pancreatic β-cells with the inhibition of insulin secretion, further contributing to the
dysregulation of the glucose metabolism [68].
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NLRP3 is a complex structure composed of a sensor (NOD-like receptor), an adaptor
(ACS), and an effector (Caspase-1) [69]. Its activation produces proinflammatory IL-1β
and IL-18 [70]. Our data showed the increased gene expression of NLRP3, ASC, and
Caspase 1 in the obese fat of mice (both genetically obese and diet-induced by HFD);
furthermore, we also showed an increased expression of thioredoxin (TRX)-interacting
protein (TXNIP), which induces NLRP3 inflammasome activation following oxidative
stress. Immunohistochemistry showed the presence of NLRP3, ASC, and Caspase 1 in the
cytoplasm of hypertrophic adipocytes and in CLS macrophages, but not in those distant
from CLS, suggesting that the proteins into macrophages are derived from the debris of
adipocytes. It is worth noting that we did not find the inflammasome proteins in either
the fat of control lean mice or in the adipocytes or CLS of FAT-ATTAC mice, a transgenic
model of apoptotic adipocyte cell death [58].

Thus, stressed hypertrophic adipocytes produce and secrete IL-1β and IL-18 due to
inflammasome activation. IL-1β is elevated in the blood of obese mice and humans with
strong implications for insulin-secretion inhibition as reported above [70,71], as well as
for the disruption of insulin signaling in peripheral tissues [72]. Notably, blockade of
IL-1β by the specific human receptor antagonist anakinra in patients with type 2 diabetes
leads to significantly improved glycemic control and reduced inflammation. Furthermore,
mice lacking NLRP3, ASC, or Caspase-1 are resistant to the development of high-fat-diet-
induced obesity and insulin resistance [73]. Caspase-1 is a cysteine protease able to induce
a form of cell death known as pyroptosis [70]. This type of cell death is characterized by
rupture of the plasmalemma, water influx, cellular swelling, osmotic lysis, and release of
proinflammatory cellular content. This type of cell death is different from apoptosis and is
related to inflammasome stimulation [74].

2.4. The Concept of Critical Death Size

A very well-known clinical aspect of obesity is the striking difference between sub-
cutaneous and visceral obesity. Since the seminal work of Jean Vague, it has been clear
that the metabolic consequences of obesity and especially type 2 diabetes are strictly linked
mainly to visceral fat accumulation [75]. This concept was later fully confirmed by other
authors [76].

Furthermore, it was recently shown that visceral fat accumulation correlates with
higher mortality and incidence of cardiovascular diseases, even in subjects with a normal
BMI [77].

The anatomical well-known difference between subcutaneous and visceral fat consists
mainly of their size, i.e., smaller in visceral fat [78]. Furthermore, a higher vascular and
parenchymal-nerve-fiber density in visceral fat was also found [79,80]. The reason for
these differences is not known; however, considering that a large proportion of visceral
fat is BAT in infants [81] and in people affected by pheochromocytoma or living in cold
countries [22,23], it could be speculated that the visceral fat of adults is derived from a
BAT–WAT conversion due to the normal reduced activity of the sympathetic nervous
system with age [82]. Thus, considering that brown adipocytes are smaller than white
adipocytes, visceral fat could be composed of smaller cells because it is BAT-derived.

As a matter of fact, visceral fat is more prone to death when requested to enlarge,
such as in obesity. By comparing the size of visceral and subcutaneous adipocytes in obese
mice and humans, we [54,55] and other authors [78,83] found larger subcutaneous than
visceral adipocytes.

Considering the positive correlation existing between the size of adipocytes and
the number of inflammatory macrophages in the tissue [43], we expected to find a higher
number of CLSs in subcutaneous fat, but the reality was the reverse [54,55]. This observation
raised the concept of critical death size. When exposed to a positive energy balance, such
as in obesity, the smaller visceral adipocytes cannot enlarge as subcutaneous adipocytes
and die at a smaller size than subcutaneous adipocytes [84].
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Further data supporting this hypothesis that BAT-derived small visceral adipocytes
have a lower critical death size than subcutaneous adipocytes come from our recent experi-
ments [85]. Studying mice lacking adipose triglyceride lipase (ATGL), we observed that all
brown adipocytes convert from multilocular into unilocular cells. Subcutaneous adipocytes
reacted with hypertrophy even if mice were lean. The size reached by converted brown
adipocytes and hypertrophic white adipocytes was similar, but the number of CLSs was
significantly higher in BAT-converted visceral fat, strongly supporting the idea that visceral
adipocytes have a smaller critical death size because they are derived from BAT conversion.
Interestingly, by comparing the number of CLSs in BAT-converted fat in different anatomi-
cal locations, we observed a higher number of CLSs in interscapular fat than in mediastinal
fat. Interscapular fat is the classic BAT with a higher density of parenchymal nerve fibers,
and thus is the physiologically most important BAT for thermogenesis. This suggests that
the stricter brown phenotype plays a role in the determination of critical death size [85].

