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Rho-kinase 1 (ROCK1) has been implicated in diverse metabolic functions throughout the
body, with promising evidence identifying ROCK1 as a therapeutic target in diabetes and
obesity. Considering these metabolic roles, several pharmacological inhibitors have been
developed to elucidate the mechanisms underlying ROCK1 function. Y27632 and fasudil
are two common ROCK1 inhibitors; however, they have varying non-specific selectivity to
inhibit other AGC kinase subfamily members and whole-body pharmacological
approaches lack tissue-specific insight. As a result, interpretation of studies with these
inhibitors is difficult, and alternative approaches are needed to elucidate ROCK1’s tissue
specific metabolic functions. Fortunately, recent technological advances utilizing
molecular carriers or genetic manipulation have facilitated discovery of ROCK1’s tissue-
specific mechanisms of action. In this article, we review the tissue-specific roles of ROCK1
in the regulation of energy balance and substrate utilization. We highlight prominent
metabolic roles in liver, adipose, and skeletal muscle, in which ROCK1 regulates energy
expenditure, glucose uptake, and lipid metabolism via inhibition of AMPK2a and
paradoxical modulation of insulin signaling. Compared to ROCK1’s roles in peripheral
tissues, we also describe contradictory functions of ROCK1 in the hypothalamus to
increase energy expenditure and decrease food intake via leptin signaling. Furthermore,
dysregulated ROCK1 activity in either of these tissues results in metabolic disease
phenotypes. Overall, tissue-specific approaches have made great strides in deciphering
the many critical metabolic functions of ROCK1 and, ultimately, may facilitate the
development of novel treatments for metabolic disorders.

Keywords: Rho-kinase, metabolism, energy balance, glucose metabolism, lipid metabolism
INTRODUCTION

Rho-kinase (ROCK) belongs to the protein kinase A/G/C (AGC) subfamily of serine/threonine
protein kinases and is a major downstream effector of small GTPase RhoA (1). The two
ROCK isoforms, ROCK1 and ROCK2, each contain a kinase domain at its N-terminus, a central
coiled-coil domain, and a pleckstrin-homology domain split by a cysteine-rich region at its
n.org February 2021 | Volume 11 | Article 62258115
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C-terminus (2–4). ROCK1 and ROCK2 share 65% amino acid
homology and have been implicated in a variety of cellular
functions, including smooth-muscle contraction and actin
cytoskeleton arrangement; however, these isoforms also
perform independent functions due to differences in their
structure, subcellular localization, and gene distribution (5, 6).
For example, ROCK1 has uniquely been identified as an
important regulator of energy balance and substrate
metabolism. Pharmacological ROCK1 inhibitors, like Y-27632
and fasudil (HA1077), have been valuable to elucidating
ROCK1’s diverse metabolic roles (7–12); however, both these
compounds have varying selectivity to also inhibit ROCK2 and
other AGC kinase subfamily members. The nonspecific and
systemic effects of these inhibitors make interpretation of
studies in which they are used challenging (13); therefore,
alternative approaches to investigating ROCK1 function are
required to understand its tissue-specific metabolic functions.

In this article, we review the physiological roles of ROCK1 in
the regulation of energy balance and substrate utilization. We
describe novel insights into ROCK1’s tissue-specific functions
facilitated by recent technological advances and highlight
prominent roles in liver, adipose, skeletal muscle, and
hypothalamus. Furthermore, emerging evidence suggests
ROCK1 is a molecular mediator underlying the pathogenesis
of diabetes and obesity.
ROCK1 IN LIVER

Hepatic ROCK1 Overactivity Is Associated
With Metabolic Disease States-
To date, the most well-documented metabolic roles of ROCK1
are observed in liver, with clear connections demonstrated
between hepatic ROCK1 overactivity and humans or rodents
with metabolic disorders (14–21). For example, in humans, liver
ROCK1 protein content positively correlates with BMI, liver
triglycerides (TG’s), and markers of liver damage including
alanine transaminase and aspartate transaminase (14).
Moreover, elevated hepatic ROCK1 activity has consistently
been observed in a plethora of models of disordered
metabolism including: humans with fatty liver disease (14),
DIO mice (14), db/db mice (14), ob/ob mice (14), TNFa-
treated hepatocytes (15), endothelial nitric oxide synthase
(eNOS) deficient mice (16), palmitate-treated hepG2 cells (21),
palmitate metabolite lysophosphatidylcholine (LPS) -treated
Huh7 cells (20), LPS-treated mice (15), and DIO streptozotocin-
treated rats (18). Consequently, ROCK1’s role in homeostatic and
disordered liver metabolism has been an important subject
of investigation.

The causal relationship between hepatic ROCK1 and
metabolic disease has been investigated using a constitutively
active ROCK1-specific mutant in the liver (L-CA-ROCK1),
which increases ROCK1 activity 2-fold (14). In chow-fed L-
CA-ROCK1 mice, body weight is normal, however fasting
glucose levels and lipogenic gene expression including fatty
acid synthase (FAS) and stearoyl-CoA desaturase (SCD1) is
Frontiers in Endocrinology | www.frontiersin.org 26
elevated. DIO L-CA-ROCK1 mice experience a more striking
phenotype, characterized by accelerated obesity, insulin
resistance, hepatic steatosis, hyperglycemia, and dyslipidemia.
These mice also have decreased thermogenic gene expression
indicated by decreased peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC1a) and uncoupling
protein 1 (UCP1) mRNA in brown adipose tissue (BAT) and/or
white adipose tissue (WAT). Overall, the L-CA-ROCK1
phenotype demonstrates a possible causal role of hepatic
ROCK1 overactivity in metabolic disease pathologies,
identifying a potential therapeutic target in liver ROCK1 to
treat obesity and diabetes.

Inhibition of Liver ROCK1 Protects Against
Metabolic Disease Pathologies-
Several studies have investigated the therapeutic potential of
genetically or chemically inhibiting ROCK1 in various models
of disordered liver metabolism (14–17, 20). One mouse model of
liver ROCK1-deficiency (L-ROCK1-/-), in which hepatic ROCK1
activity was specifically knocked down 80%, resulted in
significant protection from DIO and related comorbidities
(14). In chow-fed L-ROCK1-/- mice, there are no differences in
body weight, body composition, or food intake; however, in DIO
L-ROCK1-/- mice, body weight and adiposity are reduced, at least
in part, due to elevated energy expenditure and locomotor
activity. Increases in energy expenditure may be due to
augmented thermogenic gene expression in BAT (PGC1a,
UCP1, COX7a1, COX8b, and ELOVL3) and WAT
(COX8b) (14).

ROCK1 inhibition also improves insulin sensitivity, glucose
clearance, fatty liver, and circulating lipid levels (14–17, 22).
Chow-fed, DIO, and db/db L-ROCK1-/- mice experience
improved glucose clearance and insulin sensitivity, as well as
decreased liver weight, TG’s, and cholesterol content (14).
Supporting these findings, Y-27632 treatment in primary
mouse hepatocytes abolishes TNFa-induced insulin resistance
(15). L-ROCK1-/- mice also have decreased lipogenic gene
expression (FAS, SCD1, SREBP1c, and ELOVL2), despite no
observed differences in gene expression involved glucose
metabolism (14). Overall, studies have observed encouraging
therapeutic potential of liver-specific ROCK1 inhibition in
metabolic disease models, demonstrated by increased energy
expenditure, improved insulin sensitivity, and attenuated lipid
accumulation. These results underscore the value of determining
the molecular mechanisms underlying ROCK1 function to
further understand the pathology of diabetes and obesity.

Hepatic ROCK1 Negatively Regulates
AMPK Activity-
The effects of ROCK1 inhibition on energy balance and lipid
metabolism are abolished in AMPKa2-/- mice, suggesting a
mechanistic relationship between liver ROCK1 and AMPK in
metabolic regulation (16, 17). Hepatic ROCK1 decreases
phosphorylation (thr172) and activity of AMPK, which is the
proposed mechanism through which ROCK1 increases gene
expression and decreases phosphorylation of ACCser79 and
February 2021 | Volume 11 | Article 622581
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SREBP1ser372 to increase lipogenesis (14, 16, 17). Interestingly,
therapeutic agents metformin and paeoniflorin target hepatic
ROCK1/AMPK signaling to improve steatosis and dyslipidemia
in DIO mice (14) and palmitate treated HepG2 cells, respectively
(21). In summary, hepatic ROCK1 appears to have a prominent
role in promoting lipogenesis via suppression of AMPK activity
and subsequent elevations in AMPK’s downstream targets
SREBP1c and ACC. At this time, the upstream molecular
mediators of ROCK1 pathologies are less clear, but a recent
study determining TNFa stimulates NF-kB to activate hepatic
ROCK1 in primary hepatocytes and LPS-treated mice may
suggest the involvement of inflammatory pathways.

