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Abstract: It is well established that decreases in plasma leptin levels, as with fasting, signal starvation
and elicit appropriate physiological responses, such as increasing the drive to eat and decreasing
energy expenditure. These responses are mediated largely by suppression of the actions of leptin
in the hypothalamus, most notably on arcuate nucleus (ArcN) orexigenic neuropeptide Y neurons
and anorexic pro-opiomelanocortin neurons. However, the question addressed in this review is
whether the effects of increased leptin levels are also significant on the long-term control of energy
balance, despite conventional wisdom to the contrary. We focus on leptin’s actions (in both lean
and obese individuals) to decrease food intake, increase sympathetic nerve activity, and support the
hypothalamic–pituitary–thyroid axis, with particular attention to sex differences. We also elaborate
on obesity-induced inflammation and its role in the altered actions of leptin during obesity.

Keywords: energy expenditure; brown adipose tissue; obesity; diet-induced thermogenesis; sex
differences; arcuate nucleus; paraventricular nucleus; obesity-induced inflammation; selective leptin
resistance; weight regain

1. Introduction

Energy balance is defined as food or energy intake minus energy expenditure, which
in turn is determined by internal work (energy expended by normal organ function, which
is dependent on ATP formation and ultimately results in heat) plus external work (skeletal
muscle activity). If food intake exceeds energy expenditure, because energy cannot be
created or destroyed (first law of thermodynamics), the excess energy is stored largely as
fat in adipose tissue. However, in young to middle-aged healthy individuals, body weight
remains remarkably constant over the long-term (months to years), despite widely varying
food intakes and energy expenditures [1–3]. Clearly, homeostatic mechanisms must exist
to ensure a constant body weight, which, ignoring changes in total body water content, is
proportional to fat content. This constancy makes teleological sense from an evolutionary
perspective, as a low fat content limits energy reserves during starvation and impedes
reproduction, whereas a high fat content impairs predatory survival.

While the mechanisms that underlie the control of food intake and energy expenditure
in the short-term (meal-to-meal) are fairly well understood, the mechanisms contributing
to the precision of long-term body weight control remain largely unresolved, with one
key exception: decreased levels of the hormone leptin, produced in and released from
adipose tissue in direct proportion to adipose size, signal starvation to the body, leading
appropriately to hunger and reduced energy expenditure [4,5]. Nevertheless, the normal
long-term stability of fat mass and body weight suggests that mechanisms must also exist
to suppress food intake and increase energy expenditure when the energy balance becomes
positive (albeit for relatively short but sustained periods). However, whether increases in
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leptin levels physiologically signal an adipose surfeit to suppress food intake and increase
energy expenditure is often disputed [5]. One argument against such a role is that acutely
large, non-physiological doses of exogenous leptin are required [5,6].

The purpose of this review was to consider evidence for and against a role for increases
in endogenous leptin in the long-term control of energy balance. Although leptin circulates
in plasma, the vast majority of its actions are mediated via binding to receptors in the
brain [4]. After central neuronal binding, leptins can influence the function of many organ
systems in addition to those involved in the regulation of energy balance, including the
hypothalamic–pituitary–thyroid (HPT) axis and the cardiovascular system [4]. The effects
of leptin on energy balance as well as on the cardiovascular system are mediated at least in
part by changes in the activity of autonomic nervous innervation of organs important in
the control of energy balance [4]. Therefore, we particularly focus on its actions to increase
sympathetic nerve activity (SNA).

2. Dissimilar Impact of Decreases versus Increases in Leptin

The discovery of leptin and the leptin receptor (LepR) pivoted on the generation of
two mouse models exhibiting extreme obesity: the ob/ob mouse (carrying mutations in the
gene responsible for the production of leptin) and the db/db mouse (carrying mutations
in the gene responsible for the production of LepR). With its discovery, it quickly became
clear that decreased leptin levels signal a negative energy balance (predominantly via the
JAK-Stat pathway [4]), largely mediated by reduced binding of leptin to its receptors in the
hypothalamus [4,5]. Hence, leptin is often called the “starvation hormone.” On the other
hand, normal plasma leptin concentrations are near a “threshold” level in most individuals,
such that the relationships between leptin and its actions are steep when leptin levels
fall, as during fasting, but further elevations in leptin seem to have minimal effects [5–8].
Explanations for these reduced effects include maximal receptor occupancy at physiological
leptin concentrations and, following leptin binding to its receptor, activation of short-loop
negative feedback systems via increased levels of the negative cellular regulator, suppressor
of cytokine signaling 3 (SOCS3) [9,10]. Nevertheless, it is important to note that most
studies documenting the relative resistance to increases in leptin levels utilized large,
supraphysiological, and often acute doses of leptin. Do these data, therefore, preclude a
role for increases in leptin within the physiological range?

Early research suggests not. Halaas et al. [11] convincingly demonstrated that long-
term (2–4 week) subcutaneous leptin infusions in rats, which produced an increase in
plasma leptin concentrations by as little as 40%, significantly decreased body weight by
both suppressing food intake and increasing energy expenditure. How is this possible
if maximal receptor occupancy already exists at normal plasma leptin concentrations?
Recent data highlights one explanation. With time (hours to days), leptin induces the
expression of its own receptor in two key hypothalamic sites, the arcuate nucleus (ArcN)
and the paraventricular nucleus (PVN) [12,13]. Leptin also induces the expression of its
receptor in cultured microglia [14]. Thus, sustained increases in leptin could effectively
increase its threshold level. While increases in most hormones typically trigger a negative
feedback decrease in receptor expression, the ability of leptin to increase the expression of
its receptor makes teleological sense in the light of leptin’s role in the long-term control of
energy balance. Given, as indicated above, that leptin’s acute effects are limited in part by
LepR expression, LepR upregulation due to sustained increments in leptin levels (signaling
energy or adipose excess) could unveil its latent anorexic and energy-expending actions.

Recent work suggests that the cellular actions of leptin on brain neurons may also
be amplified with time via synergism with other neurotransmitters or neuromodulators.
An example from our work: we investigated whether and how leptin in PVN increases
SNA and blood pressure, despite a scarcity of LepR. Bilateral PVN injections increased
lumbar SNA (LSNA), which innervates hindquarter skeletal muscle, as well as heart
rate, blood pressure, and brown adipose tissue (BAT) SNA, but the increases developed
slowly, reaching significance only after several minutes [12]. Interestingly, the slowly
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developing responses were associated with increased LepR expression (see above). These
results were consistent with previous studies demonstrating that intracerebroventricular
(ICV) leptin administration also slowly increased SNA and blood pressure [15,16] and
that prior ICV administration of leptin amplified the hypertension elicited by a second
leptin challenge [17]. Further studies revealed that the leptin-induced sympathoexcitatory
response depended in part on glutamate, likely via synergism with leptin directly on PVN
pre-sympathetic neurons, as previously shown in the hippocampus [18], as well as possibly
via the activation of glutamatergic interneurons.

3. Physiological Significance of Increases in Leptin
3.1. Neurocircuitry by Which Leptin Increases SNA and Energy Expenditure (Figure 1)

Before considering the data for and against a physiological role for increases in leptin
in long-term energy balance, it is necessary to outline the brain sites and pathways by
which leptin not only inhibits food intake and increases energy expenditure (via both BAT
SNA and the HPT axis), but also influences the function of the cardiovascular system.

It is well established that the ArcN is a central hub mediating the varied effects of
leptin on food intake and energy expenditure. Within the ArcN, key neuronal subtypes
include the orexigenic neuropeptide Y/Agouti-related protein (NPY/AgRP) neurons and
their counterpart, anorexic pro-opiomelanocortin (POMC) neurons [4,5] (Figure 1). NPY
neurons and the downstream neurocircuitry react quickly to stimulate food intake; however,
POMC neurons and downstream sites are only slowly engaged, particularly in the context
of the control of food intake [5,19]. Since hormones such as leptin excite POMC neurons,
this slow responsiveness is again consistent with leptin’s role in counteracting long-term
accrual of excess body fat. In turn, ArcN NPY and POMC neurons course to multiple
hypothalamic sites, most notably the PVN and DMH [19,20].
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Figure 1. Hypothalamic neurocircuitry by which leptin increases SNA and activates the HPT axis.
NPY: Neuropeptide Y; POMC: Pro-opiomelanocortin; ArcN: Arcuate nucleus; PVN: Paraventricular
nucleus; TRH: Thyrotropin-releasing hormone; TSH: Thyroid-stimulating hormone; TH: Thyroid
hormone; OT: Oxytocin; EE: Energy expenditure; BAT SNA: Brown adipose tissue sympathetic
nerve activity; RVLM: Rostral ventrolateral medulla; RPa: Raphe pallidus; DMH: Dorsomedial
hypothalamus. Green arrows: stimulatory; red arrows: inhibitory. See text for description and details.

Unlike the control of food intake, in which the ArcN is a major site of action, leptin
binds to receptors in several hypothalamic sites to increase the activity of sympathetic
nerves innervating many organs (kidney, muscle, gut, heart, BAT). Nevertheless, the ArcN
again appears to be primary, as ArcN lesions prevented the effect of intravenous (IV) leptin
to increase SNA [21] (Figure 1). Further evidence indicates that the PVN is also crucial in the
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downstream neurocircuitry (Figure 1). More specifically, the sympathoexcitatory response
to ICV leptin (which presumably can access many hypothalamic sites [22]) was abolished by
nonselective blockade of the PVN [16], also suggesting that the PVN is a site of confluence,
regardless of where leptin is binding to initiate increases in SNA. Consistent with this
model, ArcN NPY neuronal fibers that project to the PVN tonically inhibit presympathetic
neurons reaching the brainstem cardiovascular center, the rostral ventrolateral medulla
(RVLM) [23,24], as well as the brainstem center regulating BAT SNA, the raphe pallidus
(RPa) [25] (Figure 1). In parallel, ArcN POMC neurons project to and excite presympathetic
neurons that increase LSNA (which innervates skeletal muscle) [16,24] and BAT SNA [26]
via release of alpha-melanocyte-stimulating hormone (α-MSH) (Figure 1). Importantly,
reversal of tonic NPY sympathoinhibition is required before α-MSH can stimulate PVN
presympathetic neurons [24].

The PVN contains at least four subsets of pre-sympathetic neurons that project to
the brainstem or preganglionic neurons in the spinal cord: those expressing corticotropin
releasing hormone (CRH), thyrotropin-releasing hormone (TRH), vasopressin, or oxytocin
(OT) [12,27,28]. Increased leptin levels inhibit ArcN NPY neurons and stimulate POMC
neurons, thereby increasing LSNA, splanchnic SNA (SSNA), and BAT SNA [12,24,29] via
both TRH and OT presympathetic neurons [12,25,30,31] (Figure 1). Leptin’s actions on
ArcN NPY and POMC neurons that project to the PVN also inhibit food intake [32]. Finally,
considerable information indicates that NPY neurons inhibit and POMC neurons stimulate
the release of TRH from PVN neurons that instead progress to the median eminence, where
thyroid-stimulating hormone (TRH) is released into the blood to stimulate the production of
thyroid hormone (TH) [33,34] (Figure 1). Therefore, leptin can increase energy expenditure
by both increasing TH levels as well as BAT SNA.

