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In addition to being the main energy storage depot of
the body, adipose tissue plays a key role in metabolic
homeostasis and hormone production (1). Dysregulation

of adipose tissue due to inflammation, obesity, hypoxia,
and other conditions results in a host of metabolic altera-
tions that drive the obesity-associated diseases (1). These
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Fig. 1. Stress-induced sympathetic activation results in enhanced neural infiltration and beiging in adipose tissue.
Cold stress and potentially other stressors, such as fasting and acute stress, result in activation of the sympathetic
nervous system. Sympathetic nerve fibers in the adipose tissue release NE, which acts on stromal cells to drive
release of IL-33. This IL-33 acts on tissue-resident ILC2s to drive their release of IL-5 and subsequent recruitment of
eosinophils. Eosinophils in adipose tissue release NGF, driving enhanced sympathetic innervation of adipose tissue.
This sympathetic signaling in adipose tissue also results in enhanced lipolysis and beiging of the WAT, ultimately
resulting in weight loss. Obesity, diabetes, and GC treatment are associated with reduced sympathetic innervation
in adipose tissue; however, the mechanism by which this occurs is unknown.
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include type 2 diabetes, fatty liver disease, dementia, and several
types of cancer. Understanding how adipose tissue is regulated and
the mechanisms to restore healthy metabolic conditions is critical to
develop new therapeutic strategies to treat obesity-induced meta-
bolic diseases.

Adipose tissue is highly innervated by the sympathetic ner-
vous system, and the degree of innervation changes in the tis-
sue in different metabolic states. In obese or diabetic mice,
sympathetic innervation is decreased, while cold stress (2), pro-
longed fasting (3), or chronic leptin treatment (4) results in
increased sympathetic innervation in the adipose tissue. These
sympathetic nerve fibers regulate adipose tissue and upon acti-
vation, are sufficient to induce lipolysis (5) and conversion of
white adipose tissue (WAT) to brown adipose tissue (BAT).
Recent work has found that leptin signaling in the paraventricu-
lar nucleus of the hypothalamus can drive increased innervation
in the adipose tissue (4); however, the mechanism by which
increased innervation in adipose tissue is achieved remained a
mystery. Through a series of elegant experiments, Meng et al.
(6) have found that eosinophils are singularly responsible for
promoting sympathetic axonal branching in adipose tissue in
response to cold stress by producing neuronal growth factor
(NGF). Cold stress resulted in sympathetic activation and
release of norepinephrine (NE) in adipose tissue. This NE then
signals to stromal cells, causing the release of interleukin 33
(IL-33) and the activation of type 2 innate lymphoid cells (ILC2s)
in adipose tissue (6). These cells then secrete IL-5 to recruit
eosinophils, which in turn, release nerve growth factor (NGF) to
promote further innervation of the adipose tissue by the sympa-
thetic nerves (6). Significantly, chronic leptin treatment increases
sympathetic activation in addition to increased innervation
of adipose tissue (4). As prolonged fasting would also raise
leptin levels, this suggests that the sympathetic/ILC2/eosinophil
neuroimmune feedback loop is also responsible for driving
increased innervation after prolonged fasting or leptin treat-
ment. Excitingly, human eosinophils have also been found to
produce NGF (7, 8), and the authors found clusters of IL-33+
stromal cells, eosinophils, and sympathetic nerves in human adi-
pose tissue (6), indicating that this same pathway occurs in
humans as well (Fig. 1).

In the study by Meng et al. (6), cold-stressing animals for 6 d
was sufficient to drive changes in nerve density in the WAT. It will
be important to determine the minimum and maximum amounts
of stress needed to induce sympathetic axonogenesis in the tissue
and whether acute or chronic stressors have differential effects on
sympathetic nerve density in adipose tissue. Strenuous endurance
exercise can induce sympathetic activation (9); however, this type
of training is not generally considered suitable for patients with
obesity-related diseases. Identifying the minimum amount of sym-
pathetic activation necessary to drive eosinophils into the adipose
tissue and facilitate axonal branching will be important to translate
these findings into the treatment of obesity.