Interestingly, the ability of hepatic ROCK1 inhibition to
improve glucose metabolism was found to be AMPKa2
independent, suggesting an alternative, not yet discovered
mechanism (14, 16, 17). The role of ROCK1 in the regulation
of insulin signaling is complex and tissue specific, with some
studies reporting ROCK1 directly reduces phosphorylation of
the tyrosine612 residue (23, 24) and induces phosphorylation of
the serine632/635 residues (25, 26) on insulin receptor substrate 1
(IRS1). Consequently, ROCK1 activity has been associated with
impaired insulin signaling in smooth muscle (23, 27), fibroblasts
(28), adipose tissue (24), heart (29, 30), and leukocytes (31).
Conversely, some studies observe ROCK1 to facilitate glucose
uptake in adipocytes (25, 32, 33) and skeletal muscle (25, 33–35).
These convoluted results are most likely due to differences in
experimental models and the tissue-specific differences in
ROCK1-mediated regulation of insulin signaling should be
considered when developing therapeutic agents.
ROCK1 AND ADIPOSE TISSUE

Adipocyte-Specific ROCK1 Inhibition Is
Therapeutic in Models of
Metabolic Disease-
ROCK1 activity is elevated in the adipose tissue of DIO and db/db
mice, and adipocyte-specific inhibition of ROCK1 rescues many
metabolic disease pathologies (24, 36). While adipose-specific
ROCK1 disruption by 50% has no obvious phenotype in healthy
mice (24), DIO mice experience improved insulin sensitivity and
glucose clearance, despite no changes in adipogenesis, energy
balance, or inflammation (24). The benefits are even greater
when adipocyte-specific ROCK1 activity is reduced by ~83%
(36), resulting in attenuated HFD-induced weight gain and
improved insulin sensitivity independent of body weight
changes. Furthermore, fasting insulin, fasting glucose, FFA’s,
adipocyte growth, and macrophage infiltration are all reduced.
Despite this encouraging therapeutic potential, the mechanisms
underlying ROCK1-mediated adipose pathologies remain
relatively unexplored.

ROCK1 Is Critical to Adipose
Insulin Signaling-
Despite the glucose-lowering effects of ROCK1 inhibition in
mouse models of metabolic disease (24, 36), ROCK1 inhibition
Frontiers in Endocrinology | www.frontiersin.org 37
in cultured adipocytes impairs insulin-stimulated glucose uptake
(25, 32, 33). ROCK1 activity is critical to insulin-stimulated
phosphorylation of IRS1ser632/635 and PI3kinase activity (25, 32).
Interestingly, insulin directly stimulates rho membrane
translocation via PI3kinase in adipocytes (37), and PI3kinase
inhibition abolishes ROCK1-mediated glucose transport (33).
This suggests a circuitous, poorly understood, regulatory
mechanism of insulin signaling, in which ROCK1 is both
downstream and upstream of PI3kinase. Overall, ROCK1’s role
in insulin signaling is complex, and the opposing effects of
adipocyte-specific ROCK1 inhibition in healthy vs.
pathological models, indicates an importance of basal ROCK1
activity to glucose homeostasis but also implicates its overactivity
in metabolic disease pathologies.

Adipose ROCK1 Is Involved in Adipocyte
Differentiation and Lipid Metabolism-
Studies utilizing primary human and rodent adipocytes have
revealed ROCK1 also regulates adipocyte differentiation and
storage. For example, silencing of the ROCK1 antagonist
“deleted in liver cancer 1” in both white and brown cultured
adipocytes, and subsequent overactivation of ROCK1, results in
decreased adipocyte differentiation, lipid accumulation, and
adipogenic gene expression (fatty acid binding protein 4;
FABP4 and adiponectin) (38, 39). Additional impairments in
thermogenic (UCP1 and ELOVL3) and mitochondrial (cox7a1
and cox5b) gene expression are observed in BAT, as well as
reduced mitochondrial respiration (38). Increased ROCK1
activity in cultured human adipocytes has also been shown to
impair lipolysis and reduce protein levels of phosphorylated
hormone sensitive lipaseser660 and adipose TG lipase (40).
Overall, while these studies lack in-depth mechanistic insight,
their findings suggest adipose ROCK1 is a physiological negative
regulator of adipogenesis, lipolysis, and thermogenesis.
ROCK1 AND SKELETAL MUSCLE
METABOLISM

Skeletal Muscle ROCK1 Overactivity
Is Associated With Metabolic
Disease States-
Similar to adipose and liver, skeletal muscle ROCK1 expression
and activity are elevated in rodent models of metabolic disease
(26, 41–43). Conversely, one study observed no differences in
basal vastus lateralis (VL) ROCK1 protein expression or activity
between obese and lean humans (35), highlighting the
importance of considering potential differences between rodent
and human ROCK1 function. Further supporting the hypothesis
that overactive ROCK1 is involved in metabolic disease
pathologies, at least in mice, constitutively active skeletal
muscle-specific ROCK1 (SM-CA-ROCK1) results in early-
onset obesity, even when eating a normal diet (44). These mice
exhibit reduced physical activity, decreased energy expenditure,
impaired glucose clearance and insulin sensitivity, elevated
fasting TG’s and cholesterol, and increased respiratory
February 2021 | Volume 11 | Article 622581
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exchange ratio suggesting decreased fat utilization. They also
experience decreased thermogenic gene expression in BAT and
WAT, as well as reduced mitochondrial size and content
specifically in Type I muscle fibers. Lastly, myogenic gene
expression is altered in these mice including reduced irisin and
IL13 mRNA by 60% and 25%, respectively.

Skeletal Muscle ROCK1 Paradoxically
Regulates Insulin Signaling-
The metabolic dysfunctions of SM-CA-ROCK1 mice may be due
to impaired insulin signaling (41, 42). Lipid-induced
geranylgeranyl diphosphate synthase 1 (GGPPS), a
branchpoint enzyme in the mevalonate pathway involved in
cholesterol synthesis, activates RhoA/ROCK1 signaling in
muscle, which then increases inhibitory phosphorylation of
IRS1ser307 to inhibit downstream signaling (41). This
phenomenon is rescued in muscle-specific GGPPS knockout
mice, as is insulin sensitivity and glucose homeostasis (41).
ROCK1 also activates phosphatase and tensin homolog to
inhibit phosphorylation of AKT in cultured myotubes,
providing another mechanism for ROCK1-mediated negative
regulation of insulin signaling (43). Interestingly, in L6
myotubes, insulin inhibits ROCK1 to promote AMPK2a
activity and subsequently inhibit the lipogenic transcription
factor SREBP-1c (42). This suggests a mechanism in which
insulin may inhibit ROCK1 activity to prevent inhibitory IRS1
phosphorylation and ultimately facilitate downstream
insulin signaling.

The association between skeletal muscle ROCK1 and
metabolic dysfunction has been well-documented in animal
models; however, much like ROCK1 in adipose tissue, basal
ROCK1 activity may be essential to skeletal muscle glucose
uptake. In humans, VL ROCK1 activity positively correlates
with glucose disposal in lean subjects, while insulin-stimulated
ROCK1 activity is impaired in those with diabetes or obesity,
possibly due to elevated levels of the ROCK1 antagonist RhoE
(35). Furthermore, systemic ROCK1 knockout impairs skeletal
muscle insulin signaling, and ROCK1 suppression in myoblasts
blunts glucose uptake in a PI3kinase-dependent manner (25, 33,
34). Overall, ROCK1-modulated glucose uptake in skeletal
muscle is similarly paradoxical to its role in adipose tissue,
both regarding mechanisms and complexity (Section 3.2)
(25, 33).
SUMMARY OF ROCK1 IN
PERIPHERAL TISSUES

To date, similar metabolic roles of ROCK1 have been identified
in liver, skeletal muscle, and adipose tissue. ROCK1 in peripheral
tissues inhibits AMPK2a, which results in changes in gene
expression and downstream phosphorylation events to
ultimately decrease energy expenditure and increase
lipogenesis. ROCK1 also interferes with insulin signaling to
increase blood glucose levels and ROCK1 overactivity is
associated with metabolic disease states and related
Frontiers in Endocrinology | www.frontiersin.org 48
comorbidities including obesity, insulin resistance, and
dyslipidemia. Despite this, increasing evidence suggests basal
ROCK1 activity is also paradoxically essential to glucose disposal
and insulin/PI3kinase signaling (Figure 1). Overall homeostatic
ROCK1 function in peripheral tissues appears to be critical to
metabolic health and future studies should focus on the
differences between healthy and pathological ROCK1 activity.
ROCK1 IN THE CENTRAL NERVOUS
SYSTEM (CNS)

Hypothalamic ROCK1 Regulates
Metabolism-
Unlike liver, adipose, and skeletal muscle, ROCK1 activity in the
hypothalamus is reduced in db/db and DIO mice (45).
Furthermore, hypothalamic ROCK1 knockout in healthy mice
results in excessive food intake, dyslipidemia, and obesity, while
ROCK1 overexpression has opposite effects (45, 46). One study
observed fasudil treatment to increase food intake and gene
expression of the orexigenic neuropeptide, neuropeptide Y,
which is predominantly expressed in the arcuate nucleus of the
hypothalamus (ARC) (47). Considering this, studies have
identified novel roles for hypothalamic ROCK1 to regulate
energy balance via ARC neuron populations.

ROCK1 Regulates ARC Neurons-
The ARC, located in the medio-basal hypothalamus,
contains both the orexigenic neuropeptide Y/agouti-related
peptide (NPY/AgRP) -expressing and the anorexic
proopiomelanocortin-expressing neuron populations (48–50).
Disruption of ROCK1 in either of these neuron populations
results in disordered neuronal activity and metabolism (45, 46).
For example, deletion of ROCK1 in NPY/AgRP neurons results
in increased NPY/AgRP activity and accelerated weight gain in
chow-fed and DIO mice. These mice exhibit decreased resting
energy expenditure and locomotor activity with increased serum
TG’s (45, 46). Similarly, ROCK1 deletion in POMC neurons
leads to POMC hypoactivity and obesity due to reduced
locomotor activity, while whole-ARC ROCK1 deletion has
even greater effects (46).