3. Conclusions

The new concept of adipose organs and the new data supporting its validity for
humans has a lot of clinical implications. Starting from the relationship between obesity
and type 2 diabetes [38], it’s getting clearer that the redox state of the parenchymal cells
of this organ play a key role in the development of mechanisms, resulting in several
aspects of the dysmetabolism typical of metabolic syndrome. Here, we focused only on
the mechanisms dealing with insulin resistance, but several other consequences of obese
adipose organs connect with other alterations of this syndrome, such as hypertension and
atherosclerosis [86,87].

The presence of a second type of adipose tissue (BAT) in the adipose organ is of
paramount importance not only for the theoretical aspects of organ definition, but also
for several angles of pathophysiology and for therapeutic perspectives, starting from the
discovery of transdifferentiation.

The pathophysiology aspects include BAT–WAT conversion with critical death size
implications and the reversible adipo–epithelial conversion in the mammary glands during
pregnancy and lactation in females, with possible implications for a better understanding
of oncologic phenomena [32].

The therapeutic perspective includes WAT–BAT conversion that has already-proven
efficacies in treating obesity in small mammals [88–92] and that could be studied in humans
where BAT activity has been proven efficient for health [93], also considering that BAT-
agonist drugs for humans are now available [94–96].

The take-home message of this review is that humans are provided with a real new
organ, overtaking the old idea of adipose tissues (WAT and BAT) as separated entities
without any functional interconnections. This new concept implies that mature cells can
reprogram their genome and change their phenotype and physiology (transdifferentiation)
with a series of practical consequences from pathophysiology interpretations, including
a possible explanation as to why visceral fat accumulation is more unhealthy than subcu-
taneous fat accumulation, for new strategies for future therapies, such as browning the
adipose organ.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Cinti, S. The endocrine adipose organ. Rev. Endocr. Metab. Disord. 2022, 23, 1–4. [CrossRef]
2. Giordano, A.; Cinti, F.; Canese, R.; Carpinelli, G.; Colleluori, G.; Di Vincenzo, A.; Palombelli, G.; Severi, I.; Moretti, M.; Redaelli,

C.; et al. The Adipose Organ Is a Unitary Structure in Mice and Humans. Biomedicines 2022, 10, 2275. [CrossRef]
3. Fried, S.K.; Lee, M.J.; Karastergiou, K. Shaping fat distribution: New insights into the molecular determinants of depot- and

sex-dependent adipose biology. Obesity 2015, 23, 1345–1352. [CrossRef]
4. Lee, M.J.; Wu, Y.; Fried, S.K. Adipose tissue heterogeneity: Implication of depot differences in adipose tissue for obesity

complications. Mol. Asp. Med. 2013, 34, 1–11. [CrossRef]

https://doi.org/10.1007/s11154-022-09709-w
https://doi.org/10.3390/biomedicines10092275
https://doi.org/10.1002/oby.21133
https://doi.org/10.1016/j.mam.2012.10.001


Antioxidants 2023, 12, 1449 11 of 14

5. Flier, J.S. The adipocyte: Storage depot or node on the energy information superhighway? Cell 1995, 80, 15–18. [CrossRef]
6. Thomson, T.J.; Runcie, J.; Miller, V. Treatment of obesity by total fasting for up to 249 days. Lancet 1966, 2, 992–996. [CrossRef]
7. Trayhurn, P.; Bing, C.; Wood, I.S. Adipose tissue and adipokines—Energy regulation from the human perspective. J. Nutr. 2006,

136 (Suppl. S7), 1935S–1939S. [CrossRef]
8. Zhang, Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.; Friedman, J.M. Positional cloning of the mouse obese gene and its

human homologue. Nature 1994, 372, 425–432. [CrossRef]
9. Venema, W.; Severi, I.; Perugini, J.; Di Mercurio, E.; Mainardi, M.; Maffei, M.; Cinti, S.; Giordano, A. Ciliary Neurotrophic Factor

Acts on Distinctive Hypothalamic Arcuate Neurons and Promotes Leptin Entry Into and Action on the Mouse Hypothalamus.
Front. Cell Neurosci. 2020, 14, 140. [CrossRef]

10. Miller, R.G.; Petajan, J.H.; Bryan, W.W.; Armon, C.; Barohn, R.J.; Goodpasture, J.C.; Hoagland, R.J.; Parry, G.J.; Ross, M.A.;
Stromatt, S.C. A placebo-controlled trial of recombinant human ciliary neurotrophic (rhCNTF) factor in amyotrophic lateral
sclerosis. rhCNTF ALS Study Group. Ann. Neurol. 1996, 39, 256–260. [CrossRef]