Additionally, it will be critical to determine whether chronic
stress has a different impact on this pathway. Acute stress has
been found to bolster immune function (10) and can be protec-
tive in ischemia–reperfusion injury models (11). Chronic stress,
however, dampens immune function, renders animals more sus-
ceptible to ischemia injury (11), and can drive development of
metabolic dysfunction. Chronic stress can result in sustained
high levels of glucocorticoids (GCs) (12), which have been
shown to drive obesity in animal models and in patients with
Cushing’s syndrome. Furthermore, increased GC levels are

associated with metabolic dysfunction, including insulin resis-
tance and hyperlipidemia (13). Interestingly, recent studies have
found that GC-induced obesity is not fully explained by either
enhanced food intake or changes in BAT function (14). Eosino-
phils express the GC receptor, and signaling by GC inhibits the
production, function, and survival of human eosinophils (15).
Treatment of rats with GC resulted in less sympathetic nerve
density in BAT (16); however, the impact of GC signaling on
WAT innervation is still unknown.

Chronic stress is also associated with higher circulating levels
of proinflammatory cytokines, including tumor necrosis factor
alpha (TNFa), IL-1, IL-18, and IL-6. This cytokine milieu is associ-
ated with type 1 inflammatory responses as opposed to IL-5,
which is associated with type 2 responses. It is possible that the
inflammation associated with chronic stress or metabolic dys-
function in obesity inhibits the recruitment of eosinophils to adi-
pose tissue, resulting in impaired sympathetic innervation. The
decreases in nerve density in adipose tissue during obesity and
diabetes and following GC treatment suggest a counterme-
chanism to eliminate sympathetic axons. In the brain, special-
ized macrophages prune immature axons from neurons to
facilitate synaptic circuit remodeling (17). It will be fascinating to
determine whether macrophages, eosinophils, or other immune
subtypes in the adipose tissue play a similar role in removing
sympathetic axons and what signals drive this process. This
work by Meng et al. (6) provides a solid foundation to under-
stand how increases in sympathetic innervation are achieved in
adipose tissue; future work building upon this foundation will
be needed to understand how this process goes awry in differ-
ent disease states and how this process can be manipulated to
treat metabolic disorders and obesity.

Through a series of elegant experiments,
Meng et al. have found that eosinophils are
singularly responsible for promoting
sympathetic axonal branching in adipose
tissue in response to cold stress by producing
neuronal growth factor (NGF).

This work has further ramifications beyond the field of obesity
research. Neuronal axons are also recruited into other tissues
undergoing wound healing and in solid tumors (18). Increased
nerve density is associated with poor prognosis in multiple
tumor types, including breast (19) and prostate cancer (20). In
prostate cancer, sympathetic nerves promote tumor initiation,
while cholinergic nerves promote tumor metastasis (21). The
sympathetic nervous system also promotes breast cancer growth
in animal models. While neurotrophins, including NGF, can be
produced directly by tumor cells, the role of immune cells in pro-
moting axonogenesis in tumors is unexplored. Eosinophilia can
be found in several types of tumors, particularly hematopoietic,
colorectal, lung, cervical, breast, and ovarian cancers. Increased
eosinophils can be pro- and antitumorigenic, depending on the
tumor type (22). Significantly, other immune cell types also pro-
duce neurotrophins, particularly macrophages. These differences
may hint at differential roles for sympathetic nerve fibers in differ-
ent tumor types, different functions of eosinophils, or different cell
types driving the recruitment of nerves into the cancer.

Overall, the work of Meng et al. (6) defines the surprising mech-
anism by which increased sympathetic innervation is achieved in
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adipose tissue. This work opens the door to further investigation of
how increased innervation is achieved in other tissues as well as
how this process is modulated in obesity and metabolic dysfunc-
tion to result in diminished sympathetic innervation.
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