Tyrosine hydroxylase is the rate-limiting enzyme in
dopamine synthesis (51), and activation of tyrosine
hydroxylase-expressing (TH) neurons in the ARC has recently
been shown to increase food intake and body weight (52). While
RhoA deletion in TH neurons (RhoA-TH-/-) has no effects on
energy balance in chow-fed mice, DIO RhoA-TH-/- mice
experience accelerated weight gain and adiposity due to
increased food intake, despite no differences in energy
expenditure or glucose regulation (53). Additionally,
hypothalamic NPY and AgRP mRNA is elevated in RhoA-
TH-/- mice, suggesting RhoA/ROCK1 in TH neurons likely
regulates other post-synaptic neuron populations as well (53).
Overall, studies in the hypothalamus highlight a prominent role
for ROCK1 to regulate ARC neurons involved in metabolic
regulation; however, nonspecific ROCK1 knockdown in the
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hypothalamus results in a much more robust metabolic
phenotype (45, 46, 53). Thus, ROCK1 likely regulates other,
currently unidentified, neuron populations, in addition to NPY/
AgRP, POMC, and TH neurons.

ROCK1 Facilitates Hypothalamic
Leptin Signaling-
Leptin is a potent adipokine that regulates ARC neurons to increase
energy expenditure and suppress food intake (48, 53, 54).
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Deficiency in leptin, its receptor (LepR), or its downstream
signaling results in hyperphagia, hyperglycemia, and obesity
(48, 55). Interestingly, RhoA or ROCK1 deletion in NPY/
AgRP, POMC, or TH neurons impairs leptin-mediated
signaling and regulation of these respective neurons (45, 46,
53). Furthermore, hyper-leptinemia is observed in hypothalamic
ROCK1 knockout mice, suggesting the involvement of ROCK1
in the development of leptin resistance seen in metabolic disease
states (45, 46, 56).
A

B C

FIGURE 1 | ROCK1’s metabolic functions in peripheral tissues. (A) Hepatic ROCK1 overactivity is associated with disordered metabolic regulation; conversely,
downregulation of ROCK1 is therapeutic in metabolic disease models. ROCK1 primarily regulates lipid metabolism and thermogenesis via AMPK signaling, however
the mechanisms underlying ROCK1’s role in insulin signaling remain unclear. The pathophysiology of ROCK1 overactivity in metabolic disease is poorly understood,
however sustained inflammation and subsequent NF-kB signaling may be an upstream ROCK1 agonist. (B) Basal adipose ROCK1 activity is critical to homeostatic
glucose metabolism; however, overactivity of ROCK1 is associated with metabolic disease phenotypes. ROCK1 is a negative regulator of thermogenic, adipogenic,
and mitochondrial gene expression. Mechanistically, insulin and PI3kinase signaling are upstream activators of ROCK, while RhoE and DLC1 are antagonists.
Downstream of ROCK1 includes a paradoxical insulin signaling mechanism, where ROCK1 activates IRS1 and PI3kinase, but also attenuates activation of insulin
receptor and AKT. (C) Similar to in adipose, ROCK1 paradoxically regulates glucose metabolism in skeletal muscle. Basal ROCK1 function is critical to glucose
regulation, but overactivity is associated with metabolic disease. ROCK1 regulates metabolism in skeletal muscle by downregulating AMPK, ACC, and AKT signaling,
but also activates PI3kinase, FAS, and SREBP-1c. (Green arrows indicate activation; red arrows indicate inhibition; black arrows indicate regulation of gene
expression).
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Considering the strong association between ROCK1 and
leptin activity, ROCK1 has been identified as a cell signaling
molecule directly involved in LepR action. Following leptin
binding to LepR, ROCK1 phosphorylates JAK2, which
stimulates dimerization and phosphorylation of STAT3 (46).
Phosphorylated STAT3 stimulates nuclear translocation and
transcription of target genes, including POMC and signal of
cytokine signaling 3 (SOCS3), each of which act to maintain
energy homeostas i s (57 , 58) . In addi t ion to th i s
leptin➔ROCK1➔JAK2➔STAT3 signaling mechanism, ROCK1
likely functions via other signaling pathways as well. For
example, RhoA deletion in TH neurons also increases
sensitivity to the hunger-inducing hormone ghrelin through
unknown mechanisms (53). Insulin also modulates NPY/AgRP
Frontiers in Endocrinology | www.frontiersin.org 610
and POMC neurons and, like in peripheral tissues, may also
facilitate hypothalamic ROCK1 function (54, 59–61).

Summary of ROCK1 in the CNS-
In summary, hypothalamic ROCK1 regulates various neuron
populations, including NPY/AgRP, POMC, and TH neurons, to
decrease food intake and increase energy expenditure, with no
obvious effects on glucose metabolism. Mechanistically, ROCK1
directly mediates leptin signaling and impairs ghrelin signaling
through unknown mechanisms and the importance of these
functions is underscored by obesity manifesting when
hypothalamic ROCK1 function is impaired (Figure 2). The
seemingly conflicting functions of central and peripheral
ROCK1 are teleologically perplexing, and the reasons for these
A

B

FIGURE 2 | ROCK1 is critical to central nervous system (CNS)-mediated regulation of energy homeostasis. (A) Impaired ROCK1 activity in the hypothalamus is
associated with disordered energy homeostasis. ROCK1 inhibits NPY/AgRP and TH neurons, while stimulating POMC neurons. Mechanistically, ROCK1 facilitates
leptin signaling and attenuates ghrelin signaling. (Green arrows indicate activation; red arrows indicate inhibition). (B) Following leptin binding to LepR, ROCK1
phosphorylates JAK2, which stimulates dimerization and phosphorylation of STAT3. Subsequent STAT3 nuclear translocation elicits transcriptional changes including
increased POMC and SOCS3 mRNA. Other potential mediators of hypothalamic ROCK1 action may be ghrelin and insulin receptor signaling.
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differences are unclear. Despite this. the various tissue-specific
models described in this review cumulatively indicate both hypo-
and hyper-ROCK1 activity have drastic metabolic effects, clearly
demonstrating the critical nature of maintaining homeostatic
ROCK1 function.
CONCLUDING REMARKS

Many studies have used chemical inhibitors and whole-body
genetic manipulation to identify ROCK1 as a prominent
homeostatic regulator of diverse metabolic functions; however,
these studies are limited in their isoform and tissue-specific
insight. Recently, technological advances have facilitated
development of novel models utilizing tissue-specific
approaches, which have greatly enhanced our understanding of
ROCK1’s functions. These studies have observed critical
functions for ROCK1 in various metabolic tissues, including
tissue-specific action in liver, adipose tissue, skeletal muscle, and
hypothalamus to regulate food intake, thermogenesis, locomotor
activity, glucose metabolism, and/or lipid metabolism. The
molecular mechanisms underlying these functions are complex,
underscored by disease states manifesting in response to ROCK1
overactivity, despite basal ROCK1 activity being critical to
Frontiers in Endocrinology | www.frontiersin.org 711
homeostatic maintenance of many physiological functions.
Additionally, elevated ROCK1 activity consistently is associated
with various metabolic disease states, suggesting ROCK1 may be
useful as a preclinical marker of diabetes and obesity.
Nonspecific ROCK1 inhibitors fasudil and Y-27632
demonstrate inhibitor pharmacotherapy is beneficial for these
diseases; however, adverse effects such as hypotension, insulin
resistance, and obesity are observed when ROCK expression/
activity is non-specifically altered or systemically downregulated
(25, 32–35, 62, 63). This once again highlights the importance of
tissue-specific targeting of ROCK1, for example, via mannose-6-
phosphate carriers (62, 64, 65), vitamin-A-coupled lysosomes
(66), or genetic engineering. Overall, these tissue-specific
approaches will greatly facilitate deciphering the many
critical metabolic functions of ROCK1 and, ultimately,
may result in the development of novel treatments for
metabolic 2974disorders.
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Obesity is a multifactorial disease, which in turn contributes to the onset of
comorbidities, such as diabetes and atherosclerosis. Moreover, there are only few
options available for treating obesity, and most current pharmacotherapy causes
severe adverse effects, while offering minimal weight loss. Literature shows that
metabotropic glutamate receptor 5 (mGluR5) modulates central reward pathways.
Herein, we evaluated the effect of VU0409106, a negative allosteric modulator (NAM)
of mGluR5 in regulating feeding and obesity parameters. Diet-induced obese C57BL/6
mice were treated for 14 days with VU0409106, and food intake, body weight,
inflammatory/hormonal levels, and behavioral tests were performed. Our data suggest
reduction of feeding, body weight, and adipose tissue inflammation in mice treated with
high-fat diet (HFD) after chronic treatment with VU0409106. Furthermore, a negative
modulation of mGluR5 also reduces binge-like eating, the most common type of eating
disorder. Altogether, our results pointed out mGluR5 as a potential target for treating
obesity, as well as related disorders.

Keywords: obesity, mGluR5, high-fat, inflammation, glutamate

HIGHLIGHTS

- VU0409106 is a negative allosteric modulator of mGluR5.
- VU0409106 reduces food consumption, body weight, and anxiety behavior of mice treated with

high-fat diet.
- VU0409106 decreases inflammatory cytokines in the adipose tissue.
- VU0409106 treatment was able to reduce binge-like eating in mice.
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GRAPHICAL ABSTRACT | Diet-induced obese (DIO) C57BL/6 mice were treated for 14 days with VU0409106, a negative allosteric modulator of mGluR5. Food
intake, body weight, inflammatory/hormonal levels, and behavioral tests were performed. Our data suggest reduction of feeding, body weight, and adipose tissue
inflammation in DIO mice after chronic treatment with VU0409106.

INTRODUCTION

Obesity prevalence is expanding in most countries according to
the World Health Organization (Blüher, 2019). In fact, worldwide
obesity numbers nearly tripled since 1975 (Blüher, 2019). Obesity
is defined as an abnormal accumulation of body fat, associated
with genetics, hormones, and environmental factors (González-
Muniesa et al., 2017). The growing accessibility to highly
palatable food, rich in fats and sugars, and reduced energy
expenditure and sedentary lifestyle are considered the main
environmental factors contributing to weight gain (Ravussin
et al., 1988; Hill and Peters, 1998).