In addition to the ArcN, leptin is also capable of direct stimulatory actions on PVN
TRH neurons, despite a paucity of LepR [12,33,34] (Figure 1). These actions likely rely on
LepR receptor induction and synergism with glutamate [12], as described above. Direct
leptin stimulation of TRH neurons not only leads to increased production of TH, but it also
increases SNA to skeletal muscle (LSNA) and BAT [12], thereby reinforcing the effects of
ArcN leptin to increase energy expenditure via these same pathways.

A third hierarchical site of leptin action is the DMH, not only via direct actions [12,35–37]
but also possibly via indirect actions by suppression of ArcN NPY neurons [20,25] and
stimulation of ArcN POMC neurons that project to the DMH [26,38] (Figure 1). As in the
PVN, these actions lead to increases in LSNA and BAT SNA.

3.2. Diet-Induced Increases in Leptin

Given that leptin can induce the expression of its own receptor, are increments in
leptin levels physiologically significant? Leptin-induced increases in LSNA could serve,
over a longer time frame than insulin, to stimulate glucose uptake into muscle [39,40],
whereas increases in BAT SNA generate heat and increase energy expenditure, both of
which are appropriate actions in the face of increased body energy content, such as after
eating. Thus, one physiological paradigm that has been extensively studied is diet-induced
thermogenesis (DIT). It is important to emphasize, however, that while DIT was first
hypothesized to play a role in long-term energy balance, the term DIT has more recently
been used to describe the increases in body temperature and energy expenditure that
occur as a result of eating a single meal. To distinguish between these two phenomena
with widely differing time frames, we refer to the latter as “meal-induced thermogenesis”
or MIT.

MIT results from the thermic effects of the digestion and absorption of food, largely
of protein and carbohydrates; storage of excess food stuffs increases energy expenditure,
but not heat (for reviews, see refs. [41–44]). In addition, while somewhat controversial due
to the varying indirect approaches used to measure BAT activity, considerable evidence
suggests that eating leads to BAT activation in both rodents and humans, in part mediated
by increased BAT SNA (for reviews, see ref. [41,43,44]). Leptin increases BAT SNA and BAT
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thermogenesis [45] and leptin levels increase after eating; therefore, does leptin contribute
to MIT? In humans, plasma leptin levels rise hours after eating [46,47], emphasizing its role
in the long-term control of energy balance, but the rise occurs only after MIT has subsided,
thus disputing a role of leptin in MIT. On the other hand, a recent study showed that re-
feeding starved (48 h) rats increased body temperature and energy expenditure [48], and in
parallel, leptin levels increased from low to normal. Further experiments revealed that the
rise in body temperature, which was mediated by BAT activation (prevented by blockade
of SNA or removal of BAT) but not an increase in energy expenditure, was dependent on
leptin. Nevertheless, in this experimental paradigm, leptin levels increased from below
normal back to normal, which again emphasizes the important physiological role of low to
normal leptin plasma concentrations (although, notably, increases in leptin to twice normal
levels evoked further increases in body temperature in this study). Thus, current evidence
supports a major role for leptin in MIT or MIT-induced BAT activation only when its levels
are low, as during fasting.

On the other hand, Rothwell and Stock’s groundbreaking work suggested that leptin
is critical to the increase in BAT-induced thermogenesis (DIT) that occurs in response to
long-term overeating. In their experiments, rats fed a cafeteria diet to induce voluntary
hyperphagia exhibited minimal body weight gain because of reduced feeding efficiency
due to BAT activation, heat dissipation, and increased energy expenditure [49,50]. Evidence
supporting a major role for leptin in increased heat production was that reduced feeding
efficiency and DIT were not observed in ob/ob mice [51,52]. When humans were overfed
for short periods, they also exhibited a compensatory increase in energy expenditure
(independent of the increase in body mass) [5,53]. However, it is unknown whether this
long-term DIT in overfed humans depends on leptin, although a case has been made for its
existence [19,50]. On the other hand, a recent study suggested that another, unidentified,
catabolic factor released from adipose tissue inhibited food intake and reduced feeding
efficiency in mice overfed for days via gastric infusion [54]. Nevertheless, a role for leptin
was not eliminated, since mice in which leptin levels were clamped below normal ate more
after release from overfeeding than mice in which leptin levels were allowed to increase
with fat mass. Therefore, current evidence implicates at least a partial role for leptin in DIT,
but clearly more work is required; in particular, long-term challenge studies in humans
need to be conducted.

4. Obesity-Induced Increases in Leptin

As indicated above, in the steady-state, energy (food) intake equals energy expended
plus storage primarily in adipose tissue. Therefore, storage = food intake − (internal heat +
external work). This relationship is the basis of the general consensus that obesity (excess
storage) “is the consequence of small, cumulative imbalances between energy intake and
expenditure” [5,55]. Nevertheless, some researchers have hypothesized that obesity could
instead originate from derangements in food-partitioning or storage mechanisms ([56],
see also ref. [5,57]). If so, then in order for obesity to occur, again there must also be
derangements in the mechanisms that signal increased adiposity to the brain (such as
leptin) and nullification of the subsequent, homeostatic, long-term control of food intake
and/or expenditure that would tend to counteract increased adiposity. Therefore, in
either case, there must be changes in these homeostatic mechanisms to ultimately allow
small persistent increments in adipose to transpire in non-obese individuals. What are
these changes? Many explanations have been suggested, including inherited, multi-modal
genetic mutations or epigenetically modified genes, as well as environmental factors such
as dietary composition, physical activity level, or social and hedonistic influences [5,58].
As an example of the latter, it is well known that many people gain weight during holiday
periods [59] and that this excess weight can be sustained [60].

Regardless of how the obese state evolves, it is well established that excess adiposity
yields the expected increases in plasma leptin levels. Nevertheless, the elevated leptin
levels clearly fail to effectively suppress food intake or increase energy expenditure due to
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“leptin resistance” [5] (Figure 1). Thus, the excess adiposity comes to be considered normal.
In other words, since increased leptin levels normally mitigate against the long-term accrual
of body fat, there must be a factor that counteracts this normal response such that there is
a shift in the threshold or “setpoint” of body weight maintenance to a higher leptin level.
A hotly debated question is: why? One mechanism to explain the reduced effectiveness
of elevated plasma leptin levels to counteract increased adiposity is that the transport
of leptin from plasma to the brain is attenuated [61,62]. Second, while LepR-expressing
hypothalamic neurons critical in the regulation of food intake and energy expenditure
retain responsiveness to leptin in obese animals [10,63], responses were reduced with
ICV administration of leptin, which bypassed the blood-brain barrier (BBB) transport
mechanism [22,61,62]. Thus, leptin still bound and activated its receptor; however, the
degree of activation and/or downstream signaling was less than predicted based on leptin
levels alone. As a result, ArcN NPY levels were relatively increased and POMC levels
were decreased [64]. What then attenuates the responsiveness of hypothalamic LepR to
plasma leptin?

Obesity Suppresses Leptin’s ArcN Anorexic Actions

As described above, one mechanism that normally tends to minimize leptin’s inhibi-
tion of food intake and increase in energy expenditure is near maximal LepR occupation,
although this limitation can be overcome with time by leptin’s ability to induce the expres-
sion of its own receptor. Therefore, obesity could also reduce leptin responsiveness or shift
the leptin setpoint by hindering leptin induction of its own receptor. In support of this
view, while obesity has been shown to increase LepR expression in the ArcN [10,13], the
administration of leptin to further increase plasma levels in obese mice failed to induce
additional LepR expression, unlike in lean mice [13]. Thus, leptin-induced increased LepR
expression appears to be restrained during obesity, thereby contributing to a reduction in
leptin’s actions.

With obesity, elevated levels may also suppress the ability of leptin to inhibit food
intake via induction of cellular signaling negative feedback mechanisms, as described
above, such as SOC3 and the tyrosine phosphatase, PTP1B, both of which are increased,
specifically in the ArcN [10,65]. A recent study proposed that leptin’s ability to mute its
own actions via this feedback is a major contributor to leptin resetting [10,65] and that
small decreases in leptin levels could actually unmask its anorexic actions. However, if so,
why is weight loss in obese individuals, which is accompanied by a decrease in plasma
leptin levels, so difficult to maintain (i.e., the fall in leptin levels causes hunger and reduced
energy expenditure rather than reduced hunger; see below)?

In addition to limits in hypothalamic LepR expression and induction of cellular nega-
tive feedback signaling pathways, significant evidence indicates that obesity also induces
hypothalamic inflammation, microglia activation, and cytokine production [64,66], which
correlates with and contributes to ArcN leptin resistance [5]. The inflammation associated
with obesity is a classic example of a low-grade systemic response affecting the whole
body, brain included [67]. This low-grade, sustained over time, inflammatory response
has also been termed metabolic inflammation or meta-inflammation [68]. We will now
describe immune derangements, beginning first with peripheral inflammation and then
the occurrence and mechanisms of central inflammation.

5. Obesity: A State of Inflammation
5.1. Obesity-Induced Systemic Inflammation

Adipose tissue is directly involved in immune function. Adipocytes and macrophages
have many characteristics in common; indeed, pre-adipocytes can differentiate into
macrophages [69]. White adipose tissue (WAT) has the ability to release more than 600 dif-
ferent bioactive molecules, including cytokines and chemokines, which are collectively
known as adipokines [70–72] (Table 1).



Int. J. Mol. Sci. 2023, 24, 2684 7 of 23

Table 1. Obesity-induced cytokine responses.

Cytokine Description Changes with Obesity

Leptin

Pro-inflammatory adipokine released by fat
cells. Stimulates T cells, macrophages, and

neutrophils to release pro-inflammatory
cytokines [73]. Leptin is essential for normal
T-cell proliferation and its deficiency causes

thymus atrophy and severe immune
dysfunction [73,74]. Surprisingly, leptin

improves survival during sepsis [75].

Levels directly related to fat stores; increase
with obesity. WAT inflammation was strongly

reduced when LepR was knocked out in
leukocytes in DIO mice [76].

Adiponectin
An anti-inflammatory adipokine that

modulates a number of metabolic
processes [77].

Adiponectin circulating levels are usually
inversely proportional to the level of visceral
adiposity; therefore, obese individuals have

very low levels of adiponectin [78]. The
adiponectin–leptin ratio is often considered a
functional marker of inflammation associated

with obesity [77].

Resistin

Also known as adipose tissue-specific secretory
factor, it plays a role in the pathogenesis of

atherosclerosis by enhancing the synthesis of
hepatic LDL [79].

Elevated with non-morbid obesity. Acts locally
on leukocytes, located in the WAT, to induce

the release of pro-inflammatory cytokines [80].

Tumor necrosis factor α (TNF)

TNF is a necessary and sufficient mediator of
inflammation, acutely released by

macrophages, T cells, and natural killer cells
during infection [81]. TNF is also released by

adipocytes [82].

Its plasma levels are generally high in obese
individuals, especially in those presenting
visceral obesity rather than subcutaneous

obesity [83]. However, it is not clear whether
its levels decrease after weight loss [84].