11. Perugini, J.; Di Mercurio, E.; Tossetta, G.; Severi, I.; Monaco, F.; Reguzzoni, M.; Tomasetti, M.; Dani, C.; Cinti, S.; Giordano, A.
Biological Effects of Ciliary Neurotrophic Factor on hMADS Adipocytes. Front. Endocrinol. 2019, 10, 768. [CrossRef]

12. Balland, E.; Dam, J.; Langlet, F.; Caron, E.; Steculorum, S.; Messina, A.; Rasika, S.; Falluel-Morel, A.; Anouar, Y.; Dehouck, B.; et al.
Hypothalamic tanycytes are an ERK-gated conduit for leptin into the brain. Cell Metab. 2014, 19, 293–301. [CrossRef]

13. Perugini, J.; Di Mercurio, E.; Giuliani, A.; Sabbatinelli, J.; Bonfigli, A.R.; Tortato, E.; Severi, I.; Cinti, S.; Olivieri, F.; le Roux,
C.W.; et al. Ciliary neurotrophic factor is increased in the plasma of patients with obesity and its levels correlate with diabetes
and inflammation indices. Sci. Rep. 2022, 12, 8331. [CrossRef]

14. Maffei, M.; Giordano, A. Leptin, the brain and energy homeostasis: From an apparently simple to a highly complex neuronal
system. Rev. Endocr. Metab. Disord. 2022, 23, 87–101. [CrossRef]

15. Romere, C.; Duerrschmid, C.; Bournat, J.; Constable, P.; Jain, M.; Xia, F.; Saha, P.K.; Del Solar, M.; Zhu, B.; York, B.; et al. Asprosin,
a Fasting-Induced Glucogenic Protein Hormone. Cell 2016, 165, 566–579. [CrossRef]

16. Duerrschmid, C.; He, Y.; Wang, C.; Li, C.; Bournat, J.C.; Romere, C.; Saha, P.K.; Lee, M.E.; Phillips, K.J.; Jain, M.; et al. Asprosin is
a centrally acting orexigenic hormone. Nat. Med. 2017, 23, 1444–1453. [CrossRef]

17. Scherer, P.E.; Williams, S.; Fogliano, M.; Baldini, G.; Lodish, H.F. A novel serum protein similar to C1q, produced exclusively in
adipocytes. J. Biol. Chem. 1995, 270, 26746–26749. [CrossRef]

18. Lindberg, O.; de Pierre, J.; Rylander, E.; Afzelius, B.A. Studies of the mitochondrial energy-transfer system of brown adipose
tissue. J. Cell Biol. 1967, 34, 293–310. [CrossRef]

19. Mory, G.; Combes-George, M.; Nechad, M. Localization of serotonin and dopamine in the brown adipose tissue of the rat and
their variations during cold exposure. Biol. Cell 1983, 48, 159–166. [CrossRef]

20. Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004, 84, 277–359.
[CrossRef]

21. Cinti, S. Adipose Organ Development and Remodeling. Compr. Physiol. 2018, 8, 1357–1431.
22. Kuji, I.; Imabayashi, E.; Minagawa, A.; Matsuda, H.; Miyauchi, T. Brown adipose tissue demonstrating intense FDG uptake in a

patient with mediastinal pheochromocytoma. Ann. Nucl. Med. 2008, 22, 231–235. [CrossRef]
23. Efremova, A.; Senzacqua, M.; Venema, W.; Isakov, E.; Di Vincenzo, A.; Zingaretti, M.C.; Protasoni, M.; Thomski, M.; Giordano, A.;

Cinti, S. A large proportion of mediastinal and perirenal visceral fat of Siberian adult people is formed by UCP1 immunoreactive
multilocular and paucilocular adipocytes. J. Physiol. Biochem. 2020, 76, 185–192. [CrossRef]

24. Gavaldà-Navarro, A.; Villarroya, J.; Cereijo, R.; Giralt, M.; Villarroya, F. The endocrine role of brown adipose tissue: An update on
actors and actions. Rev. Endocr. Metab. Disord. 2022, 23, 31–41. [CrossRef]

25. Boström, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Boström, E.A.; Choi, J.H.; Long, J.Z.; et al. A
PGC1-α-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012, 481, 463–468.
[CrossRef]

26. Lee, P.; Linderman, J.D.; Smith, S.; Brychta, R.J.; Wang, J.; Idelson, C.; Perron, R.M.; Werner, C.D.; Phan, G.Q.; Kammula, U.S.; et al.
Irisin and FGF21 are cold-induced endocrine activators of brown fat function in humans. Cell Metab. 2014, 19, 302–309. [CrossRef]

27. Sun, W.; Dong, H.; Balaz, M.; Slyper, M.; Drokhlyansky, E.; Colleluori, G.; Giordano, A.; Kovanicova, Z.; Stefanicka, P.; Balazova,
L.; et al. snRNA-seq reveals a subpopulation of adipocytes that regulates thermogenesis. Nature 2020, 587, 98–102. [CrossRef]