Obesity also increases the risk of several chronic conditions,
including cardiovascular diseases, diabetes, cancer, psychiatric
disorders, and many others (Kopelman, 2007). Changes leading
to a series of physiological imbalances can be established in obese
individuals, such as dyslipidemia and chronic inflammatory
response (Dandona et al., 2004; Van Gaal et al., 2006). Besides,
the progressive adipose tissue expansion in obesity is associated
with insufficient angiogenesis, leading to hypoxia, cellular stress,
oxidative damage, and necrosis, triggering an inflammatory

Abbreviations: HFD, High-fat diet; CHPG, 2-Chloro-5-hydroxyphenylglycine;
CD, Control diet; CNS, Central nervous system; mGluR5, Metabotropic glutamate
receptor 5; PLC, Phospholipase C; IP3, Inositol 3-phosphate; DAG, Diacylglycerol;
NAM, Negative allosteric modulator; DIO, Diet-induced obesity/diet-induced
obese; TNF, Tumor necrosis factor; IFN-γ, Interferon gamma; IL, Interleukin;
MCP-1, Monocyte chemoattractant protein; VEH, Vehicle; IP, Intraperitoneal
route; MTEP, [3-[(2-Methyl-1,3-thiazol-4-yl)-ethynyl]-pyridine.

response from adipocytes and local immune cells that becomes
chronic in the context of long term obesity (Wood et al.,
2009). Furthermore, a low-grade chronic inflammatory response
can result in increased circulating levels of proinflammatory
cytokines, leading to the onset of insulin resistance, diabetes,
atherosclerosis, osteoarthritis, and so on (Dandona et al., 2004;
Van Gaal et al., 2006; Kopelman, 2007; Wood et al., 2009).

Psychiatric disorders, including anxiety, depression, and binge
eating, are also linked to obesity, yet there is still debate about
whether they constitute cause or consequence of this disease
(de Zwaan, 2001; Wurtman and Wurtman, 2018). Either way,
efforts to reduce body weight and adiposity can be hampered
by depression, anxiety, and other mood disorders, as these
conditions can also promote weight gain (Collins et al., 2016).
In agreement, some evidence shows a link between high-fat diet
(HFD) consumption and the development of depression and
anxiety, in animal models (Sharma and Fulton, 2013; Gancheva
et al., 2017). Moreover, consumption of HFD might lead to neural
adaptations in brain reward circuitry, a key area involved in
binge eating and other addictive-like aspects of feeding behavior
(Sharma and Fulton, 2013; Murray et al., 2014).

The metabotropic glutamate receptor 5 (mGluR5) is a
G-protein–coupled receptor, associated with an intracellular rise
in [Ca2+]i through Gq/G11 protein signaling, increasing the
activity of PLC and the levels of IP3 and DAG (Niswender
and Conn, 2010). There is evidence that mGluR5 may underlie
obesity pathophysiology. For instance, the knockout of mGluR5
gene, as well as treatment with MTEP, a NAM of mGluR5,
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decreased body weight, plasma leptin and insulin levels, food
intake, and feeding after food deprivation (Bradbury et al.,
2005). Accordingly, CHPG, an mGluR5 agonist, stimulates
food intake in mice, supporting a role of this receptor in
mediating appetite and feeding (Ploj et al., 2010). Herein,
we used a NAM of mGluR5, VU0409106, to investigate the
effects of reducing mGluR5 activity over different aspects related
to obesity, including binge-like eating. Compared to MTEP
and related compounds, VU0409106 was recently synthesized,
exhibiting improved pharmacokinetics and in vivo activity on
reducing compulsion behavior without affecting motor behavior
in mice (Varty et al., 2005; Koros et al., 2007; Felts et al., 2013).

Our results indicated that obese mice chronically injected
with VU0409106 showed reduced body weight and adipose tissue
inflammation. Locomotor activity and compulsive behavior
were assessed, and the compound seems to reduce compulsive
behavior in treated mice. Furthermore, our data confirm
that the treatment with this drug was able to reduce binge-
like eating in mice.

MATERIALS AND METHODS

Animals
All procedures used in this study were approved and strictly
followed the ethical principles of animal experimentation
adopted by the Ethics Committee on Animal Use of Federal
University of Minas Gerais and institutionally approved under
protocol number 350/2015. Male C57BL/6 mice aging from 3 to
15 weeks were used. After weaning, mice were provided with
ad libitum water and either HFD with 45% of total calories
from fat, or control diet (CD) with 10% of total calories from
fat (Supplementary Material). Diet was obtained from Rhoster R©

Industry and Commerce (São Paulo, Brazil). All animals were
housed in groups (two per box) and in conditions of 25◦C, a 12
h light–dark cycle, with lights on 7 AM and off on 7 PM, and food
and water ad libitum.

Drugs
The compound VU0409106 was purchased from Tocris
Bioscience© (Bristol, United Kingdom). Fluoxetine
hydrochloride was donated by Infinity Pharma© (RJ, Brazil). The
drugs were dissolved by sonication into vehicle (VEH) consisting
of 10% Tween 80 (Sigma–Aldrich) and 90% physiological saline
solution and administered via intraperitoneal route (IP). The
doses of VU0409106 (50 mg) prepared were as follows: 3, 7.5, and
15 mg/kg. Fluoxetine, a selective serotonin reuptake inhibitor,
was used at doses of 10 mg/kg as a positive control on reducing
food consumption and body weight. After preparation, solutions
were stored in the freezer at a temperature of−20◦C until use.

Diet-Induced Obesity
Mice were placed on HFD from weaning (third week), and
body weight was measured weekly. At midweeks 12th and
14th, daily body weight and food intake were assessed in the
morning (14 days). During this period, food intake was calculated
by placing preweighed food in the cage daily. Consumption

was normalized by mice body weight. At the beginning of
the 15th week, mice were made to fast (7 AM–1 PM) and
euthanized (Figure 1).

Chronic Treatment in Obese Mice
The same protocol of diet-induced obesity (DIO) was used
to assess the effects of 14 days treatment of obese mice with
VU0409106 (Figure 1). Through the 12th to 14th week, mice
were injected in the morning daily, via the IP route, with
VEH, VU0409106 3 mg/kg, VU0409106 7.5 mg/kg, or fluoxetine
10 mg/kg. Those doses were based on previously reported data
(Yen et al., 1987; Niswender and Conn, 2010; Felts et al.,
2013). Daily food intake and body weight were measured, and
after the period of treatment, the hypothalamus, serum, and
epididymal adipose tissue were collected and properly stored for
subsequent analysis.

Fasting-Induced Food Intake Protocol
In order to assess the effects of VU0409106 on binge-like eating
behavior, mice were fed with CD from weaning, and they were
isolated in their cages at the beginning of the 11th week for
7 days for habituation. At the beginning of the 12th week,
animals were deprived of food for 14 h (1 h prior to lights
out, until 1 h after lights on). Thirty minutes before lights
on, animals were treated with vehicle (VEH) or VU0409106
at doses of 3, 7.5, or 15 mg/kg or fluoxetine 10 mg/kg.
After 14 h fasting, preweighed CD was reintroduced in cages,
and food intake was measured at 15, 30, 60, and 210 min
after refeeding. Food intake (milligrams) was normalized to
body weight (grams).

Intermittent HFD-Induced Food Intake
Protocol
A second protocol to assess the effects of VU0409106 on binge-
like eating behavior was conducted. Mice at 10 weeks of age were
subjected to intermittent or continuous HFD, as described in
the Supplementary Material. Previous work demonstrated that
successive cycle of 24-h intermittent exposure to HFD induces
binge-like eating in mice (Czyzyk et al., 2010). At the 12th week
of age, these mice were injected with either VEH; VU0409106 at
doses of 3, 7.5, or 15 mg/kg; or fluoxetine 10 mg/kg, 30 min prior
to another presentation of preweighed HFD to the mice of the
intermittent group. Food intake was measured 2.5 and 24 h after
HFD presentation.

Sample Processing
The hypothalamus and epididymal adipose tissue were rapidly
collected and homogenized in an extraction solution (100 mg
of tissue per milliliter), containing 0.4 M NaCl, 0.05% Tween
20, 0.5% bovine serum albumin, 0.1 mM phenyl methyl sulfonyl
fluoride, 0.1 mM benzethonium chloride, 10 mM EDTA, and
20 KIU aprotinin, using Ultra-Turrax. Lysates were centrifuged
at 13,000g for 10 min at 4◦C; supernatants were collected and
stocked at −70◦C until use. Blood samples were also obtained,
centrifuged at 1,500g for 10 min at 4◦C, and the serum was
collected and stocked at−70◦C until use.
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FIGURE 1 | Scheme of diet-induced obesity (DIO) and chronic drug treatment. Three-week-old C57BL/6 mice were divided into control diet group (CD) and high-fat
diet group (HFD). Animals were fed ad libitum throughout the experiment. At the 12th and 14th day, daily body weight and food intake were assessed for 14 days. In
the last day of treatment, mice were submitted to behavioral experiments and afterward to biochemical analysis.