IL-6

A proinflammatory cytokine produced by
immune, endothelial, and muscle cells as well
as adipocytes [70]. Surprisingly, an anti-IL-6
antibody therapy, used for the treatment of

rheumatoid arthritis, causes weight gain [85]

Plasma levels are correlated with BMI and
especially with adipose tissue mass [86].

Surgery- induced weight loss is associated
with a significant decrease in IL-6 levels [87].

Monocyte chemoattractant
protein-1 (MCP-1)

Key chemokine that regulates migration and
infiltration of monocytes and

macrophages [88].

Circulating MCP-1 levels do not differ between
lean and obese individuals [89]; however,

levels of this chemokine increase selectively in
the WAT of obese adults [90]. MCP-1 levels in
plasma significantly decrease after Roux-en-Y
Gastric Bypass (RYGB) surgery or a low calorie

diet [70,91].

Interleukin 8 (IL-8) Pro-inflammatory and chemoattractant
cytokine [92].

Systemic levels are closely correlated with BMI,
waist circumference, and other obesity-related

parameters [93]. Weight loss is not always
associated with a decrease in IL-8 plasma

levels; in fact, low calorie diet-induced weight
loss is associated with an increase in IL-8 levels

[94], whereas weight loss induced by RYGB
produces a decrease in IL-8 levels [95].

Interleukin 10 (IL-10)
Anti-inflammatory cytokine released by M2
macrophages, Th2 T cells, neutrophils, and

adipocytes [96].

Systemic IL-10 levels are generally inversely
correlated with BMI and body fat percentage

[70,97]. Nevertheless, plasma IL-10 levels have
been reported to be elevated in obese women;
however, obese women with lower IL-10 levels

were more prone to develop metabolic
syndrome [98].
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Table 1. Cont.

Cytokine Description Changes with Obesity

C-reactive protein (CRP) Released by hepatocytes in response to trauma,
infection, or injury [99].

CRP levels are significantly higher in obese
individuals than in lean subjects [86] and

decrease with diet or weight loss induced by
surgical intervention [100,101], making it a

good marker of meta-inflammation.

Transforming growth factor β
(TGF-β) Cytokine released by all leukocytes [102].

Regardless of the location of fat mass, obesity
is associated with enhanced levels of TGF-β

[103], while weight loss decreases TGF- β
circulating levels [104].

The concept that obesity is associated with a low-grade inflammatory state stems
from demonstrations that circulating levels of interleukin-6 (IL-6) and C-reactive protein
(CRP), both pro-inflammatory markers, are elevated in obese animals and humans [105],
while they decrease back to normal levels after weight loss [84]. In addition, obesity can
be associated with an increase in the number of circulating neutrophils and other white
blood cells (WBCs) but a specific decrease in cytotoxic T cells and NK cells [106,107]. The
inflammation can be widespread: Fischer and colleagues showed that a high fat diet (HFD)
for 20 weeks induced increases in body weight, glucose intolerance, and inflammation in
the liver, perigonadal fat, and subcutaneous fat in mice. Most of these parameters returned
to normal after 7 weeks of a low fat diet (LFD); however, inflammation persisted in the
liver and perigonadal fat, which becomes critical in the context of sustained weight loss
(see below) [108].

The low-grade systemic inflammatory status associated with obesity likely evolves
from several sources [71]. As previously reviewed in detail [55,109], the number of
adipocytes is set or locked in parallel with a low level of constant turnover in humans
after the age of about 20. As a result, as lipid storage needs and adiposity increase, the
excess lipid requires an enlargement of resident adipocytes. In turn, adipose cell growth
necessitates a remodeling of the extracellular matrix (ECM) to support the larger fat cells,
ultimately leading to fibrosis [109]. In addition, the increased adipocyte size causes hypoxia,
oxidative stress [110], and the active secretion of cytokines. These adverse changes trigger
infiltration of leukocytes into the adipose tissue [70,109]. The adaptive immune remodeling
of WAT, in part induced via the recruitment of WBC by the chemokine, CxCl12 [111],
parallels the increased expression of pro-inflammatory markers in adipose tissue [112].
Hypertrophic adipocytes can also eventually burst, thereby worsening the local inflamma-
tory response [70]. WAT inflammation can therefore trigger a vicious cycle through which
other organs become inflamed and the inflammation emanating from local sites yields
increased systemic inflammation. Obesity can also induce an increase in gut permeability,
which if exaggerated, might lead to endotoxemia [i.e., increased levels of lipopolysaccha-
ride (LPS)] [113–115]. Finally, obesity is associated with an increase in SNA to the muscle
and kidney (see below) [116,117]. Sympathetic nerves are a double-edge sword when we
consider their role in the control of immune function: they promote anti-inflammatory
effects during the course of a systemic infection [118,119], but they also have the ability to
mediate pro-inflammatory effects when chronically overactivated [120,121], as is the case
in obese people. Sympathetic nerve activation in WAT is also associated with enhanced
non-esterified fatty acids and cytokine loads in the adipose microenvironment, includ-
ing that of pancreatic fat, which likely impair beta-cell function and contribute to insulin
resistance [122].

5.2. Obesity-Induced Neuroinflammation

Obesity triggers inflammatory responses in several areas of the CNS, including the hy-
pothalamus, mediated by microglia and astroglia activation and proliferation. Importantly,
hypothalamic inflammation first identified in preclinical studies has also been detected in
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obese humans [123,124]. Multiple mechanisms are likely involved. The first description
of obesity-induced hypothalamic inflammation came from the work of De Souza and
colleagues [125]. These authors showed that a high fat diet (HFD) for 4 months produced
high levels of IL-1β, TNF, and IL-6 in the hypothalamus of rats, mediated through the JNK
and NF-kB pathways. This was later confirmed in obese mice subjected to a much more
restricted period of HFD (24–72 h) [123]. In the short term, saturated fatty acids (SFAs),
especially long chain SFAs, bond to TLR-4 and triggered the classic pro-inflammatory
physiological response [126].

The hypothalamic inflammatory response, therefore, can precede systemic inflamma-
tion and the establishment of obesity, suggesting a possible causal role for neuroinflamma-
tion in initiating a pathophysiological response that leads to obesity. Several studies support
this scenario: (1) Specific and selective deletion of IKKB, a key protein involved in the
intracellular inflammatory cascade response, in hypothalamic astrocytes reduced the sus-
ceptibility of mice to diet-induced obesity [127]. (2) In rats fed a HFD, ICV administration of
IL-4, a key regulator in humoral and adaptive immunity, further increased HFD-mediated
hypothalamic inflammation and caused even more excessive weight gain. If the rats were
treated with an IKKB–NF-kB blocker, body weight and fat mass decreased [128]. (3) The in-
hibition of microglial expansion in the ArcN limited food intake with subsequent decreases
in body weight and fat content in mice [129]. (4) One to three days of HFD increased the
expression of the chemokine, CX3Cl1, in the hypothalamus of mice that were obesity-prone
but not in those that were obesity-resistant. Inhibition of CX3Cl1 reduced the glucose
intolerance and fat content of obesity-prone mice without affecting their body weight [130].
(5) Five days of HFD induced an overexpression of CXCl12 and its receptors, CXCR4 and
CXCR7, both in the PVN and lateral hypothalamus (LH). Hypothalamic administration of
CXCl12 in normal diet (ND)-fed animals recapitulated the effects of HFD consumption; it:
(i) reduced novelty-induced locomotor activity, (ii) increased encephalin gene expression in
the PVN, and (iii) induced an overconsumption of HFD rather than ND if the rats had a
choice. Collectively these responses contributed to weight gain [131].

With chronic obesity, a second contributor to hypothalamic inflammation may be
peripheral inflammation. Several adipokines, such as leptin, as well as cytokines, can cross
the BBB to activate microglia [71,132]. Other potential, but to our knowledge currently
unproven, scenarios include: (1) HFD rapidly alters the gut microbiome and increases gut
permeability, leading to leakage of bacterial LPS into the blood [114,115] and activation of
brain microglia [133,134]. Microglia activation may be direct, as LPS or its components has
been shown to bind to brain endothelial cells and tanocytes and enter the brain, possibly
via a lipoprotein transport mechanism [135]. Interestingly, LPS can also activate iNOS,
which has been shown to trigger the transformation of ArcN perivascular macrophages into
microglia-like immune cells, which move into the brain parenchyma [136]. Alternatively,
SFA or gut bacteria (or their byproduct, LPS) may activate vagal afferents [137,138], which
can increase hypothalamic inflammation [139]. Intriguingly, LPS, like obesity, has been
shown to cause leptin resistance via induction of the negative cellular regulator, PTP-
1B [140]. (2) Systemic inflammation can lead to disruption of the BBB, promoting leukocyte
extravasation and increasing diffusion of solutes across the BBB, including the entry of
pathogens and toxins in the brain parenchyma. This has the ability to trigger a vicious cycle
responsible for inducing further inflammation [141].

5.3. Potential Actions of Leptin to Facilitate Inflammation with Obesity

The most direct evidence for a role of leptin in establishing the low-grade systemic
inflammatory response associated with obesity is that WAT inflammation was strongly
reduced when LepR were knocked out in mouse leukocytes [76]. Leptin also directly
stimulates T cells, macrophages, and neutrophils [73] and is essential for normal T-cell
proliferation; its deficiency caused thymus atrophy and severe immune dysfunction [73,74].
In addition to systemic proinflammatory actions, leptin may also enable central inflamma-
tion. For example, by binding to brain endothelial receptors, leptin promoted neutrophil
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migration to and into the brain following LPS administration [132,142]. Indeed, obesity, via
increased leptin levels, exaggerated the neuroinflammatory response to LPS administration
(for review, see ref. [71]). However, to our knowledge, a specific role for increased leptin lev-
els in facilitating or mediating brain inflammation during obesity has not been established.

6. Obesity Induces Selective Leptin Resistance

The information summarized above suggests that, in obese individuals, elevated leptin
levels fail to adequately suppress food intake or increase energy expenditure (i.e., leptin
resistance) due to hypothalamic inflammation, maximal LepR occupancy, and decreased
LepR responsiveness secondary to cellular negative feedback inhibition. However, much
of the extensive research on this topic has been conducted without specific attention to
potential sex differences. It is well-established that plasma leptin levels are higher in females
than in males, either lean or obese. The pioneering studies of Clegg and colleagues [143]
also documented that females are more responsive to the anorexic actions of leptin than
males due to the sensitizing effects of estrogen. Nevertheless, the fact that women, like
men, become obese despite elevated leptin levels suggests that resistance to the anorexic
actions of leptin do develop, although preclinical studies suggest that a longer time on a
HFD is required [144,145]. Clearly, more work is needed.

While, especially in males, the anorexic responses to leptin dissipate with obesity,
leptin’s ability to influence other systems remains intact or is even enhanced, giving rise
to so called “selective leptin resistance.” This selectivity is apparent on at least two levels:
(1) within the ArcN, obesity suppresses the effect of leptin to inhibit food intake but not
its control of other modalities; and (2) leptin’s ability to suppress food intake and trigger
appropriate signaling mechanisms that underlie the regulation of many modalities are
muted in the ArcN but not in other leptin-receptive hypothalamic sites. As with the
anorexic actions of leptin, sex differences have also been observed. We will address two
of leptin’s effects that elude the development of resistance: leptin-induced activation of
cardiovascularly relevant SNA and the HPT axis, including what is currently known about
sex differences.