28. Cinti, S.; Cancello, R.; Zingaretti, M.C.; Ceresi, E.; De Matteis, R.; Giordano, A.; Himms-Hagen, J.; Ricquier, D. CL316,243 and cold
stress induce heterogeneous expression of UCP1 mRNA and protein in rodent brown adipocytes. J. Histochem. Cytochem. 2002, 50,
21–31. [CrossRef]

29. Giordano, A.; Nisoli, E.; Tonello, C.; Cancello, R.; Carruba, M.O.; Cinti, S. Expression and distribution of heme oxygenase-1 and -2
in rat brown adipose tissue: The modulatory role of the noradrenergic system. FEBS Lett. 2000, 487, 171–175. [CrossRef]

30. Cinti, S. Adipocyte differentiation and transdifferentiation: Plasticity of the adipose organ. J. Endocrinol. Investig. 2002, 25,
823–835. [CrossRef]

31. Rosenwald, M.; Perdikari, A.; Rülicke, T.; Wolfrum, C. Bi-directional interconversion of brite and white adipocytes. Nat. Cell Biol.
2013, 15, 659–667. [CrossRef]

32. Colleluori, G.; Perugini, J.; Barbatelli, G.; Cinti, S. Mammary gland adipocytes in lactation cycle, obesity and breast cancer. Rev.
Endocr. Metab. Disord. 2021, 22, 241–255. [CrossRef]

https://doi.org/10.1016/0092-8674(95)90445-X
https://doi.org/10.1016/S0140-6736(66)92925-4
https://doi.org/10.1093/jn/136.7.1935S
https://doi.org/10.1038/372425a0
https://doi.org/10.3389/fncel.2020.00140
https://doi.org/10.1002/ana.410390215
https://doi.org/10.3389/fendo.2019.00768
https://doi.org/10.1016/j.cmet.2013.12.015
https://doi.org/10.1038/s41598-022-11942-x
https://doi.org/10.1007/s11154-021-09636-2
https://doi.org/10.1016/j.cell.2016.02.063
https://doi.org/10.1038/nm.4432
https://doi.org/10.1074/jbc.270.45.26746
https://doi.org/10.1083/jcb.34.1.293
https://doi.org/10.1111/j.1768-322X.1984.tb00210.x
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1007/s12149-007-0096-x
https://doi.org/10.1007/s13105-019-00721-4
https://doi.org/10.1007/s11154-021-09640-6
https://doi.org/10.1038/nature10777
https://doi.org/10.1016/j.cmet.2013.12.017
https://doi.org/10.1038/s41586-020-2856-x
https://doi.org/10.1177/002215540205000103
https://doi.org/10.1016/S0014-5793(00)02217-1
https://doi.org/10.1007/BF03344046
https://doi.org/10.1038/ncb2740
https://doi.org/10.1007/s11154-021-09633-5


Antioxidants 2023, 12, 1449 12 of 14

33. Cinti, S. Pink Adipocytes. Trends Endocrinol. Metab. 2018, 29, 651–666. [CrossRef]
34. Zwick, R.K.; Rudolph, M.C.; Shook, B.A.; Holtrup, B.; Roth, E.; Lei, V.; Van Keymeulen, A.; Seewaldt, V.; Kwei, S.; Wysolmerski,

J.; et al. Adipocyte hypertrophy and lipid dynamics underlie mammary gland remodeling after lactation. Nat. Commun. 2018, 9,
3592. [CrossRef]

35. Giordano, A.; Perugini, J.; Kristensen, D.M.; Sartini, L.; Frontini, A.; Kajimura, S.; Kristiansen, K.; Cinti, S. Mammary alveolar
epithelial cells convert to brown adipocytes in post-lactating mice. J. Cell Physiol. 2017, 232, 2923–2928. [CrossRef]

36. Li, L.; Li, B.; Li, M.; Niu, C.; Wang, G.; Li, T.; Król, E.; Jin, W.; Speakman, J.R. Brown adipocytes can display a mammary basal
myoepithelial cell phenotype in vivo. Mol. Metab. 2017, 6, 1198–1211. [CrossRef]