Cytokines and Endocrine Markers
Analysis
The concentration of the cytokines interleukin 6 (IL-6), IL-10, IL-
12p70, interferon γ (IFN-γ), and tumor necrosis factor α (TNF-
α), and chemokine monocyte chemoattractant protein 1 (MCP-
1) was determined using a mouse CBA kit (BD Biosciences,
San Diego, CA) and acquired on a FACS CANTO II flow
cytometer (Becton Dickinson, San Jose, CA). The samples were
incubated with capture microspheres (beads) covered by specifics
antibodies to the respective cytokines and chemokines, as well
as the proteins of the standard curve. Then, the color reagent
was added, and the samples were incubated for 3 h, at room
temperature, and protected from light. Then, the plate wells were
washed with the Wash Buffer R© washing solution, provided in
the kit, and subjected to centrifugation for 5 min at 200 rpm
at room temperature. The supernatant was then aspirated and
discarded. The precipitate containing the microspheres was then
suspended with 300 µL of Wash Buffer R©. The CBA results
were analyzed by employing the software FCAP Array version
3.0 (Soft Flow Inc., Pécs, Hungary). Leptin, adiponectin, and
insulin levels were detected by enzyme-linked immunosorbent
assay (R&D Systems, Minneapolis, MN) in accordance to the
manufacturer’s instructions. Total cholesterol and triglyceride
assays were measured by specific kits from Bioclin R© (MG, Brazil).
The monoreagent cholesterol and triglycerides kit are based on
a colorimetric enzymatic test, in which a substrate is formed
in which the color produced is directly proportional to the
concentration of analyze, and its intensity is determined in a
spectrophotometer at 500 nm.

Glucose Measurement
All tests were performed in the morning with 6 h–fasted mice,
and tail vein blood sample was collected. Blood glucose test
was performed on mice at three different times: after weaning,
before 14 days drug treatment, and after drug treatment. For
measurements, -chek active device was used.

Open-Field Test
To evaluate the locomotor activity, an open-field test was
performed. In the afternoon, the animals were removed
from the bioterium and taken to the test room, where the
apparatus used in the experiment was located (the animals
were not deprived from food or water). The habituation
period was 30 min. After habituation, animals were placed
in the apparatus (PhenoTyper R©System; Noldus, Information
Technology, Leesburg, VA, United States) and remained in

the test for 30 min. The apparatus has an opaque plastic
arena (30 × 30 cm), and animals could explore freely the
entire area. The total distance traveled (cm) was analyzed
using Ethovision XT software (Noldus, Information Technology,
Leesburg, VA, United States).

Marble-Burying Test
The basic protocol for this experiment was performed according
to Nature Protocols (Deacon, 2006). For that, acrylic boxes
measuring 29 × 17.5 cm in length, 20 spheres (marbles), and
wood shavings were used. A quantity of wood shavings was
placed, filling the boxes approximately 7 cm and forming a flat
and compact surface. Twenty spheres were placed in rows (4× 5)
in the box on the shavings evenly spaced, with each space about
4 cm apart between the spheres. The animals faced the test in the
morning. Before being taken to the experimental room, animals
were kept for 30 min in packaging (there was no water or food
deprivation). The drugs were administered 15 min before starting
the behavioral test. The duration of the test was 30 min. The
analyses were performed after the tests. The number of spheres
buried and not buried was quantified. For the sphere to be
considered buried, two-thirds of its dimension should be below
the level of shavings. The same experimenter blindly analyzed all
the tests performed.

Statistics
Data are presented as mean ± SEM. All graphs and analyses
were performed using GraphPad Prism 5.0 (GraphPad Software,
San Diego). Before statistical tests, all data were analyzed
by Grubbs ESD method for outlier detection, and extreme
values were excluded from the analysis. Gaussian distribution
of data was confirmed by Kolmogorov–Smirnov normality test.
A comparison between two groups was performed by Student
t-test. Three or more groups were analyzed by one-way analysis
of variance (ANOVA) followed by Bonferroni post hoc test. The
two-way ANOVA, followed by the Bonferroni post hoc was used
in cases of two independent variables. In all cases, significance
was defined by p < 0.05.

RESULTS

DIO and Chronic Treatment With
VU0409106 in Mice
Mice fed with HFD exhibited significantly higher body weight
since the second week (two-way ANOVA, F(2,23) = 10.52,

Frontiers in Neuroscience | www.frontiersin.org 4 February 2021 | Volume 15 | Article 63131117

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-631311 February 4, 2021 Time: 15:21 # 5

Oliveira et al. Negative Modulation of mGluR5

TABLE 1 | Wild-type C57BL/6 mice after 11 weeks on HFD or CD.

HFD CD

Serum insulin (pg/mL) 1.725 ± 0.208 2.088 ± 0.239

Serum triglycerides (mg/dL) 61.38 ± 5.382 59.50 ± 8.379

Serum adiponectin (pg/mL) 188.9 ± 18.24 178.5 ± 27.57

Hypothalamic adiponectin (pg/mg) 25.68 ± 4.849* 12.42 ± 2.412

Adipose tissue adiponectin (pg/mg) 29.17 ± 7.737 36.91 ± 5.978

Hypothalamic IL-12p70 (pg/mg) 2.824 ± 0.686 2.822 ± 0.388

Hypothalamic TNF-α (pg/mg) 1.465 ± 0.170 1.551 ± 0.151

Hypothalamic IFN-γ (pg/mg) 0.481 ± 0.059 0.5415 ± 0.089

Hypothalamic MCP-1 (pg/mg) 8.536 ± 1.897 9.497 ± 1.517

Hypothalamic IL-10 (pg/mg) 1.510 ± 0.137 1.588 ± 0.154

Hypothalamic IL-6 (pg/mg) 1.364 ± 0.198 1.221 ± 0.116

Serum IL-12p70 (pg/mL) 17.27 ± 4.598 24.36 ± 6.843

Serum TNF-α (pg/mL) 15.33 ± 3.330 15.03 ± 3.186

Serum IFN-γ (pg/mL) 2.590 ± 0.332 3.106 ± 0.486

Serum MCP-1 (pg/mL) 94.64 ± 15.06 89.18 ± 15.02

Serum IL-10 (pg/mL) 15.35 ± 4.324 18.95 ± 4.613

Serum IL-6 (pg/mL) 7.391 ± 1.480 8.053 ± 1.475

*Statistically different from control diet–treated mice, p < 0.05, Student’s t-test,
n = 6–8.

p = 0.0004) (Supplementary Figure 1A). In addition, HFD
group showed higher levels of total cholesterol (unpaired
t-test, t16 = 2.335, p = 0.0329) (Supplementary Figure 1B),
serum leptin (unpaired t-test, t13 = 2.184, p = 0.0479)
(Supplementary Figure 1C), and also epididymal adipose
tissue leptin levels (unpaired t-test, t12 = 5.584, p = 0.027)
(Supplementary Figure 1D). Inflammatory markers in
epididymal adipose tissue at the end of the DIO protocol
were also measured, and higher levels of cytokines IL-12p70,
TNF-α, IFN-γ, and the chemokine MCP-1 were detected
(unpaired t-test, IL-12.70 t10 = 2.506, p = 0.0311; TNF-α
t10 = 2.567, p = 0.028; IFN-γ t10 = 2.835, p = 0.0177; and
MCP-1 t11 = 2.869, p = 0.0153) (Supplementary Figures 1E–
J). Besides, results showed an increase in hypothalamic
adiponectin levels in mice fed with HFD, although no
other difference regarding serum insulin, adiponectin,
triglycerides, and inflammatory markers outside epididymal
adipose tissue was observed between HFD and control
group (Table 1).

Interestingly, treatment with VU0409106 7.5 mg/kg or
fluoxetine 10 mg/kg promoted weight loss (one-way ANOVA,
F(3,29) = 21.93, p < 0.001) and reduced food intake in
HFD mice (one-way ANOVA, F(3,35) = 9.654, p < 0.001)
(Figures 2A–C). Besides, mice fed with CD were also treated
with VU0409106, under the same protocol described for HFD
mice. CD mice did not show significantly reduced body
weight or food intake (Figures 2D–F). In order to investigate
if drug treatment interferes with locomotor parameters of
HFD and CD mice, the open-field test was performed.
Importantly, HFD- or CD-treated mice with VU0409106 did
not present reduction on total distance traveled compared
to control group (Figures 2G,H). In addition to locomotor
parameter, the effect of VU0409106 was evaluated on a
model of compulsion (marble burying) in both groups. It was

observed that HFD mice treated with VU0409106 7.5 mg/kg
or fluoxetine 10 mg/kg buried fewer marbles compared to
the control group (Figure 2I). Otherwise, CD mice treated
with VU0409106 in all different concentrations or fluoxetine
10 mg/kg buried fewer marbles as compared to control
group (Figure 2J).

Nonetheless, we also observed a reduction of inflammatory
cytokine levels IL-12p70, TNF-α, and IFN-γ in HFD mice
treated with VU0409106 7.5 mg/kg in the adipose tissue of
C57BL/6 obese mice (one-way ANOVA, IL-12p70 F(3,23) = 3.116,
p = 0.0459; TNF-α F(3,24) = 3.904, p = 0.021; and IFN-γ
F(3,27) = 3.962, p = 0.0184) (Figures 3A–C). However, no
difference was observed comparing vehicle-, VU0409106-, and
fluoxetine-treated HFD mice in terms of leptin, adiponectin, total
cholesterol, triglycerides, and inflammatory cytokine levels in
hypothalamus or in serum (Supplementary Materials 2–6).

In addition, treatment with VU0409106 at both doses also
reduced serum insulin levels in HFD mice (one-way ANOVA,
F(3,23) = 5.749, p = 0.0044) (Figure 4A), and VU0409106
7.5 mg/kg decreased glucose levels (unpaired t-test, t17 = 2.936,
p = 0.0092) (Figure 4B).