6.1. Selective Leptin Resistance in the ArcN: Preserved Leptin-Induced Increases in SNA (in
Obese Males)

The concept of selective leptin resistance was first identified in the context of leptin-
induced activation of the sympathetic nervous system and its contribution to obesity-
induced hypertension. As nicely summarized in their review [146], Mark and colleagues
were the first to show that leptin’s actions to suppress food intake and increase energy
expenditure were suppressed in genetic mouse models of obesity and diet-induced obesity,
but its ability to increase renal SNA (RSNA) was preserved or enhanced. Head and
colleagues similarly reported that in HF diet-induced obese compared to lean rabbits, ICV
administration of leptin induced larger increases in RSNA but smaller increases in c-fos
in many hypothalamic regions, including the ArcN and PVN [22], again highlighting the
selective preservation of leptin’s sympathoexcitatory mechanisms despite more global
cellular resistance.

As recently reviewed [24,147], several lines of evidence indicate that elevated lep-
tin levels in obese males increase SNA and can, if it occurs, contribute to hypertension:
(1) increases in MSNA correlate with leptin and adiposity levels in humans [24,148–151];
(2) nonspecific blockade of the ArcN or PVN decreased SNA and blood pressure in obese
rodents [152,153]; and (3) selective blockade of LepR, including specifically in the ArcN,
decreased SNA and blood pressure in obese animals [21,154,155]. Recent work has in-
vestigated whether changes in the function of ArcN NPY or POMC neurons in males
with obesity underlie sensitization to the sympathoexcitatory effects of leptin and/or its
metabolic partner, insulin. Briefly, the data suggest (see ref. [24] for a review) that tonic
inhibition of PVN presympathetic neurons by NPY is absent in obese males, allowing
sympathetic stimulation by leptin and insulin to progress unimpeded [156]. In addition,
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it appears that simultaneously enhanced signaling mechanisms in ArcN POMC neurons
mediate the amplified sympathoexcitation to leptin and insulin [153].

One mechanism that has been hypothesized to mediate the select preservation of
leptin-induced actions within the ArcN is that different leptin-induced signaling pathways
are engaged in resistant versus sensitive neurons [146,157]. Another hypothesized mech-
anism involves the actions of the renin-angiotensin system (RAS) in the brain, since the
sympathoexcitatory and hypertensive actions of leptin require functional AngII type 1 re-
ceptors (AT1aR), whereas the anorexic effects apparently do not [24,146] (Figure 2). Similar
to leptin and insulin, AngII in the ArcN increased SNA and blood pressure [158,159] in male
rats through binding to AT1aR; the downstream pathway depended upon inhibition of NPY
and stimulation of POMC neurons that project to the PVN [159]. A detailed neuroanatom-
ical assessment of the location of AT1aR in the ArcN of male rats [159,160] revealed that
(1) approximately 10% of AT1aR were expressed on NPY neurons; (2) AT1aR were rarely
found on POMC neurons (4%); (3) instead, AT1aR were expressed largely in neurons that
co-expressed both tyrosine hydroxylase (TyH; dopaminergic) and VGat2 (GABAergic) (see
also ref. [161]); (4) LepR positive neurons rarely co-expressed AT1aR. The distribution of
AT1aR in the mouse ArcN differed in that AT1aR were more commonly found in NPY- and
LepR-containing neurons, although the paucity of AT1aR in POMC neurons was similar
(2%) [162]. Based on information in rats, it was hypothesized that ArcN AngII increases
SNA through either direct or indirect (via stimulation of TH/GABAergic interneurons)
inhibition of sympathoinhibitory ArcN-to-PVN NPY neurons. This NPY disinhibition
allows other stimulatory factors to activate sympathoexcitatory POMC neurons, such as
AngII, leptin, insulin, or even inflammation. Obesity activates the RAS both systemically
and centrally [163–165]. Therefore, one hypothesis to explain the select sensitization of
ArcN presympathetic neurons to leptin in obese males is that this very small cohort of
sensitized neurons are those that co-express AT1aR with POMC and/or LepR.
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ArcN: Arcuate nucleus; AngII: Angiotensin II; Ang-(1–7): Angiotensin 1–7; TyH: Tyrosine hydrox-
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Sympathetic nerve activity. Green arrows: stimulatory; red arrows: inhibitory. Dotted arrows indicate
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Adapted in part from [24].
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The situation in females is quite different. While increases in MSNA correlate with
adiposity in men, a similar correlation is generally not observed in women (for reviews, see
ref. [24,149,165]). At least two factors may be involved: (1) In lean males, leptin increases
the activity of several sympathetic nerves; yet, in lean females, leptin’s stimulation of some
sympathetic nerves can vary with the reproductive cycle. More specifically, similar to
leptin’s anorexic actions in females [143], leptin-induced increases in LSNA and RSNA
require proestrus (heightened) levels of estrogen, whereas increases in SSNA and HR do not
vary during the estrus cycle and are similar between males and females [15]. Therefore, the
dependence of leptin on elevated estrogen levels to increase lumbar (preclinical studies) or
muscle (humans) SNA may lead to cycle-mediated variability that disrupts any correlation.
(2) Strikingly, unlike in obese males in which the sympathoexcitatory responses to insulin or
leptin can be enhanced (see above), insulin [156] and leptin (Shi and Brooks, unpublished
data) fail to increase SNA in obese females; in other words, obese females come to exhibit
leptin and insulin resistance rather than sensitization to its sympathoexcitatory actions.
Investigations of the mechanism revealed that tonic PVN NPY sympathoinhibition is not
reduced in obese females as it is in obese males, but it is unchanged [156]. More importantly,
the tonic NPY sympathoinhibition was not inhibitable (by insulin), thereby imposing an
irreversible blockade of sympathoexcitatory inputs.

In obese females, several possible (but unproven) mechanisms may resist the sym-
pathoexcitory effects of leptin or insulin [24,163,166] (Figure 2): (1) POMC neurons were
never found to co-express AT1aR, preventing this direct route of activation; (2) AT1aR
expression is induced by progesterone, as during estrus or pregnancy (when ArcN AT1aR
levels can become very high), but obesity tends to decrease progesterone levels; (3) obesity
in females is not associated with central inflammation; and (4) obesity in females activates
the anti-hypertensive arm of the RAS, Ang-(1-7), which could counteract AT1aR-mediated
sympathoexcitation and hypertension, specifically in the ArcN.

6.2. Preserved or Enhanced Leptin Responsiveness in the PVN and DMH: Leptin Support of the
HPT Axis and of BAT SNA with Obesity

In lean animals and humans, fasting suppresses the HPT axis and energy expenditure
via a concurrent decrease in plasma leptin levels through reversal of leptin’s tonic inhibition
of ArcN NPY neurons and excitation of ArcN POMC neurons that project to PVN TRH
neurons [33,34,167]. The direct effect of leptin on PVN TRH neurons is not involved, which
is not surprising, given the marked paucity of LepR in the PVN compared to that in the
ArcN. As described above, obesity renders ArcN NPY and POMC neurons resistant to
leptin, including those that influence PVN TRH neurons. However, obese humans and diet-
induced obese rats continue to demonstrate normal or even elevated TRH levels and activity
of the HPT axis in both males and females [168–172]. At least in males, this enhanced HPT
axis activity is instead mediated by the direct actions of leptin to stimulate PVN TRH
neurons [168], perhaps through an upregulation of PVN LepR, although this has not been
directly tested. With obesity, the direct action of leptin on PVN TRH presympathetic
neurons that project to the RVLM may also contribute to hypertension, since knockdown of
hypothalamic preproTRH normalized blood pressure in hypertensive diet-induced obese
rats [173].

Finally, evidence supporting sustained activation of DMH leptin-receptive neurons
was demonstrated in obese mice. More specifically, leptin activated BAT in DIO and ob/ob
mice in the face of muted anorexic actions. Blockade of LepR in the DMH prevented the
activation of BAT by leptin, implicating a role for this hypothalamic site in the sustained
thermogenic effects of leptin during obesity [35].

A summary of the sites and mechanisms of select leptin resistance in males versus
females is provided in Table 2.
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Table 2. Selective Leptin Resistance: Summary of Sex differences.

Males Females

Lean Obese Lean Obese

Plasma leptin levels _ ↑ ↑ ↑↑
Food intake with
increased leptin ↓ _ ↓↓ (dependent

on estrogen) _

LSNA with increased leptin ↑ ↑↑ ↑ (dependent
on estrogen) 0

SSNA with increased leptin ↑ ? ↑ ?

Tonic PVN NPY
sympathoinhibition _ ↓(0) _ _

PVN POMC (α-MSH)
sympathoexcitation _ ↑ _ ↓

HPT axis _ _ _ _

HPT axis: support
mediated by ArcN leptin _ ↓ _ ↓ (?)

HPT axis: support
mediated by PVN leptin 0 ↑ 0 (?) ↑ (?)

Table 2. While the increased leptin levels that occur with obesity fail to suppress food intake in both sexes, its
actions to increase SNA are increased in males (which can cause hypertension) but nullified in females (obese
reproductively active females do not exhibit increased SNA). These sex differences appear to pivot on differential
changes in the ArcN. More specifically, obese males exhibit sustained suppression of tonically inhibitory ArcN
NPY neurons and activation of POMC neurons that project to the PVN. In addition, the data indirectly suggest
that increased drive of PVN presympathetic TRH neurons due to increased expression of PVN LepR and leptin
binding may also contribute to hypertension development. In contrast, obesity leads to leptin resistance in ArcN
NPY and POMC presympathetic neurons in females. In both sexes, the activity of the HPT axis is maintained
or increased. In males, there is evidence that despite the development of resistance to leptin in ArcN NPY and
POMC neurons that control the HPT axis, TRH/TSH or thyroid hormone levels are normal or elevated due to
increased stimulation of PVN TRH neurons by endogenous leptin, possibly in part because of elevated LepR
expression. The symbol “_” denotes the response in lean males to which all other responses are compared. ↑:
increased; ↑↑: increased more compared to other ↑ in rows; ↓: decreased; ↓↓: decreased more compared to other ↓
in row; ?: unknown or unclear.

6.3. The Role of Leptin in Weight Regain

Multiple studies, including those based on the show “The Biggest Loser,” have clearly
documented that the increased body weight of obese individuals is homeostatically de-
fended such that it is nearly impossible to maintain weight loss [5,8,109,174]. While several
factors fuel this recidivism [8,109], here we focus on the contribution of sustained leptin
resetting. More specifically, elevated leptin levels fall with weight loss, which act inappro-
priately as a starvation signal to increase hunger and decrease energy expenditure in both
men and women [8,174–176] due to activation of NPY neurons and inhibition of POMC
neuron, in the ArcN (i.e., unremitting leptin resetting) [5,109]. Nevertheless, the activity of
systems exhibiting sustained leptin sensitivity with obesity, such as the HPT axis and SNA
to the vascular beds of cardiovascularly relevant organs, decreases with weight loss, leading
to resolution of hypertension [177,178] and a decrease in TH levels. Thus, the decrease in
energy expenditure (relative to body weight) is mediated in part by suppressed activity of
BAT as well as of the HPT axis [174,179,180]. Evidence that irreversible leptin resetting and
decreasing leptin and TH levels are a major contributor to the inability of formerly obese
humans to maintain weight loss is that leptin and/or thyroxine administration increased
the indices of SNA and also supported weight loss [181–183]. This sustained leptin resetting
seems to dispute the hypothesized action of decreases in endogenous leptin (such as with
weight loss) to enhance LepR responsiveness via decreases in negative signaling regulators
or a role for maximal LepR occupation as major contributors to the leptin resetting with
obesity. Therefore, the question then becomes: which mechanisms underlie sustained leptin
resetting of the control of food intake in formerly obese individuals? One such mechanism
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pivots on the failure of obesogenic adipose inflammation to dissipate with a reduction in
body weight and adipose tissue.