37. Haslam, D.W.; James, W.P. Obesity. Lancet 2005, 366, 1197–1209. [CrossRef]
38. Ruze, R.; Liu, T.; Zou, X.; Song, J.; Chen, Y.; Xu, R.; Yin, X.; Xu, Q. Obesity and type 2 diabetes mellitus: Connections in

epidemiology, pathogenesis, and treatments. Front. Endocrinol. 2023, 14, 1161521. [CrossRef]
39. Hotamisligil, G.S.; Shargill, N.S.; Spiegelman, B.M. Adipose expression of tumor necrosis factor-alpha: Direct role in obesity-linked

insulin resistance. Science 1993, 259, 87–91. [CrossRef]
40. Nisoli, E.; Briscini, L.; Tonello, C.; De Giuli-Morghen, C.; Carruba, M.O. Tumor necrosis factor-alpha induces apoptosis in rat

brown adipocytes. Cell Death Differ. 1997, 4, 771–778. [CrossRef]
41. Nisoli, E.; Briscini, L.; Giordano, A.; Tonello, C.; Wiesbrock, S.M.; Uysal, K.T.; Cinti, S.; Carruba, M.O.; Hotamisligil, G.S. Tumor

necrosis factor alpha mediates apoptosis of brown adipocytes and defective brown adipocyte function in obesity. Proc. Natl. Acad.
Sci. USA 2000, 97, 8033–8038. [CrossRef]

42. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.; et al. Chronic
inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J. Clin. Investig. 2003, 112,
1821–1830. [CrossRef]

43. Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W., Jr. Obesity is associated with macrophage
accumulation in adipose tissue. J. Clin. Investig. 2003, 112, 1796–1808. [CrossRef]

44. Cinti, S.; Mitchell, G.; Barbatelli, G.; Murano, I.; Ceresi, E.; Faloia, E.; Wang, S.; Fortier, M.; Greenberg, A.S.; Obin, M.S. Adipocyte
death defines macrophage localization and function in adipose tissue of obese mice and humans. J. Lipid Res. 2005, 46, 2347–2355.
[CrossRef]

45. Sano, H.; Hsu, D.K.; Apgar, J.R.; Yu, L.; Sharma, B.B.; Kuwabara, I.; Izui, S.; Liu, F.T. Critical role of galectin-3 in phagocytosis by
macrophages. J. Clin. Investig. 2003, 112, 389–397. [CrossRef]

46. Spalding, K.L.; Arner, E.; Westermark, P.O.; Bernard, S.; Buchholz, B.A.; Bergmann, O.; Blomqvist, L.; Hoffstedt, J.; Näslund, E.;
Britton, T.; et al. Dynamics of fat cell turnover in humans. Nature 2008, 453, 783–787. [CrossRef]

47. Wang, S.P.; Laurin, N.; Himms-Hagen, J.; Rudnicki, M.A.; Levy, E.; Robert, M.F.; Pan, L.; Oligny, L.; Mitchell, G.A. The adipose
tissue phenotype of hormone-sensitive lipase deficiency in mice. Obes. Res. 2001, 9, 119–128. [CrossRef]

48. Murano, I.; Rutkowski, J.M.; Wang, Q.A.; Cho, Y.R.; Scherer, P.E.; Cinti, S. Time course of histomorphological changes in adipose
tissue upon acute lipoatrophy. Nutr. Metab. Cardiovasc. Dis. 2013, 23, 723–731. [CrossRef]

49. Kahn, S.E.; Hull, R.L.; Utzschneider, K.M. Mechanisms linking obesity to insulin resistance and type 2 diabetes. Nature 2006, 444,
840–846. [CrossRef]

50. Petersen, K.F.; Dufour, S.; Savage, D.B.; Bilz, S.; Solomon, G.; Yonemitsu, S.; Cline, G.W.; Befroy, D.; Zemany, L.; Kahn, B.B.; et al.
The role of skeletal muscle insulin resistance in the pathogenesis of the metabolic syndrome. Proc. Natl. Acad. Sci. USA 2007, 104,
12587–12594. [CrossRef]

51. Giannulis, I.; Mondini, E.; Cinti, F.; Frontini, A.; Murano, I.; Barazzoni, R.; Barbatelli, G.; Accili, D.; Cinti, S. Increased density of
inhibitory noradrenergic parenchymal nerve fibers in hypertrophic islets of Langerhans of obese mice. Nutr. Metab. Cardiovasc.
Dis. 2014, 24, 384–392. [CrossRef] [PubMed]

52. Cinti, F.; Bouchi, R.; Kim-Muller, J.Y.; Ohmura, Y.; Sandoval, P.R.; Masini, M.; Marselli, L.; Suleiman, M.; Ratner, L.E.; Marchetti, P.;
et al. Evidence of β-Cell Dedifferentiation in Human Type 2 Diabetes. J. Clin. Endocrinol. Metab. 2016, 101, 1044–1054. [CrossRef]

53. Cinti, F.; Mezza, T.; Severi, I.; Suleiman, M.; Cefalo, C.M.A.; Sorice, G.P.; Moffa, S.; Impronta, F.; Quero, G.; Alfieri, S.; et al.
Noradrenergic fibers are associated with beta-cell dedifferentiation and impaired beta-cell function in humans. Metabolism 2021,
114, 154414. [CrossRef]