Effect of VU0409106 Treatment on
Binge-Like Eating Behavior
To assess the effects of negative mGluR5 modulation on fasting-
induced food intake (Bradbury et al., 2005), 12 weeks-old non-
obese mice were made to fast for 14 h (1 h prior to lights
off until 1 h after lights on). Thirty minutes before returning
food to the cages, mice were injected with vehicle, fluoxetine
10 mg/kg, or VU0409106 at doses of 3, 7.5, or 15 mg/kg. Food
intake was measured 15, 30, 60, and 210 min after food was
reintroduced and normalized by body weight. Mice injected with
VU0409106 7.5 and 15 mg/kg showed reduced food intake after
30 min of returning food to the cage, as compared to vehicle-
treated animals (Figure 5A) (two-way ANOVA; interaction
F(12,96) = 1.782, ns; group factor F(3,96) = 16.74, p < 0.0001;
time factor F(4,96) = 105.8, p < 0.0001), and this reduction was
even more pronounced at the end of the experiment (210 min
after food presentation) (one-way ANOVA, F(4,24) = 8.611,
p = 0.0002) (Figure 5B). We also assessed binge-like eating
behavior in a different protocol based on intermittent HFD
exposure (Czyzyk et al., 2010). Ten-week-old non-obese mice
were subjected to successive cycles of HFD and developed
binge-like eating behavior (Supplementary Material). Thirty
minutes before the third cycle of HFD exposure, mice were
injected with vehicle, fluoxetine 10 mg/kg, or VU0409106
at 7.5 or 15 mg/kg. Food intake was measured 2.5 and
24 h later. As shown in Figure 5, mice with intermittent
access to HFD had considerably higher food intake (one-
way ANOVA, F(4,30) = 17.99, p < 0.0001) (Figures 5C–E),
including food intake per minute, which characterizes the
binge-like eating behavior. At both tested doses of VU0409106,
and also fluoxetine, results showed a reduction in binge-like
eating 2.5 h after HFD presentation (Figures 5C,D). However,
at 24 h, no difference was observed among drug-treated
groups (Figure 5E).
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FIGURE 2 | Continued
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FIGURE 2 | Effects of 14 days’ treatment on body weight, cumulative intake, and behavioral tests in HFD mice and CD mice. Scatter plot representation.
(A) Treatment with VU0409106 7.5 mg/kg or fluoxetine 10 mg/kg reduced body weight of HFD mice (n = 8–9). (B) Food intake of HFD mice is decreased after
treatment with VU0409106 7.5 mg/kg or fluoxetine 10 mg/kg (n = 8–11). (C) Graphical representation showing 14 days’ treatment on body weight of HFD mice.
Treatment with VU0409106 (3 or 7.5 mg/kg) or fluoxetine (10 mg/kg) did not reduce body weight (D) or food intake (E) of CD mice (n = 8–11). (F) Graphical
representation showing 14 days’ treatment on body weight of CD mice. (G) Treatment with VU0409106 7.5 mg/kg did not alter the distance traveled of HFD mice
(n = 6–8). *p < 0.05, **p < 0.01, and ***p < 0.001 compared to vehicle after Bonferroni multiple-comparison post hoc test. (H) Treatment with VU0409106 (3 or
7.5 mg/kg) or fluoxetine (10 mg/kg) on CD mice did not change the distance traveled comparing to the control group. (I) VU0409106 7.5 mg/kg or fluoxetine
10 mg/kg reduced the number of marbles buried in HFD mice (n = 9–11). **p < 0.01 and ***p < 0.001 compared to vehicle after Bonferroni multiple-comparison
post hoc test. (J) VU0409106 3 and 7.5 mg/kg or fluoxetine 10 mg/kg reduce the number of marbles buried in CD mice (n = 9–10). *p < 0.05, **p < 0.01, and
***p < 0.001 compared to vehicle after Bonferroni multiple-comparison post hoc test.

FIGURE 3 | Decreased levels of inflammatory cytokines IL-12p70, TNF-α, and IFN-γ in the epididymal adipose tissue of HFD mice after treatment with VU0409106.
Fourteen days’ treatment with VU0409106 7.5 mg/kg of HFD mice reduced (A) IL-12p70, (B) TNF-α, and (C) IFN-γ levels in the epididymal adipose tissue of HFD
mice. (D–F) No effect of VU0409106 or fluoxetine on (D) MCP-1, (E) IL-10, or (F) IL-6 levels. The results are shown as mean ± SD from (n = 6–8). *p < 0.05
compared to vehicle after Bonferroni multiple-comparison post hoc test.

FIGURE 4 | Fourteen days’ treatment with VU0409106 reduced serum insulin and glucose levels of HFD mice. (A) Scatter plot representation of treatment with VEH
(vehicle), VU0409106 (3 or 7.5 mg/kg), and fluoxetine (10 mg/kg) (n = 7–8). *p < 0.05 and **p < 0.01 compared to vehicle after Bonferroni multiple-comparison
post hoc test. (B) Glycaemia levels of HFD mice were measured prior (pretreatment) and after 14 days drug treatment (posttreatment). Blood samples were collected
after 6-h fasting. VEH (vehicle), VU0409106 (3 or 7.5 mg/kg), and fluoxetine (10 mg/kg) (n = 10–11), **p < 0.01 compared to vehicle after Student’s t-test.
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FIGURE 5 | NAM VU0409106 reduced binge-like eating behavior in C57BL/6 mice. Fasting-induced food intake results are shown in A and B. (A) Food intake after
15, 30, 60, and 210 min of food return to the cage (a: different from vehicle at time 60; b: different from vehicle at time 210; and c: different from vehicle at time 30
after Bonferroni multiple-comparison post hoc test). (B) Food intake at 210 min (n = 6), **p < 0.01 and *** p < 0.001 compared to vehicle after Bonferroni
multiple-comparison post hoc test. Intermittent-HFD-induced binge-like eating results are shown in (C–E). HFD intakes were monitored (C,D) 2.5 h and (E) 24 h
after presentation of HFD (n = 7), #p < 0.05, **p < 0.01, and ***p < 0.001 after Bonferroni multiple-comparison post hoc test.

DISCUSSION

In order to assess potential therapeutic applications of mGluR5-
targeting drugs in obesity, herein we focused on the role of
negative modulation of mGluR5 by VU0409106 in feeding
regulation, body weight, binge eating, and adipose tissue
inflammation on diet-induced obese mice. Importantly,
VU0409106 is a drug structurally distinct from MTEP acting as
a potent and selective NAM of mGluR5 binding at recognized
allosteric binding site (Felts et al., 2013). This drug crosses
the blood–brain barrier, displays good central nervous system
(CNS) rates following intraperitoneal injection, and also reduces
compulsive behavior in mice (Felts et al., 2013), which might
be an interesting tool for treating CNS-related disorders, as
binge eating in the context of obesity. Besides, rodents treated
with VU0409106 differently from MTEP did not show altered
locomotor activity, which may be related to alterations in
learning and memory, social behavior deficits, and disruption on
prepulse inhibition (Varty et al., 2005; Koros et al., 2007).

In the current study, we induced obesity in mice by using
a protocol with 45% HFD. Our results showed that after HFD
treatment, mice showed obesity features, such as increased body
weight, cholesterol, leptin levels, and inflammatory markers. It
is well known that adipose tissue inflammation is a hallmark
of obesity and underlies several metabolic alterations associated
with this condition (Dandona et al., 2004; Buettner et al., 2007;
Wood et al., 2009). Accordingly, HFD mice showed elevated
levels of the chemokine MCP-1 and inflammatory cytokines
IL-12p70, TNF-α, and IFN-γ in the epididymal adipose tissue,

10 weeks after introduction of HFD. These findings reinforce
the presence of an inflammatory milieu as described in obesity
(Dandona et al., 2004; Huh et al., 2014). Moreover, the lack
of higher levels of IL-10, a pivotal anti-inflammatory cytokine,
points out the absence of a counter-regulatory process, which
in turn may contribute to the chronic, low-grade inflammation
typical of obesity (Juge-Aubry et al., 2005).

We also investigated the levels of adiponectin, a hormone
produced by adipocytes, generally found at lower levels in obese
subjects (Kern et al., 2003; Nigro et al., 2014). Although no
difference was observed between HFD and CD mice regarding
serum or adipose tissue levels of adiponectin, higher levels
of this adipokine were found in the hypothalamus of obese
mice. Based on the anti-inflammatory effects of adiponectin, its
increased levels in the hypothalamus may explain, at least in
part, the lack of a central inflammatory response in the HFD
group (Huang et al., 2008; Nigro et al., 2014). In line with
this finding, an intracerebroventricular injection of adiponectin
was able to reverse the elevated proinflammatory signals
in the hypothalamus of HFD mice, reinforcing adiponectin
anti-inflammatory role in the brain in the obesity context
(Koch et al., 2014).

It has been reported that the modulation of the glutamatergic
system might be a promising strategy to treat obesity (Barja-
Fernandez et al., 2014; Bojanowska and Ciosek, 2016).
Accordingly, we investigated whether 14 days’ treatment
with VU0409106 would oppose obesity in mice under HFD.
The systemic administration of VU0409106 reversed weight
gain and decreased food intake in HFD mice. Our data are
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FIGURE 6 | Anti-inflammatory role of VU0409106 in the adipose tissue of obese mice. (A) Increased adiposity may contribute to hypoxia, stress, and cell death,
which triggers an inflammatory response with enhanced local levels of inflammatory mediators, especially cytokines such as IL-12p70, TNF-α, and IFN-γ and the
chemokine MCP-1 and consequent immune cell recruitment. As a result, a chronic, low-grade inflammation of adipose tissue is sustained. (B) Chronic
administration of VU04090106 reduces food consumption and body weight and promotes an anti-inflammatory milieu.