As described above, adipocytes enlarge with obesity, thereby promoting inflammation.
However, as fat cells shrink due to a negative energy balance and weight loss in obese
individuals, mechanical stress in the ECM ensues along with maintained fibrosis and ac-
companying sustained or even augmented adipose tissue inflammation [108,109,184–187],
despite the resolution of systemic and muscle inflammation and improved glucose han-
dling. Importantly, the sustained adipose inflammation is associated with sustained or
increased hypothalamic inflammation, as deduced from the expression levels of cytokines
and other inflammatory mediators in hypothalamic tissue blocks [188–190], as well as
immunohistochemical assessment of iba-1, a microglial marker, in the ArcN [64,191].

Additional indirect evidence that unrelenting hypothalamic inflammation mediates
sustained leptin resetting during obesity reversal is that the two treatments that most suc-
cessfully support long-term weight loss and reverse leptin resetting also reverse hypotha-
lamic inflammation: Roux-en-Y gastric bypass (RYGB) [192] and liraglutide [a glucagon-
like-peptide 1 (GLP-1) agonist] treatment [64]. Unlike calorie restriction, which causes
weight loss in association with increased ArcN orexigenic NPY/AgRP expression and
decreased anorexigenic POMC expression, RYGB decreases body weight without changes
in these neuromodulators [190,193–195]. In parallel, RYGB decreases hypothalamic indices
of inflammation [190,192,196] and increases leptin sensitivity [192,194]. However, while
RYGB can decrease adipose inflammation, this has not been a consistent finding [197–199];
therefore, are there other mechanisms that might explain how RYGB reverses hypotha-
lamic inflammation? Current hypotheses stem from changes in gut function [195]. First,
modification of the intestinal microbiome may reduce systemic metabolic endotoxicity,
which is known to impact the hypothalamus in such varied conditions as cancer-induced
cachexia and autonomic responses to bacterial toxemia [192]. Second, levels of GLP-1,
a peptide released from the small intestine, are significantly increased after RYGB [195]
and exert anti-inflammatory effects [200]. As mentioned above, liraglutade is a GLP-1
agonist currently being tested as an obesity reversal treatment [201,202]. Liraglutide not
only inhibits or reverses ArcN microglial activation in obese subjects losing weight [64,191],
but it also appears to suppress inhibitory PTP1B signaling, thereby enhancing leptin sen-
sitivity [191,203] in part by direct actions on POMC and NPY neurons [204]. Collectively,
these actions reverse leptin resetting and support sustained weight loss. Thus, sustained
hypothalamic inflammation with weight loss secondary to calorie restriction correlates
with sustained leptin resetting, but further work is required to mechanistically establish
this link.

7. Summary and Future Research Directions

It is well-established that decreased plasma leptin levels, as with fasting, signal star-
vation and elicit appropriate physiological responses, such as increasing the drive to eat
(and the intake of food, if available) and decreasing energy expenditure. These responses
are mediated by suppression of the actions of leptin in the hypothalamus, most notably on
ArcN orexigenic NPY neurons and anorexic POMC neurons. However, the main question
addressed in this review is whether the effects of increased endogenous (or exogenous)
leptin levels are also physiologically significant on the long-term control of energy balance
and the sympathetic nervous system, despite conventional wisdom to the contrary. To
summarize, we suggest the following:

While eating increases leptin levels, the rise is delayed relative to MIT; therefore, it
appears that leptin is not a major player in meal-evoked thermogenesis, except in fasting
individuals. On the other hand, DIT occurs over a much longer time frame and helps to
limit weight gain despite chronic overeating. Current evidence suggests that increases in
leptin levels contribute, but also that other unidentified hormonal mechanisms are involved.

Obesity also increases plasma leptin levels. While failing to decrease food intake due
to ArcN leptin resistance or resetting (secondary to hypothalamic inflammation, maximal
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LepR binding, and negative feedback mechanisms), increased leptin levels exert other
significant effects. In both sexes, elevated leptin levels support the HPT axis, likely via
increased actions in the PVN, possibly due to the induction of LepR expression in TRH
neurons. Particularly in obese males, increased leptin levels increase SNA to the muscle
and kidneys, thereby contributing to hypertension development. In sharp contrast, obese
females exhibit leptin (and insulin) resistance and are less likely to develop hypertension
secondary to sympathoexcitation. Obesity engenders a low-grade inflammatory state,
which may also depend, in part, on increased leptin levels. Lastly, a major early but
disappointing finding was that exogenous leptin administration failed to reverse obesity.
Nevertheless, preliminary investigations suggest that leptin administration to individuals
undergoing weight loss, when leptin levels fall due to sustained hypothalamic inflammation
and leptin resetting, may help sustain weight loss. Agents that reverse hypothalamic
inflammation, such as GLP-1, may also be beneficial.

Nevertheless, much remains to be discovered. Here, we suggest a few questions that,
when answered, could yield high impact. (1) Do increased leptin levels contribute to obesity-
or DIT-induced increases in energy expenditure (the HPT axis or BAT SNA) or hypertension
via induction of its receptor in PVN or ArcN (if so, which cell type)? Does leptin induce
its receptor in other brain areas? Leptin is a cytokine: what are the roles of LepR in
microglia or astroglia to aid and abet obesity-induced hypothalamic inflammation? (2) What
are the contributions of LPS, vagal afferent stimulation, and leptin in obesity-induced
neuroinflammation? (3) Does select reversal of hypothalamic inflammation after weight
loss reduce or eliminate weight regain? (4) What other catabolic hormones contribute to
homeostatic BW regulation with sustained increases in food intake and/or decreases in
energy expenditure? (5) How is adipose or systemic inflammation transmitted to the CNS?
(6) Does anti-immune therapy with or without leptin treatment [55,205] or treatment with
a GLP-1 agonist [201,202] help sustain weight loss? Minocycline has been successfully
used to reverse or prevent hypothalamic microglial activation in rodents fed a high fat
diet [206,207]; does this or a similar agent help sustain weight loss? (7) Finally, studies
focusing on sex differences and their mechanisms are lacking. In this context, studies of the
brain RAS and its role in energy balance, obesity, or obesity-induced increases in SNA and
hypertension development are clearly needed.

Author Contributions: Conceptualization: V.L.B. and D.M.; Writing—Original Draft Preparation:
V.L.B. and D.M.; Writing—Review & Editing: V.L.B. and D.M.; Visualization: V.L.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded in part by NIH Grant HL128181.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Taggart, N. Diet, activity and body-weight. A study of variations in a woman. Br. J. Nutr. 1962, 16, 223–235. [CrossRef]
2. Norberg, M.; Lindvall, K.; Jenkins, P.L.; Emmelin, M.; Lönnberg, G.; Nafziger, A.N. Self-rated health does not predict 10-year

weight change among middle-aged adults in a longitudinal population study. BMC Public Health 2011, 11, 748. [CrossRef]
[PubMed]

3. Chow, C.C.; Hall, K.D. Short and long-term energy intake patterns and their implications for human body weight regulation.
Physiol. Behav. 2014, 134, 60–65. [CrossRef] [PubMed]

4. Friedman, J.M. Leptin and the endocrine control of energy balance. Nat. Metab. 2019, 1, 754–764. [CrossRef]
5. Schwartz, M.W.; Seeley, R.J.; Zeltser, L.M.; Drewnowski, A.; Ravussin, E.; Redman, L.M.; Leibel, R.L. Obesity Pathogenesis: An

Endocrine Society Scientific Statement. Endocr. Rev. 2017, 38, 267–296. [CrossRef]
6. Leibel, R.L. The role of leptin in the control of body weight. Nutr. Rev. 2002, 60, S15–S19. [CrossRef]
7. Aronne, L.J.; Hall, K.D.; Jakicic, J.M.; Leibel, R.L.; Lowe, M.R.; Rosenbaum, M.; Klein, S. Describing the Weight-Reduced State:

Physiology, Behavior, and Interventions. Obesity 2021, 29 (Suppl. S1), S9–S24. [CrossRef] [PubMed]

http://doi.org/10.1079/BJN19620024
http://doi.org/10.1186/1471-2458-11-748
http://www.ncbi.nlm.nih.gov/pubmed/21958199
http://doi.org/10.1016/j.physbeh.2014.02.044
http://www.ncbi.nlm.nih.gov/pubmed/24582679
http://doi.org/10.1038/s42255-019-0095-y
http://doi.org/10.1210/er.2017-00111
http://doi.org/10.1301/002966402320634788
http://doi.org/10.1002/oby.23086
http://www.ncbi.nlm.nih.gov/pubmed/33759395


Int. J. Mol. Sci. 2023, 24, 2684 16 of 23

8. Berthoud, H.R.; Seeley, R.J.; Roberts, S.B. Physiology of Energy Intake in the Weight-Reduced State. Obesity 2021, 29 (Suppl. S1),
S25–S30. [CrossRef] [PubMed]

9. Flier, J.S. Starvation in the Midst of Plenty: Reflections on the History and Biology of Insulin and Leptin. Endocr. Rev. 2019, 40, 1–16.
[CrossRef]

10. Zhao, S.; Kusminski, C.M.; Elmquist, J.K.; Scherer, P.E. Leptin: Less Is More. Diabetes 2020, 69, 823–829. [CrossRef]
11. Halaas, J.L.; Boozer, C.; Blair-West, J.; Fidahusein, N.; Denton, D.A.; Friedman, J.M. Physiological response to long-term peripheral

and central leptin infusion in lean and obese mice. Proc. Natl. Acad. Sci. USA 1997, 94, 8878–8883. [CrossRef] [PubMed]
12. Shi, Z.; Pelletier, N.E.; Wong, J.; Li, B.; Sdrulla, A.D.; Madden, C.J.; Marks, D.L.; Brooks, V.L. Leptin increases sympathetic nerve

activity via induction of its own receptor in the paraventricular nucleus. Elife 2020, 9, e55357. [CrossRef] [PubMed]
13. Mitchell, S.E.; Nogueiras, R.; Morris, A.; Tovar, S.; Grant, C.; Cruickshank, M.; Rayner, D.V.; Dieguez, C.; Williams, L.M. Leptin re-

ceptor gene expression and number in the brain are regulated by leptin level and nutritional status. J. Physiol. 2009, 587, 3573–3585.
[CrossRef] [PubMed]

14. Tang, C.H.; Lu, D.Y.; Yang, R.S.; Tsai, H.Y.; Kao, M.C.; Fu, W.M.; Chen, Y.F. Leptin-induced IL-6 production is mediated by leptin
receptor, insulin receptor substrate-1, phosphatidylinositol 3-kinase, Akt, NF-kappaB, and p300 pathway in microglia. J. Immunol.
2007, 179, 1292–1302. [CrossRef]