54. Murano, I.; Barbatelli, G.; Parisani, V.; Latini, C.; Muzzonigro, G.; Castellucci, M.; Cinti, S. Dead adipocytes, detected as crown-like
structures, are prevalent in visceral fat depots of genetically obese mice. J. Lipid Res. 2008, 49, 1562–1568. [CrossRef] [PubMed]

55. Camastra, S.; Vitali, A.; Anselmino, M.; Gastaldelli, A.; Bellini, R.; Berta, R.; Severi, I.; Baldi, S.; Astiarraga, B.; Barbatelli, G.;
et al. Muscle and adipose tissue morphology, insulin sensitivity and beta-cell function in diabetic and nondiabetic obese patients:
Effects of bariatric surgery. Sci. Rep. 2017, 7, 9007. [CrossRef] [PubMed]

56. Trayhurn, P.; Alomar, S.Y. Oxygen deprivation and the cellular response to hypoxia in adipocytes—Perspectives on white and
brown adipose tissues in obesity. Front. Endocrinol. 2015, 6, 19. [CrossRef]

57. Hotamisligil, G.S.; Davis, R.J. Cell Signaling and Stress Responses. Cold Spring Harb. Perspect. Biol. 2016, 8, a006072. [CrossRef]
58. Giordano, A.; Murano, I.; Mondini, E.; Perugini, J.; Smorlesi, A.; Severi, I.; Barazzoni, R.; Scherer, P.E.; Cinti, S. Obese adipocytes

show ultrastructural features of stressed cells and die of pyroptosis. J. Lipid Res. 2013, 54, 2423–2436. [CrossRef]

https://doi.org/10.1016/j.tem.2018.05.007
https://doi.org/10.1038/s41467-018-05911-0
https://doi.org/10.1002/jcp.25858
https://doi.org/10.1016/j.molmet.2017.07.015
https://doi.org/10.1016/S0140-6736(05)67483-1
https://doi.org/10.3389/fendo.2023.1161521
https://doi.org/10.1126/science.7678183
https://doi.org/10.1038/sj.cdd.4400292
https://doi.org/10.1073/pnas.97.14.8033
https://doi.org/10.1172/JCI200319451
https://doi.org/10.1172/JCI200319246
https://doi.org/10.1194/jlr.M500294-JLR200
https://doi.org/10.1172/JCI200317592
https://doi.org/10.1038/nature06902
https://doi.org/10.1038/oby.2001.15
https://doi.org/10.1016/j.numecd.2012.03.005
https://doi.org/10.1038/nature05482
https://doi.org/10.1073/pnas.0705408104
https://doi.org/10.1016/j.numecd.2013.09.006
https://www.ncbi.nlm.nih.gov/pubmed/24462047
https://doi.org/10.1210/jc.2015-2860
https://doi.org/10.1016/j.metabol.2020.154414
https://doi.org/10.1194/jlr.M800019-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/18390487
https://doi.org/10.1038/s41598-017-08444-6
https://www.ncbi.nlm.nih.gov/pubmed/28827671
https://doi.org/10.3389/fendo.2015.00019
https://doi.org/10.1101/cshperspect.a006072
https://doi.org/10.1194/jlr.M038638


Antioxidants 2023, 12, 1449 13 of 14

59. Belligoli, A.; Compagnin, C.; Sanna, M.; Favaretto, F.; Fabris, R.; Busetto, L.; Foletto, M.; Dal Prà, C.; Serra, R.; Prevedello, L.; et al.
Characterization of subcutaneous and omental adipose tissue in patients with obesity and with different degrees of glucose
impairment. Sci. Rep. 2019, 9, 11333. [CrossRef]

60. Hotamisligil, G.S. Inflammation, metaflammation and immunometabolic disorders. Nature 2017, 542, 177–185. [CrossRef]
61. Maffei, M.; Barone, I.; Scabia, G.; Santini, F. The Multifaceted Haptoglobin in the Context of Adipose Tissue and Metabolism.

Endocr. Rev. 2016, 37, 403–416. [PubMed]
62. Harding, H.P.; Zhang, Y.; Zeng, H.; Novoa, I.; Lu, P.D.; Calfon, M.; Sadri, N.; Yun, C.; Popko, B.; Paules, R.; et al. An integrated

stress response regulates amino acid metabolism and resistance to oxidative stress. Mol. Cell 2003, 11, 619–633. [PubMed]
63. Sevier, C.S.; Kaiser, C.A. Ero1 and redox homeostasis in the endoplasmic reticulum. Biochim. Biophys. Acta 2008, 1783, 549–556.
64. Shimazawa, M.; Ito, Y.; Inokuchi, Y.; Hara, H. Involvement of double-stranded RNA-dependent protein kinase in ER stress-

induced retinal neuron damage. Investig. Ophthalmol. Vis. Sci. 2007, 48, 3729–3736. [CrossRef]
65. Nakamura, T.; Furuhashi, M.; Li, P.; Cao, H.; Tuncman, G.; Sonenberg, N.; Gorgun, C.Z.; Hotamisligil, G.S. Double-stranded

RNA-dependent protein kinase links pathogen sensing with stress and metabolic homeostasis. Cell 2010, 140, 338–348. [PubMed]
66. Krause, B.R.; Hartman, A.D. Adipose tissue and cholesterol metabolism. J. Lipid Res. 1984, 25, 97–110.
67. Martinon, F.; Pétrilli, V.; Mayor, A.; Tardivel, A.; Tschopp, J. Gout-associated uric acid crystals activate the NALP3 inflammasome.