in accordance with previous results showing that mGluR5
mediates appetite and energy balance in rodents (Bradbury
et al., 2005). Also, previous data showed that MTEP, a NAM
of mGluR5, decreased consumption of highly palatable food
without altering consumption of the standard diet, which may
explain, at least in part, the lack of treatment effect in CD
mice (Bisaga et al., 2008). These results needed to be further
investigated in order to clarify if the effect of VU0409016 is
directly related to brain reward circuits. It is well known that
eating behavior is directly affected by food taste and also that

high-fat food is highly palatable (Rockwood and Bhathena, 1990;
Melhorn et al., 2010; Small, 2012; Bake et al., 2014). Because
of the difference in nutrient composition between diets, it is
possible that VU0409106 acts by suppressing the intake of
HFD more than CD as meal patterns are altered when mice are
subjected to an HFD (Melhorn et al., 2010). Besides, mGluR5 is
a diffuse receptor found in the brain, distributed in the following
structures: olfactory bulb, anterior olfactory nucleus, olfactory
tubercle, cerebral cortex, hippocampus, lateral septum, striatum,
nucleus accumbens, inferior colliculus, and spinal trigeminal
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nucleus (Shigemoto et al., 1993). In addition, studies show that
mGluR5 is expressed in several regions of the hypothalamus
as in the preoptic, suprachiasmatic nucleus, and ventrolateral
region (van den Pol et al., 1995). However, among these regions,
mGluR5 is strongly expressed in the ventrolateral pole of the
ventromedial nucleus (an area related to metabolic balance and
food intake) (van den Pol et al., 1995). As mGluR5 are expressed
in key brain areas controlling feeding behavior and rewarding
brain circuits, as hypothalamus, nucleus accumbens, and
dorsolateral striatum, it is possible that the negative modulation
of these receptors reduced the rewarding aspects induced by the
palatable food in the HFD group (van den Pol et al., 1995; Boer
et al., 2010; Terbeck et al., 2015). In fact, there is evidence that
glutamatergic antagonists seem to be more selective in decreasing
the reinforcing effect of food, which is more related to hedonic
than homeostatic processes (Saper et al., 2002). Moreover, it
is quite tempting to postulate that the mechanisms underlying
the effects of negative modulation of mGluR5 on reducing
food intake may resemble the antagonist of those receptors on
decreasing self-administration and drug-seeking behavior of
agents, such as alcohol, cocaine, nicotine, and opiates (Paterson
and Markou, 2005; Bäckström and Hyytiä, 2006; Osborne and
Olive, 2008; Rutten et al., 2011; Wang et al., 2013).

In the behavioral tests performed, no uncommon results were
found. As previously described, MPEP and fluoxetine decrease
the compulsive behavior of burying marbles on mice (Spooren
et al., 2000; Nicolas et al., 2006; Arora et al., 2013), and the
compound VU0409106 itself has a similar ability (Felts et al.,
2013). In the open-field test, according to our results VU0409106
administration did not cause hyperlocomotion or sedation in
treated mice. However, more side effects of the compound
need to be explored.

The negative modulation of mGluR5 by VU04090106 also
decreased the adipose tissue inflammation induced by HFD.
It is unclear how VU0409106 decreased inflammatory markers
selectively in the adipose tissue without affecting their levels in
the serum or hypothalamus. Nonetheless, VU0490106-associated
decrease in inflammatory signaling in the epididymal adipose
tissue of HFD mice may also be dependent on the body weight
loss alongside with reduced adiposity due to decreased food
intake, which in turn leads to diminished stress upon adipocytes
and to a decrease in local inflammation (Figure 6). Corroborating
our findings, anti-inflammatory effects, including decrease in
the expression of inflammatory cytokines, as well as in the
recruitment of immune cells to the lesion site, have been also
reported following negative regulation of mGluR5 in other
pathological conditions, such as traumatic brain injury (Byrnes
et al., 2009; Yang et al., 2017). Considering the widespread
distribution of mGluR5 (e.g., CNS, liver, hepatocytes, thymus,
immune cells), further studies are necessary to address the
mechanisms behind VU0490106 anti-inflammatory properties in
obesity (Boldyrev et al., 2005; Ferrigno et al., 2017).

An intriguing effect was observed in the serum insulin and
glucose levels of HFD mice in response to the treatment with
VU0409106 (Figure 6B). Although no difference in serum insulin
level was observed between HFD and CD mice, only HFD mice
had lower insulin and glucose levels after VU0409106 treatment.

Likewise, lower serum insulin level after mGluR5 negative
modulation was observed only in HFD mice as reported by
Bradbury et al. (2005). Evidence suggests that mGluR is involved
in the regulation of hormone secretion in the endocrine pancreas
(Brice et al., 2002; Storto et al., 2006). The mGluR5 appears
also to be required for an optimal insulin response to glucose
both in clonal beta cells and mice (Storto et al., 2006). In clonal
pancreatic beta cells, mGluR5 is expressed at the cell surface
and also found in purified insulin-containing granules (Storto
et al., 2006). Moreover, the NAM of mGluR5, MPEP, was able to
inhibit glucose-stimulated [Ca2+]i increase and insulin secretion
in those cells (Storto et al., 2006) supporting our findings.

Binge-eating disorder is strongly linked with obesity, and
binge eating per se is associated with a high burden of metabolic
risk factors in the general population (Succurro et al., 2015; Davis,
2017). Binge-eating disorder has genetic and environmental
components, being also associated with abnormalities in main
cognitive areas as prefrontal cortex and the striatum (Kessler
et al., 2016). In addition, glutamatergic neurotransmission is an
interesting target for binge-eating disorder treatment, as it plays
a role in reinforcing action of natural stimuli, such as food and
drug abuse (Bisaga et al., 2008; Gass and Olive, 2008; Kalivas,
2009; Guardia et al., 2011). Thus, in order to assess the effects
of negative modulation of mGluR5 in a model of binge-eating
disorder, we selected two different protocols: a fasting protocol
and an intermittent HFD access model, which does not involve
the stress of forced fasting (Smith and Robbins, 2013). There is
evidence that different neural substrates may control hunger- and
non–hunger-driven food intake (Cao et al., 2014; Xu et al., 2017).
Our results showed that in both protocols, the NAM VU0409106
was able to reduce the binge-like eating behavior. Fluoxetine, a
selective inhibitor of reuptake of serotonin, which is largely used
in the treatment of binge-eating disorders, was also effective in
reducing binge-like eating in our models (Arnold et al., 2002;
Guardia et al., 2011; Li et al., 2015). In addition, the role of
mGluR5 on eating disorders was assessed by several authors
(Bradbury et al., 2005; Bisaga et al., 2008; Guardia et al., 2011).
More recently, interesting work described the part of mGluR5,
in vivo, in bulimia nervosa (Mihov et al., 2020). In this study,
the authors found higher distribution volume of mGluR5 in
areas linked to processing emotional and cognitive information
related to self-control, as anterior cingulate cortex and medial
orbitofrontal cortex in individuals with bulimia (Mihov et al.,
2020). Overall, our data confirm the role of mGluR5 on eating
disorders and paved the way for the development of therapeutic
strategies focused in the glutamatergic transmission for the
treatment of this condition.

It is also important to highlight that our DIO model used
small laboratory animals, which have different feeding patterns
and compensatory mechanisms than humans, which may limit
the extrapolation of the findings. And besides the limitations of
this study on lacking on a deeper investigation of the mechanisms
behind VU0409106 weight loss and decreased inflammatory
markers on the adipose tissue, our findings may have important
clinical implications. The current study confirms the role of
mGluR5 on feeding and body weight regulation, pointing out
this glutamatergic receptor as an important clinical target to treat
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obesity and related disorders. Further research and prospective
studies, however, are needed to assess and evaluate the potential
of VU0409106 on long-term treatment.

CONCLUSION

This work provides first evidence of positive results on
the mGluR5 NAM, VU0409106, in DIO and binge-like
eating models. The weight loss achieved by VU0409106
administration was restricted to obese mice; likewise, the
reduced food intake. The compound also reduced epididymal
adipose tissue inflammation, suggesting that it could hold
other therapeutic effects in the context of obesity and
metabolic syndromes. We also showed that both hunger-
and non–hunger-driven food intake, resembling binge-like
eating, are suppressed by VU0409106-negative mGluR5
modulation. In summary, this work adds to previous
evidence linking potential therapeutic application of mGluR5
antagonists to obesity and obesity-related disorders, paving
the way for the development of translational approaches and
promised treatments.
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The earliest hypoxia-inducible factor (HIF) function was to respond to hypoxia or hypoxic
conditions as a transcription factor. Recent studies have expanded our understanding of
HIF, and a large amount of evidence indicates that HIF has an essential effect on central
regulation of metabolism. The central nervous system’s response to glucose,
inflammation, and hormones’ main influence on systemic metabolism are all regulated
by HIF to varying degrees. In the hypothalamus, HIF mostly plays a role in inhibiting energy
uptake and promoting energy expenditure, which depends not only on the single effect of
HIF or a single part of the hypothalamus. In this paper, we summarize the recent progress
in the central regulation of metabolism, describe in detail the role of HIF in various functions
of the hypothalamus and related molecular mechanisms, and reveal that HIF is deeply
involved in hypothalamic-mediated metabolic regulation.

Keywords: energy homeostasis, obesity, hypoxia-inducible factor (HIF), hypothalamus, proopiomelanocortin (POMC)
INTRODUCTION

The central nervous system (CNS) receives many peripheral signals, including nutrient signals,
hormone and gastric vagal afferent signals transmit and integrate peripheral energy information
through a complex neural network, regulating peripheral target organs such as adipose tissue,
through the nerve-body fluid pathway. The hypothalamus, a part of CNS, contains essential nuclei
that function as neuroendocrine cells. It is a key regulator of systemic metabolic homeostasis
because it can combine nutritional information with hormonal signals and regulate food intake as
well as peripheral metabolism according to energy utilization. Glucose, leptin, insulin, and orexin
play a special role in the brain, especially in the hypothalamus. These signals ultimately affect the
metabolic capacity or electrical excitability of hypothalamic neurons, thereby regulating the whole
body through the hypothalamus.