15. Shi, Z.; Brooks, V.L. Leptin differentially increases sympathetic nerve activity and its baroreflex regulation in female rats: Role of
oestrogen. J. Physiol. 2015, 593, 1633–1647. [CrossRef]

16. Shi, Z.; Li, B.; Brooks, V.L. Role of the Paraventricular Nucleus of the Hypothalamus in the Sympathoexcitatory Effects of Leptin.
Hypertension 2015, 66, 1034–1041. [CrossRef]

17. Han, C.; Wu, W.; Ale, A.; Kim, M.S.; Cai, D. Central Leptin and Tumor Necrosis Factor-α (TNFα) in Diurnal Control of Blood
Pressure and Hypertension. J. Biol. Chem. 2016, 291, 15131–15142. [CrossRef]

18. Moult, P.R.; Cross, A.; Santos, S.D.; Carvalho, A.L.; Lindsay, Y.; Connolly, C.N.; Irving, A.J.; Leslie, N.R.; Harvey, J. Leptin regulates
AMPA receptor trafficking via PTEN inhibition. J. Neurosci. 2010, 30, 4088–4101. [CrossRef]

19. Münzberg, H.; Singh, P.; Heymsfield, S.B.; Yu, S.; Morrison, C.D. Recent advances in understanding the role of leptin in energy
homeostasis. F1000Research 2020, 9, 451. [CrossRef]

20. Shi, Z.; Madden, C.J.; Brooks, V.L. Arcuate neuropeptide Y inhibits sympathetic nerve activity via multiple neuropathways. J.
Clin. Investig. 2017, 127, 2868–2880. [CrossRef]

21. Harlan, S.M.; Morgan, D.A.; Agassandian, K.; Guo, D.F.; Cassell, M.D.; Sigmund, C.D.; Mark, A.L.; Rahmouni, K. Ablation of the
leptin receptor in the hypothalamic arcuate nucleus abrogates leptin-induced sympathetic activation. Circ. Res. 2011, 108, 808–812.
[CrossRef] [PubMed]

22. Prior, L.J.; Eikelis, N.; Armitage, J.A.; Davern, P.J.; Burke, S.L.; Montani, J.P.; Barzel, B.; Head, G.A. Exposure to a high-fat diet alters
leptin sensitivity and elevates renal sympathetic nerve activity and arterial pressure in rabbits. Hypertension 2010, 55, 862–868.
[CrossRef] [PubMed]

23. Cassaglia, P.A.; Shi, Z.; Li, B.; Reis, W.L.; Clute-Reinig, N.M.; Stern, J.E.; Brooks, V.L. Neuropeptide Y acts in the paraventricular
nucleus to suppress sympathetic nerve activity and its baroreflex regulation. J. Physiol. 2014, 592, 1655–1675. [CrossRef]

24. Shi, Z.; Wong, J.; Brooks, V.L. Obesity: Sex and sympathetics. Biol. Sex Differ. 2020, 11, 10. [CrossRef] [PubMed]
25. Shi, Z.; Bonillas, A.C.; Wong, J.; Padilla, S.L.; Brooks, V.L. Neuropeptide Y suppresses thermogenic and cardiovascular sympathetic

nerve activity via Y1 receptors in the paraventricular nucleus and dorsomedial hypothalamus. J. Neuroendocrinol. 2021, 33, e13006.
[CrossRef] [PubMed]

26. Chitravanshi, V.C.; Kawabe, K.; Sapru, H.N. Stimulation of the hypothalamic arcuate nucleus increases brown adipose tissue
nerve activity via hypothalamic paraventricular and dorsomedial nuclei. Am. J. Physiol. Heart Circ. Physiol. 2016, 311, H433–H444.
[CrossRef]

27. Coote, J.H. A role for the paraventricular nucleus of the hypothalamus in the autonomic control of heart and kidney. Exp. Physiol.
2005, 90, 169–173. [CrossRef]

28. Elsaafien, K.; Kirchner, M.K.; Mohammed, M.; Eikenberry, S.A.; West, C.; Scott, K.A.; de Kloet, A.D.; Stern, J.E.; Krause,
E.G. Identification of Novel Cross-Talk between the Neuroendocrine and Autonomic Stress Axes Controlling Blood Pressure.
J. Neurosci. 2021, 41, 4641–4657. [CrossRef]

29. Pandit, R.; Beerens, S.; Adan, R.A.H. Role of leptin in energy expenditure: The hypothalamic perspective. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2017, 312, R938–R947. [CrossRef]

30. Doslikova, B.; Tchir, D.; McKinty, A.; Zhu, X.; Marks, D.L.; Baracos, V.E.; Colmers, W.F. Convergent neuronal projections from
paraventricular nucleus, parabrachial nucleus, and brainstem onto gastrocnemius muscle, white and brown adipose tissue in
male rats. J. Comp. Neurol. 2019, 527, 2826–2842. [CrossRef]

31. Oldfield, B.J.; Giles, M.E.; Watson, A.; Anderson, C.; Colvill, L.M.; McKinley, M.J. The neurochemical characterisation of
hypothalamic pathways projecting polysynaptically to brown adipose tissue in the rat. Neuroscience 2002, 110, 515–526. [CrossRef]
[PubMed]

32. Kerem, L.; Lawson, E.A. The Effects of Oxytocin on Appetite Regulation, Food Intake and Metabolism in Humans. Int. J. Mol. Sci.
2021, 22, 7737. [CrossRef] [PubMed]

33. Hollenberg, A.N. The role of the thyrotropin-releasing hormone (TRH) neuron as a metabolic sensor. Thyroid 2008, 18, 131–139.
[CrossRef] [PubMed]

http://doi.org/10.1002/oby.23080
http://www.ncbi.nlm.nih.gov/pubmed/33759396
http://doi.org/10.1210/er.2018-00179
http://doi.org/10.2337/dbi19-0018
http://doi.org/10.1073/pnas.94.16.8878
http://www.ncbi.nlm.nih.gov/pubmed/9238071
http://doi.org/10.7554/eLife.55357
http://www.ncbi.nlm.nih.gov/pubmed/32538782
http://doi.org/10.1113/jphysiol.2009.173328
http://www.ncbi.nlm.nih.gov/pubmed/19491239
http://doi.org/10.4049/jimmunol.179.2.1292
http://doi.org/10.1113/jphysiol.2014.284638
http://doi.org/10.1161/HYPERTENSIONAHA.115.06017
http://doi.org/10.1074/jbc.M116.730408
http://doi.org/10.1523/JNEUROSCI.3614-09.2010
http://doi.org/10.12688/f1000research.24260.1
http://doi.org/10.1172/JCI92008
http://doi.org/10.1161/CIRCRESAHA.111.240226
http://www.ncbi.nlm.nih.gov/pubmed/21311043
http://doi.org/10.1161/HYPERTENSIONAHA.109.141119
http://www.ncbi.nlm.nih.gov/pubmed/20194306
http://doi.org/10.1113/jphysiol.2013.268763
http://doi.org/10.1186/s13293-020-00286-8
http://www.ncbi.nlm.nih.gov/pubmed/32160920
http://doi.org/10.1111/jne.13006
http://www.ncbi.nlm.nih.gov/pubmed/34235800
http://doi.org/10.1152/ajpheart.00176.2016
http://doi.org/10.1113/expphysiol.2004.029041
http://doi.org/10.1523/JNEUROSCI.0251-21.2021
http://doi.org/10.1152/ajpregu.00045.2016
http://doi.org/10.1002/cne.24710
http://doi.org/10.1016/S0306-4522(01)00555-3
http://www.ncbi.nlm.nih.gov/pubmed/11906790
http://doi.org/10.3390/ijms22147737
http://www.ncbi.nlm.nih.gov/pubmed/34299356
http://doi.org/10.1089/thy.2007.0251
http://www.ncbi.nlm.nih.gov/pubmed/18279013


Int. J. Mol. Sci. 2023, 24, 2684 17 of 23

34. Nillni, E.A. Regulation of the hypothalamic thyrotropin releasing hormone (TRH) neuron by neuronal and peripheral inputs.
Front. Neuroendocrinol. 2010, 31, 134–156. [CrossRef]

35. Enriori, P.J.; Sinnayah, P.; Simonds, S.E.; Garcia Rudaz, C.; Cowley, M.A. Leptin action in the dorsomedial hypothalamus increases
sympathetic tone to brown adipose tissue in spite of systemic leptin resistance. J. Neurosci. 2011, 31, 12189–12197. [CrossRef]

36. Zhang, Y.; Kerman, I.A.; Laque, A.; Nguyen, P.; Faouzi, M.; Louis, G.W.; Jones, J.C.; Rhodes, C.; Münzberg, H. Leptin-receptor-
expressing neurons in the dorsomedial hypothalamus and median preoptic area regulate sympathetic brown adipose tissue
circuits. J. Neurosci. 2011, 31, 1873–1884. [CrossRef]

37. Marsh, A.J.; Fontes, M.A.; Killinger, S.; Pawlak, D.B.; Polson, J.W.; Dampney, R.A. Cardiovascular responses evoked by leptin
acting on neurons in the ventromedial and dorsomedial hypothalamus. Hypertension 2003, 42, 488–493. [CrossRef]

38. Lim, K.; Barzel, B.; Burke, S.L.; Armitage, J.A.; Head, G.A. Origin of Aberrant Blood Pressure and Sympathetic Regulation in
Diet-Induced Obesity. Hypertension 2016, 68, 491–500. [CrossRef]

39. Seoane-Collazo, P.; Fernø, J.; Gonzalez, F.; Diéguez, C.; Leis, R.; Nogueiras, R.; López, M. Hypothalamic-autonomic control of
energy homeostasis. Endocrine 2015, 50, 276–291. [CrossRef]

40. Shiuchi, T.; Toda, C.; Okamoto, S.; Coutinho, E.A.; Saito, K.; Miura, S.; Ezaki, O.; Minokoshi, Y. Induction of glucose uptake
in skeletal muscle by central leptin is mediated by muscle β(2)-adrenergic receptor but not by AMPK. Sci. Rep. 2017, 7, 15141.
[CrossRef]

41. Saito, M.; Matsushita, M.; Yoneshiro, T.; Okamatsu-Ogura, Y. Brown Adipose Tissue, Diet-Induced Thermogenesis, and Thermo-
genic Food Ingredients: From Mice to Men. Front. Endocrinol. 2020, 11, 222. [CrossRef] [PubMed]

42. Din, M.U.; Saari, T.; Raiko, J.; Kudomi, N.; Maurer, S.F.; Lahesmaa, M.; Fromme, T.; Amri, E.Z.; Klingenspor, M.; Solin, O.; et al.
Postprandial Oxidative Metabolism of Human Brown Fat Indicates Thermogenesis. Cell Metab. 2018, 28, 207–216.e3. [CrossRef]

43. Ho, K.K.Y. Diet-induced thermogenesis: Fake friend or foe? J. Endocrinol. 2018, 238, R185–R191. [CrossRef]
44. Chan, P.C.; Hsieh, P.S. The Role and Regulatory Mechanism of Brown Adipose Tissue Activation in Diet-Induced Thermogenesis

in Health and Diseases. Int. J. Mol. Sci. 2022, 23, 9448. [CrossRef] [PubMed]
45. Seoane-Collazo, P.; Martínez-Sánchez, N.; Milbank, E.; Contreras, C. Incendiary Leptin. Nutrients 2020, 12, 472. [CrossRef]
46. Romon, M.; Lebel, P.; Velly, C.; Marecaux, N.; Fruchart, J.C.; Dallongeville, J. Leptin response to carbohydrate or fat meal and

association with subsequent satiety and energy intake. Am. J. Physiol. 1999, 277, E855–E861. [CrossRef]
47. Elimam, A.; Marcus, C. Meal timing, fasting and glucocorticoids interplay in serum leptin concentrations and diurnal profile. Eur.