Nature 2006, 440, 237–241.
68. Bukhari, S.A.; Yasmin, A.; Zahoor, M.A.; Mustafa, G.; Sarfraz, I.; Rasul, A. Secreted frizzled-related protein 4 and its implication

in obesity and type-2 diabetes. IUBMB Life 2019, 71, 1701–1710.
69. Swanson, K.V.; Deng, M.; Ting, J.P. The NLRP3 inflammasome: Molecular activation and regulation to therapeutics. Nat. Rev.

Immunol. 2019, 19, 477–489.
70. Bergsbaken, T.; Fink, S.L.; Cookson, B.T. Pyroptosis: Host cell death and inflammation. Nat. Rev. Microbiol. 2009, 7, 99–109.
71. Dinarello, C.A.; Donath, M.Y.; Mandrup-Poulsen, T. Role of IL-1beta in type 2 diabetes. Curr. Opin. Endocrinol. Diabetes Obes.

2010, 17, 314–321. [PubMed]
72. Jager, J.; Grémeaux, T.; Cormont, M.; Le Marchand-Brustel, Y.; Tanti, J.F. Interleukin-1beta-induced insulin resistance in adipocytes

through down-regulation of insulin receptor substrate-1 expression. Endocrinology 2007, 148, 241–251. [PubMed]
73. Stienstra, R.; van Diepen, J.A.; Tack, C.J.; Zaki, M.H.; van de Veerdonk, F.L.; Perera, D.; Neale, G.A.; Hooiveld, G.J.; Hijmans, A.;

Vroegrijk, I.; et al. Inflammasome is a central player in the induction of obesity and insulin resistance. Proc. Natl. Acad. Sci. USA
2011, 108, 15324–15329. [PubMed]

74. Schroder, K.; Zhou, R.; Tschopp, J. The NLRP3 inflammasome: A sensor for metabolic danger? Science 2010, 327, 296–300.
[CrossRef]

75. Vague, J. The degree of masculine differentiation of obesities: A factor determining predisposition to diabetes, atherosclerosis,
gout, and uric calculous disease. Am. J. Clin. Nutr. 1956, 4, 20–34.

76. Krotkiewski, M.; Björntorp, P.; Sjöström, L.; Smith, U. Impact of obesity on metabolism in men and women. Importance of
regional adipose tissue distribution. J. Clin. Investig. 1983, 72, 1150–1162. [CrossRef]

77. Bowman, K.; Atkins, J.L.; Delgado, J.; Kos, K.; Kuchel, G.A.; Ble, A.; Ferrucci, L.; Melzer, D. Central adiposity and the overweight
risk paradox in aging: Follow-up of 130,473 UK Biobank participants. Am. J. Clin. Nutr. 2017, 106, 130–135.

78. Fang, L.; Guo, F.; Zhou, L.; Stahl, R.; Grams, J. The cell size and distribution of adipocytes from subcutaneous and visceral fat is
associated with type 2 diabetes mellitus in humans. Adipocyte 2015, 4, 273–279.

79. Giordano, A.; Frontini, A.; Cinti, S. Adipose organ nerves revealed by immunohistochemistry. Methods Mol. Biol. 2008, 456, 83–95.
80. Giordano, A.; Morroni, M.; Santone, G.; Marchesi, G.F.; Cinti, S. Tyrosine hydroxylase, neuropeptide Y, substance P, calcitonin

gene-related peptide and vasoactive intestinal peptide in nerves of rat periovarian adipose tissue: An immunohistochemical and
ultrastructural investigation. J. Neurocytol. 1996, 25, 125–136.

81. Lidell, M.E. Brown Adipose Tissue in Human Infants. Handb. Exp. Pharmacol. 2019, 251, 107–123. [PubMed]
82. Zoico, E.; Rubele, S.; De Caro, A.; Nori, N.; Mazzali, G.; Fantin, F.; Rossi, A.; Zamboni, M. Brown and Beige Adipose Tissue and

Aging. Front. Endocrinol. 2019, 10, 368.
83. Villaret, A.; Galitzky, J.; Decaunes, P.; Estève, D.; Marques, M.A.; Sengenès, C.; Chiotasso, P.; Tchkonia, T.; Lafontan, M.; Kirkland,

J.L.; et al. Adipose tissue endothelial cells from obese human subjects: Differences among depots in angiogenic, metabolic, and
inflammatory gene expression and cellular senescence. Diabetes 2010, 59, 2755–2763. [CrossRef]

84. Cinti, S. Reversible physiological transdifferentiation in the adipose organ. Proc. Nutr. Soc. 2009, 68, 340–349. [PubMed]
85. Kotzbeck, P.; Giordano, A.; Mondini, E.; Murano, I.; Severi, I.; Venema, W.; Cecchini, M.P.; Kershaw, E.E.; Barbatelli, G.;

Haemmerle, G.; et al. Brown adipose tissue whitening leads to brown adipocyte death and adipose tissue inflammation. J. Lipid
Res. 2018, 59, 784–794.

86. Hall, J.E.; do Carmo, J.M.; da Silva, A.A.; Wang, Z.; Hall, M.E. Obesity, kidney dysfunction and hypertension: Mechanistic links.
Nat. Rev. Nephrol. 2019, 15, 367–385.

87. Lempesis, I.G.; Varrias, D.; Sagris, M.; Attaran, R.R.; Altin, E.S.; Bakoyiannis, C.; Palaiodimos, L.; Dalamaga, M.; Kokkinidis, D.G.
Obesity and Peripheral Artery Disease: Current Evidence and Controversies. Curr. Obes. Rep. 2023, 1–16. [CrossRef]

88. Champigny, O.; Ricquier, D.; Blondel, O.; Mayers, R.M.; Briscoe, M.G.; Holloway, B.R. Beta 3-adrenergic receptor stimulation
restores message and expression of brown-fat mitochondrial uncoupling protein in adult dogs. Proc. Natl. Acad. Sci. USA 1991,
88, 10774–10777.

https://doi.org/10.1038/s41598-019-47719-y
https://doi.org/10.1038/nature21363
https://www.ncbi.nlm.nih.gov/pubmed/27337111
https://www.ncbi.nlm.nih.gov/pubmed/12667446
https://doi.org/10.1167/iovs.06-1122
https://www.ncbi.nlm.nih.gov/pubmed/20144759
https://www.ncbi.nlm.nih.gov/pubmed/20588114
https://www.ncbi.nlm.nih.gov/pubmed/17038556
https://www.ncbi.nlm.nih.gov/pubmed/21876127
https://doi.org/10.1126/science.1184003
https://doi.org/10.1172/JCI111040
https://www.ncbi.nlm.nih.gov/pubmed/29675580
https://doi.org/10.2337/db10-0398
https://www.ncbi.nlm.nih.gov/pubmed/19698198
https://doi.org/10.1007/s13679-023-00510-7


Antioxidants 2023, 12, 1449 14 of 14

89. Himms-Hagen, J.; Cui, J.; Danforth, E., Jr.; Taatjes, D.J.; Lang, S.S.; Waters, B.L.; Claus, T.H. Effect of CL-316,243, a thermogenic
beta 3-agonist, on energy balance and brown and white adipose tissues in rats. Am. J. Physiol. 1994, 266 Pt 2, R1371–R1382.
[CrossRef]

90. Collins, S.; Daniel, K.W.; Petro, A.E.; Surwit, R.S. Strain-specific response to beta 3-adrenergic receptor agonist treatment of
diet-induced obesity in mice. Endocrinology 1997, 138, 405–413. [CrossRef]

91. Ghorbani, M.; Himms-Hagen, J. Appearance of brown adipocytes in white adipose tissue during CL 316,243-induced reversal of
obesity and diabetes in Zucker fa/fa rats. Int. J. Obes. Relat. Metab. Disord. 1997, 21, 465–475. [CrossRef]

92. Sasaki, N.; Uchida, E.; Niiyama, M.; Yoshida, T.; Saito, M. Anti-obesity effects of selective agonists to the beta 3-adrenergic
receptor in dogs. I. The presence of canine beta 3-adrenergic receptor and in vivo lipomobilization by its agonists. J. Vet. Med. Sci.
1998, 60, 459–463. [CrossRef] [PubMed]

93. Betz, M.J.; Enerbäck, S. Human Brown Adipose Tissue: What We Have Learned So Far. Diabetes 2015, 64, 2352–2360. [CrossRef]
94. O’Mara, A.E.; Johnson, J.W.; Linderman, J.D.; Brychta, R.J.; McGehee, S.; Fletcher, L.A.; Fink, Y.A.; Kapuria, D.; Cassimatis, T.M.;

Kelsey, N.; et al. Chronic mirabegron treatment increases human brown fat, HDL cholesterol, and insulin sensitivity. J. Clin.
Investig. 2020, 130, 2209–2219. [CrossRef]
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