J. Endocrinol. 2002, 147, 181–188. [CrossRef]
48. Perry, R.J.; Lyu, K.; Rabin-Court, A.; Dong, J.; Li, X.; Yang, Y.; Qing, H.; Wang, A.; Yang, X.; Shulman, G.I. Leptin mediates

postprandial increases in body temperature through hypothalamus-adrenal medulla-adipose tissue crosstalk. J. Clin. Investig.
2020, 130, 2001–2016. [CrossRef] [PubMed]

49. Rothwell, N.J.; Stock, M.J. A role for brown adipose tissue in diet-induced thermogenesis. Nature 1979, 281, 31–35. [CrossRef]
50. Stock, M.J. Gluttony and thermogenesis revisited. Int. J. Obes. Relat. Metab. Disord. 1999, 23, 1105–1117. [CrossRef]
51. Trayhurn, P.; Arch, J.R.S. Is energy expenditure reduced in obese mice with mutations in the leptin/leptin receptor genes? J. Nutr.

Sci. 2020, 9, e23. [CrossRef] [PubMed]
52. Trayhurn, P.; Jones, P.M.; McGuckin, M.M.; Goodbody, A.E. Effects of overfeeding on energy balance and brown fat thermogenesis

in obese (ob/ob) mice. Nature 1982, 295, 323–325. [CrossRef] [PubMed]
53. Leibel, R.L.; Rosenbaum, M.; Hirsch, J. Changes in energy expenditure resulting from altered body weight. N. Engl. J. Med.

1995, 332, 621–628. [CrossRef]
54. Ravussin, Y.; Edwin, E.; Gallop, M.; Xu, L.; Bartolomé, A.; Kraakman, M.J.; LeDuc, C.A.; Ferrante, A.W., Jr. Evidence for a

Non-leptin System that Defends against Weight Gain in Overfeeding. Cell Metab. 2018, 28, 289–299.e5. [CrossRef]
55. Van Baak, M.A.; Mariman, E.C.M. Mechanisms of weight regain after weight loss—The role of adipose tissue. Nat. Rev. Endocrinol.

2019, 15, 274–287. [CrossRef]
56. Ludwig, D.S.; Aronne, L.J.; Astrup, A.; de Cabo, R.; Cantley, L.C.; Friedman, M.I.; Heymsfield, S.B.; Johnson, J.D.; King, J.C.;

Krauss, R.M.; et al. The carbohydrate-insulin model: A physiological perspective on the obesity pandemic. Am. J. Clin. Nutr.
2021, 114, 1873–1885. [CrossRef]

57. Hall, K.D.; Farooqi, I.S.; Friedman, J.M.; Klein, S.; Loos, R.J.F.; Mangelsdorf, D.J.; O’Rahilly, S.; Ravussin, E.; Redman, L.M.;
Ryan, D.H.; et al. The energy balance model of obesity: Beyond calories in, calories out. Am. J. Clin. Nutr. 2022, 115, 1243–1254.
[CrossRef] [PubMed]

58. Greenway, F.L. Physiological adaptations to weight loss and factors favouring weight regain. Int. J. Obes. 2015, 39, 1188–1196.
[CrossRef]

59. Zorbas, C.; Reeve, E.; Naughton, S.; Batis, C.; Whelan, J.; Waqa, G.; Bell, C. The Relationship between Feasting Periods and Weight
Gain: A Systematic Scoping Review. Curr. Obes. Rep. 2020, 9, 39–62. [CrossRef]

60. Yanovski, J.A.; Yanovski, S.Z.; Sovik, K.N.; Nguyen, T.T.; O’Neil, P.M.; Sebring, N.G. A prospective study of holiday weight gain.
N. Engl. J. Med. 2000, 342, 861–867. [CrossRef]

61. Myers, M.G.; Cowley, M.A.; Münzberg, H. Mechanisms of leptin action and leptin resistance. Annu. Rev. Physiol. 2008, 70, 537–556.
[CrossRef] [PubMed]

62. Münzberg, H.; Björnholm, M.; Bates, S.H.; Myers, M.G., Jr. Leptin receptor action and mechanisms of leptin resistance. Cell Mol.
Life Sci. 2005, 62, 642–652. [CrossRef] [PubMed]

http://doi.org/10.1016/j.yfrne.2010.01.001
http://doi.org/10.1523/JNEUROSCI.2336-11.2011
http://doi.org/10.1523/JNEUROSCI.3223-10.2011
http://doi.org/10.1161/01.HYP.0000090097.22678.0A
http://doi.org/10.1161/HYPERTENSIONAHA.116.07461
http://doi.org/10.1007/s12020-015-0658-y
http://doi.org/10.1038/s41598-017-15548-6
http://doi.org/10.3389/fendo.2020.00222
http://www.ncbi.nlm.nih.gov/pubmed/32373072
http://doi.org/10.1016/j.cmet.2018.05.020
http://doi.org/10.1530/JOE-18-0240
http://doi.org/10.3390/ijms23169448
http://www.ncbi.nlm.nih.gov/pubmed/36012714
http://doi.org/10.3390/nu12020472
http://doi.org/10.1152/ajpendo.1999.277.5.E855
http://doi.org/10.1530/eje.0.1470181
http://doi.org/10.1172/JCI134699
http://www.ncbi.nlm.nih.gov/pubmed/32149734
http://doi.org/10.1038/281031a0
http://doi.org/10.1038/sj.ijo.0801108
http://doi.org/10.1017/jns.2020.19
http://www.ncbi.nlm.nih.gov/pubmed/32595967
http://doi.org/10.1038/295323a0
http://www.ncbi.nlm.nih.gov/pubmed/7057896
http://doi.org/10.1056/NEJM199503093321001
http://doi.org/10.1016/j.cmet.2018.05.029
http://doi.org/10.1038/s41574-018-0148-4
http://doi.org/10.1093/ajcn/nqab270
http://doi.org/10.1093/ajcn/nqac031
http://www.ncbi.nlm.nih.gov/pubmed/35134825
http://doi.org/10.1038/ijo.2015.59
http://doi.org/10.1007/s13679-020-00370-5
http://doi.org/10.1056/NEJM200003233421206
http://doi.org/10.1146/annurev.physiol.70.113006.100707
http://www.ncbi.nlm.nih.gov/pubmed/17937601
http://doi.org/10.1007/s00018-004-4432-1
http://www.ncbi.nlm.nih.gov/pubmed/15770417


Int. J. Mol. Sci. 2023, 24, 2684 18 of 23

63. Balland, E.; Chen, W.; Tiganis, T.; Cowley, M.A. Persistent Leptin Signaling in the Arcuate Nucleus Impairs Hypothalamic Insulin
Signaling and Glucose Homeostasis in Obese Mice. Neuroendocrinology 2019, 109, 374–390. [CrossRef] [PubMed]

64. Liao, T.; Zhang, S.L.; Yuan, X.; Mo, W.Q.; Wei, F.; Zhao, S.N.; Yang, W.; Liu, H.; Rong, X. Liraglutide Lowers Body Weight Set
Point in DIO Rats and its Relationship with Hypothalamic Microglia Activation. Obesity 2020, 28, 122–131. [CrossRef] [PubMed]

65. Zhao, S.; Zhu, Y.; Schultz, R.D.; Li, N.; He, Z.; Zhang, Z.; Caron, A.; Zhu, Q.; Sun, K.; Xiong, W.; et al. Partial Leptin Reduction as
an Insulin Sensitization and Weight Loss Strategy. Cell Metab. 2019, 30, 706–719.e706. [CrossRef]

66. Dorfman, M.D.; Thaler, J.P. Hypothalamic inflammation and gliosis in obesity. Curr. Opin. Endocrinol. Diabetes Obes.
2015, 22, 325–330. [CrossRef]

67. Bastard, J.P.; Maachi, M.; Lagathu, C.; Kim, M.J.; Caron, M.; Vidal, H.; Capeau, J.; Feve, B. Recent advances in the relationship
between obesity, inflammation, and insulin resistance. Eur. Cytokine Netw. 2006, 17, 4–12.

68. Gregor, M.F.; Hotamisligil, G.S. Inflammatory mechanisms in obesity. Annu. Rev. Immunol. 2011, 29, 415–445. [CrossRef]
69. Charrière, G.; Cousin, B.; Arnaud, E.; André, M.; Bacou, F.; Penicaud, L.; Casteilla, L. Preadipocyte conversion to macrophage.

Evidence of plasticity. J. Biol. Chem. 2003, 278, 9850–9855. [CrossRef]
70. Phillips, C.L.; Grayson, B.E. The immune remodel: Weight loss-mediated inflammatory changes to obesity. Exp. Biol. Med.

2020, 245, 109–121. [CrossRef]
71. Aguilar-Valles, A.; Inoue, W.; Rummel, C.; Luheshi, G.N. Obesity, adipokines and neuroinflammation. Neuropharmacology

2015, 96, 124–134. [CrossRef]
72. Trayhurn, P.; Wood, I.S. Adipokines: Inflammation and the pleiotropic role of white adipose tissue. Br. J. Nutr. 2004, 92, 347–355.

[CrossRef] [PubMed]
73. La Cava, A.; Matarese, G. The weight of leptin in immunity. Nat. Rev. Immunol. 2004, 4, 371–379. [CrossRef] [PubMed]
74. Howard, J.K.; Lord, G.M.; Matarese, G.; Vendetti, S.; Ghatei, M.A.; Ritter, M.A.; Lechler, R.I.; Bloom, S.R. Leptin protects mice

from starvation-induced lymphoid atrophy and increases thymic cellularity in ob/ob mice. J. Clin. Investig. 1999, 104, 1051–1059.
[CrossRef]

75. Siegl, D.; Annecke, T.; Johnson, B.L., 3rd; Schlag, C.; Martignoni, A.; Huber, N.; Conzen, P.; Caldwell, C.C.; Tschöp, J. Obesity-
induced hyperleptinemia improves survival and immune response in a murine model of sepsis. Anesthesiology 2014, 121, 98–114.
[CrossRef]

76. Dib, L.H.; Ortega, M.T.; Fleming, S.D.; Chapes, S.K.; Melgarejo, T. Bone marrow leptin signaling mediates obesity-associated
adipose tissue inflammation in male mice. Endocrinology 2014, 155, 40–46. [CrossRef]

77. Frühbeck, G.; Catalán, V.; Rodríguez, A.; Ramírez, B.; Becerril, S.; Salvador, J.; Colina, I.; Gómez-Ambrosi, J. Adiponectin-leptin
Ratio is a Functional Biomarker of Adipose Tissue Inflammation. Nutrients 2019, 11, 454. [CrossRef]

78. Fantuzzi, G. Adiponectin and inflammation: Consensus and controversy. J. Allergy Clin. Immunol. 2008, 121, 326–330. [CrossRef]
[PubMed]

79. Pang, S.S.; Le, Y.Y. Role of resistin in inflammation and inflammation-related diseases. Cell Mol. Immunol. 2006, 3, 29–34.
80. Vendrell, J.; Broch, M.; Vilarrasa, N.; Molina, A.; Gómez, J.M.; Gutiérrez, C.; Simón, I.; Soler, J.; Richart, C. Resistin, adiponectin,

ghrelin, leptin, and proinflammatory cytokines: Relationships in obesity. Obes. Res. 2004, 12, 962–971. [CrossRef]
81. Bradley, J.R. TNF-mediated inflammatory disease. J. Pathol. 2008, 214, 149–160. [CrossRef] [PubMed]
82. Pereira, S.S.; Alvarez-Leite, J.I. Low-Grade Inflammation, Obesity, and Diabetes. Curr. Obes. Rep. 2014, 3, 422–431. [CrossRef]

[PubMed]
83. Tsigos, C.; Kyrou, I.; Chala, E.; Tsapogas, P.; Stavridis, J.C.; Raptis, S.A.; Katsilambros, N. Circulating tumor necrosis factor alpha

concentrations are higher in abdominal versus peripheral obesity. Metabolism 1999, 48, 1332–1335. [CrossRef] [PubMed]
84. Rao, S.R. Inflammatory markers and bariatric surgery: A meta-analysis. Inflamm. Res. 2012, 61, 789–807. [CrossRef]
85. Younis, S.; Rosner, I.; Rimar, D.; Boulman, N.; Rozenbaum, M.; Odeh, M.; Slobodin, G. Interleukin 6 blockade-associated weight

gain with abdominal enlargement in a patient with rheumatoid arthritis. J. Clin. Rheumatol. 2013, 19, 48–49. [CrossRef]
86. Park, H.S.; Park, J.Y.; Yu, R. Relationship of obesity and visceral adiposity with serum concentrations of CRP, TNF-alpha and IL-6.

Diabetes Res. Clin. Pract. 2005, 69, 29–35. [CrossRef]
87. Askarpour, M.; Khani, D.; Sheikhi, A.; Ghaedi, E.; Alizadeh, S. Effect of Bariatric Surgery on Serum Inflammatory Factors of

Obese Patients: A Systematic Review and Meta-Analysis. Obes. Surg. 2019, 29, 2631–2647. [CrossRef]
88. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte chemoattractant protein-1 (MCP-1): An overview. J. Interferon

Cytokine Res. 2009, 29, 313–326. [CrossRef]
89. Dahlman, I.; Kaaman, M.; Olsson, T.; Tan, G.D.; Bickerton, A.S.; Wåhlén, K.; Andersson, J.; Nordström, E.A.; Blomqvist, L.;

Sjögren, A.; et al. A unique role of monocyte chemoattractant protein 1 among chemokines in adipose tissue of obese subjects.
J. Clin. Endocrinol. Metab. 2005, 90, 5834–5840. [CrossRef]

90. Tourniaire, F.; Romier-Crouzet, B.; Lee, J.H.; Marcotorchino, J.; Gouranton, E.; Salles, J.; Malezet, C.; Astier, J.; Darmon, P.; Blouin,
E.; et al. Chemokine Expression in Inflamed Adipose Tissue Is Mainly Mediated by NF-κB. PLoS ONE 2013, 8, e66515. [CrossRef]

91. Dalmas, E.; Rouault, C.; Abdennour, M.; Rovere, C.; Rizkalla, S.; Bar-Hen, A.; Nahon, J.L.; Bouillot, J.L.; Guerre-Millo, M.;
Clément, K.; et al. Variations in circulating inflammatory factors are related to changes in calorie and carbohydrate intakes early
in the course of surgery-induced weight reduction. Am. J. Clin. Nutr. 2011, 94, 450–458. [CrossRef] [PubMed]

92. Baggiolini, M.; Clark-Lewis, I. Interleukin-8, a chemotactic and inflammatory cytokine. FEBS Lett. 1992, 307, 97–101. [CrossRef]
[PubMed]

http://doi.org/10.1159/000500201
http://www.ncbi.nlm.nih.gov/pubmed/30995667
http://doi.org/10.1002/oby.22666
http://www.ncbi.nlm.nih.gov/pubmed/31773909
http://doi.org/10.1016/j.cmet.2019.08.005
http://doi.org/10.1097/MED.0000000000000182
http://doi.org/10.1146/annurev-immunol-031210-101322
http://doi.org/10.1074/jbc.M210811200
http://doi.org/10.1177/1535370219900185
http://doi.org/10.1016/j.neuropharm.2014.12.023
http://doi.org/10.1079/BJN20041213
http://www.ncbi.nlm.nih.gov/pubmed/15469638
http://doi.org/10.1038/nri1350
http://www.ncbi.nlm.nih.gov/pubmed/15122202
http://doi.org/10.1172/JCI6762
http://doi.org/10.1097/ALN.0000000000000192
http://doi.org/10.1210/en.2013-1607
http://doi.org/10.3390/nu11020454
http://doi.org/10.1016/j.jaci.2007.10.018
http://www.ncbi.nlm.nih.gov/pubmed/18061654
http://doi.org/10.1038/oby.2004.118
http://doi.org/10.1002/path.2287
http://www.ncbi.nlm.nih.gov/pubmed/18161752
http://doi.org/10.1007/s13679-014-0124-9
http://www.ncbi.nlm.nih.gov/pubmed/26626919
http://doi.org/10.1016/S0026-0495(99)90277-9
http://www.ncbi.nlm.nih.gov/pubmed/10535400
http://doi.org/10.1007/s00011-012-0473-3
http://doi.org/10.1097/RHU.0b013e31827cdda7
http://doi.org/10.1016/j.diabres.2004.11.007
http://doi.org/10.1007/s11695-019-03926-0
http://doi.org/10.1089/jir.2008.0027
http://doi.org/10.1210/jc.2005-0369
http://doi.org/10.1371/journal.pone.0066515
http://doi.org/10.3945/ajcn.111.013771
http://www.ncbi.nlm.nih.gov/pubmed/21677057
http://doi.org/10.1016/0014-5793(92)80909-Z
http://www.ncbi.nlm.nih.gov/pubmed/1639201


Int. J. Mol. Sci. 2023, 24, 2684 19 of 23

93. Kim, C.S.; Park, H.S.; Kawada, T.; Kim, J.H.; Lim, D.; Hubbard, N.E.; Kwon, B.S.; Erickson, K.L.; Yu, R. Circulating levels of MCP-1
and IL-8 are elevated in human obese subjects and associated with obesity-related parameters. Int. J. Obes. 2006, 30, 1347–1355.
[CrossRef] [PubMed]

94. Bruun, J.M.; Verdich, C.; Toubro, S.; Astrup, A.; Richelsen, B. Association between measures of insulin sensitivity and circulating
levels of interleukin-8, interleukin-6 and tumor necrosis factor-alpha. Effect of weight loss in obese men. Eur. J. Endocrinol.
2003, 148, 535–542. [CrossRef]

95. Alvehus, M.; Simonyte, K.; Andersson, T.; Söderström, I.; Burén, J.; Rask, E.; Mattsson, C.; Olsson, T. Adipose tissue IL-8 is
increased in normal weight women after menopause and reduced after gastric bypass surgery in obese women. Clin. Endocrinol.
2012, 77, 684–690. [CrossRef] [PubMed]

96. Mosser, D.M.; Zhang, X. Interleukin-10: New perspectives on an old cytokine. Immunol. Rev. 2008, 226, 205–218. [CrossRef]
97. Gotoh, K.; Fujiwara, K.; Anai, M.; Okamoto, M.; Masaki, T.; Kakuma, T.; Shibata, H. Role of spleen-derived IL-10 in prevention of

systemic low-grade inflammation by obesity [Review]. Endocr. J. 2017, 64, 375–378. [CrossRef]
98. Esposito, K.; Pontillo, A.; Giugliano, F.; Giugliano, G.; Marfella, R.; Nicoletti, G.; Giugliano, D. Association of low interleukin-10

levels with the metabolic syndrome in obese women. J. Clin. Endocrinol. Metab. 2003, 88, 1055–1058. [CrossRef]
99. Mold, C.; Gewurz, H.; Du Clos, T.W. Regulation of complement activation by C-reactive protein. Immunopharmacology

1999, 42, 23–30. [CrossRef]
100. Holloszy, J.O.; Fontana, L. Caloric restriction in humans. Exp. Gerontol. 2007, 42, 709–712. [CrossRef]
101. Ress, C.; Tschoner, A.; Engl, J.; Klaus, A.; Tilg, H.; Ebenbichler, C.F.; Patsch, J.R.; Kaser, S. Effect of bariatric surgery on circulating

chemerin levels. Eur. J. Clin. Investig. 2010, 40, 277–280. [CrossRef]
102. Letterio, J.J.; Roberts, A.B. Regulation of immune responses by TGF-beta. Annu. Rev. Immunol. 1998, 16, 137–161. [CrossRef]

[PubMed]
103. Alessi, M.C.; Bastelica, D.; Morange, P.; Berthet, B.; Leduc, I.; Verdier, M.; Geel, O.; Juhan-Vague, I. Plasminogen activator inhibitor

1, transforming growth factor-beta1, and BMI are closely associated in human adipose tissue during morbid obesity. Diabetes
2000, 49, 1374–1380. [CrossRef] [PubMed]

104. Cottam, D.R.; Mattar, S.G.; Barinas-Mitchell, E.; Eid, G.; Kuller, L.; Kelley, D.E.; Schauer, P.R. The chronic inflammatory hypothesis
for the morbidity associated with morbid obesity: Implications and effects of weight loss. Obes. Surg. 2004, 14, 589–600. [CrossRef]
[PubMed]

105. Festa, A.; D’Agostino, R., Jr.; Williams, K.; Karter, A.J.; Mayer-Davis, E.J.; Tracy, R.P.; Haffner, S.M. The relation of body fat mass
and distribution to markers of chronic inflammation. Int. J. Obes. Relat. Metab. Disord. 2001, 25, 1407–1415. [CrossRef]

106. Dixon, J.B.; O’Brien, P.E. Obesity and the white blood cell count: Changes with sustained weight loss. Obes. Surg. 2006, 16, 251–257.
[CrossRef]

107. Lynch, L.A.; O’Connell, J.M.; Kwasnik, A.K.; Cawood, T.J.; O’Farrelly, C.; O’Shea, D.B. Are natural killer cells protecting the
metabolically healthy obese patient? Obesity 2009, 17, 601–605. [CrossRef]

108. Fischer, I.P.; Irmler, M.; Meyer, C.W.; Sachs, S.J.; Neff, F.; Hrabě de Angelis, M.; Beckers, J.; Tschöp, M.H.; Hofmann, S.M.; Ussar, S.
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