The metabolism of neurons is closely related to oxygen sensing. Different oxygen concentration
will lead to different metabolic states. HIF is a major transcription factor that responds to hypoxia
and induces or suppresses genes. HIF is a diploid, which consists of a stable a—subunit and a
constitutively expressed beta subunit. There are three subtypes of HIF-a, called HIF-1a, HIF-2a,
and HIF-3a (1). There is little research on HIF-3a, but HIF-1a and HIF-2a are described in detail.
HIF-1a and HIF-2a are similar in structure, but the former is generally expressed in vivo, while the
latter is more cell-specific, they both express in the brain. When oxygen is sufficient, the E3 ubiquitin
ligase, known as von Hippel Lindau disease tumor suppressor (pVHL), mediates the binding of a—
subunit to ubiquitin and causes a—subunit to be degraded by the proteasome (1). Besides, the
prolyl hydroxylase domain (PhD) can inhibit HIF-1a through the combination of targeting
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degradation and transcriptional inhibition under normoxic
conditions (2). These two factors are regarded as the most
common regulatory factors of HIF. But many metabolic factors
such as glucose (3) and lipid (4–6), also affect the stability and
expression of HIF. Functions of HIF are diverse in different
organs. For example, overexpression of HIF-1a and HIF-2a is
demonstrated to increase hepatic steatosis (7).

Meanwhile, ablation of intestine-specific Hif-2a can reverse
high-fat diet (HFD)-induced obesity (2). As for cancer, HIF can
promote the growth, invasion and metastasis of cancer cells such
as breast cancer (8) and can help the pancreatic cancers
metabolize glucose at higher rates that benefit their survival
(9). However, HIF is not always a harmful factor in the human
body, as it’s a crucial protein in CNS and participates in
controlling homeostasis of metabolism. The importance of
HIF-1a in regulating body weight, liver metabolism and
glucose homeostasis is evident (4). It is also pointed out that
HIF-2a can affect the energy balance to a certain extent (10).
Based on all the available evidences that we will mention below,
we can conclude that HIF plays a vital role in hypothalamus-
mediated systemic metabolic regulation. In this case, it is of great
significance to understand the characteristics of HIF to provide a
new and more robust method for the treatment of metabolic
diseases. This article reviews the roles of HIF in the
hypothalamus-mediated regulation of metabolism.
HYPOXIA-INDUCIBLE FACTORS
INDUCED INCREASE OF GLUCOSENSING
AND GLUCOSE METABOLISM
IN THE HYPOTHALAMUS

Previous studies have shown that HIF deeply takes part in
response to hypoxia and inflammation. However, more and
more recent studies have shown that HIF can not only regulate
its targeted cells but also regulate the metabolic activities of cells
in other parts of the body in an indirect but profound way. For
example, HIF has been shown to regulate glucose sensing in
CNS. As one of the crucial nutritional sensing functions of the
central nervous system, glucose sensing should not be ignored
when considering metabolic disorders. Both the glucose from
food and the glucose produced by the body should be adjusted
correctly to maintain balance. It is necessary to study the
regulation of glucose sensing and metabolism by HIF via CNS.

Unlike the peripheral response of pancreatic cells as the
leading way to regulate blood glucose, the hypothalamus is an
important part of glucose sensing (11). The process of
hypothalamic neurons sensing glucose is called hypothalamic
glucose sensing (HGS). Compared with the long-term regulation
of hypothalamic hormone on body weight, HGS can quickly and
timely regulate metabolic homeostasis.

The particular structure of the hypothalamus determines the
high sensitivity and accuracy of HGS, because the arcuate
nucleus (ARC) located in the medial basal hypothalamus,
which contains the most important glucose-sensing cells we
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have found so far, mainly POMC neurons and AGRP neurons
(12), is very close to the median eminence without the blood-
brain barrier (13). This structural basis makes it easier for passive
diffusion of body fluid to transmit nutrient and energy signals to
neural networks close to the ARC without being limited like
other parts of the brain. Thus, ARC can sense changes in
peripheral energy metabolism earlier and then transmit
information to other regions of the hypothalamus and brain.
The HIF complex plays an essential role in the glucose-
dependent hypothalamic control of feeding and, energy balance
and hypothalamic glucose sensing based on the above structures.
We can note that the functional relationship between them is
not unidirectional.

Glucose levels can affect HIF in the central nervous system. In
the hypothalamus, HIF can be upregulated by glucose to achieve
feeding regulation through glucose sensing. There are two
pathways, including recruitment of AMPK and mTOR/S6K to
regulate HIF-2a protein synthesis and inhibition of PHD to
prevent HIF-2a degradation (3). Furthermore, we should know
that not only glucose but also its metabolites can regulate HIF in
the central nervous system. Pyruvate has been reported to inhibit
PHD to stabilize HIF (14). In addition, succinate and fumarate
were found to upregulate the protein level of HIF-2a through
inhibition of PhD (10). Through these TCA cycle intermediates,
increased HIF-2a is involved in hypothalamic glucose sensing.

On the other hand, many studies have shown that HIF can
mediate the activity of GLUT, which is an essential glucose
channel for mediating life activities. GLUT-1, GLUT-2, and
GLUT-4 are all expressed in the brain (15). GLUT-1 mainly
exists in microvascular endothelial cells and astrocytes (16),
while GLUT-3 and GLUT-4 mainly exist in neurons (17)
GLUT-1 is the main glucose transporter in the brain,
responsible for promoting glucose transport through BBB (18).
Mice that did not express GLUT-2 in the brain had glucagon
imbalance, and the re-expression of GLUT-2 in their astrocytes
restored the correct control of glucagon levels (19). GLUT is
involved in the process of HGS: Based on the description of
“neuron sensor” model, neurons absorb glucose through GLUT,
and then glucose is metabolized into ATP, which is considered as
a factor providing glucose concentration information. It binds
and closes the ATP dependent potassium channel (KATP)
widely expressed in POMC and AgRP neurons (20), leading to
reduced potassium outflow and neuronal depolarization. HIF-1a
is a transcription factor of GLUT-1, GLUT-3 (21), and an
activator of GLUT-4 (22). Under hypobaric hypoxia, the
expression of GLUT-1 was similar to that of HIF-1a (23–25),
both of them were upregulated (26). No one has directly studied
whether HIF can increase GLUT-2 in the brain, but in the liver,
the increase of GLUT-2 is due to the up-regulation of HIF-1a
(27), so the similar mechanism in the brain is also worth looking
forward to. There is a persuasive evidence that HIF-1a regulates
GLUT-4 in the brain: 2 month administration of a-lipoic acid
(LA) can inhibit the development of Alzheimer’s disease, it can
also significantly increase the protein and mRNA levels of
GLUT-3, GLUT-4, vascular endothelial growth factor (VEGF)
and heme oxygenase-1 (HO-1) in the brain of P301S mice
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(a tauopathy and AD mouse model) (28); LA induced activation
of brain-derived neurotrophic factor (BDNF)/tyrosine kinase
receptor B (TrkB)/HIF-1a signaling pathway may be one of
the most important mechanisms during the above process (28).

In general, high glucose levels increase the expression of HIF
in glucose sensing cells, which are also appetite control neurons.
Increased HIF affects these neurons and reduces glucose intake.
The glucose sensitivity of these neurons is at least partly based on
the amount of GLUT that can be regulated by HIF. In astrocytes,
HIF also increases GLUT and leads to more glucose absorption
and sensing, which contributes to correct glucose regulation and
reduces systemic glucose levels. In the whole-body glucose
regulation process, it is not only the appetite control pathway
that plays a role. In addition to adjusting food intake, HGS also
participates in energy homeostasis by activating insulin secretion
(IS) through vagal nerve. For example, high glucose levels in the
hypothalamus stimulate IS and glycogen storage, while
preventing hepatic glucose production (29).
HYPOXIA-INDUCIBLE
FACTORS INDUCED DECREASE
OF HYPOTHALAMUS NF-ΚB
RELATIVE INFLAMMATION

Metabolic disorders are often accompanied by inflammation in
CNS (30), which can be caused by infection, high-fat diet (HFD)
and hypoxia, among which HFD is the most common cause.
Therefore, diet-induced obesity (DIO) in rodent model induced
by HFD is one of the most widely used models to study human
obesity. In the pursuit of a better treating method for obesity, it is
necessary to investigate the hypothalamic inflammatory process
caused by HFD. In terms of inflammation, we must mention NF-
kB because it is a key protein in inflammation and is always
induced by HFD.

The reason why HFD induces inflammation remains
controversial. A well-known and compelling explanation is about
long-chain saturated fatty acids (SFA), which have the same
functional structure as lipopolysaccharide (LPS), which is
responsible for binding to TLR4 (a pattern recognition receptor
that recognizes molecular patterns associated with pathogens). For
NF-kB, some studies have shown that SFAs activates glial
proliferation of microglia and astrocytes to regulate inflammatory
response (5), in this process, the LPS functional part that is composed
of acylated SFA acts on TLR4 to activate NF-kB (Figure 1).

The activation of NF-kB induced by HFD can occur in
microglia and neurons (5). For microglia, the activation of the
NF-kB pathway leads to the recruitment of pro-inflammatory
microglia in the hypothalamus and leads to obesity (5, 31, 32).
For neurons, HFD causes neuronal stress, insulin sensitivity and
leptin sensitivity reduction through the increase of NF-kB signal
(33), which in turn weakens appetite inhibition and promotes
overeating and intake of more HFD. For the precursor of
neurons, the activation of IKKb/NF-kB in hypothalamic neural
stem cells (htNSCs) can prevent neuronal differentiation and
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induce consumptively damage of htNSCs, and eventually lead to
the development of obesity and prediabetes (34). In addition,
chronic HFD feeding impairs the function of htNSCs, HFD also
activates apoptosis pathways in these cells triggered by IKKb/
NF-kB, which reduces the survival and proliferation of htNSCs
(34). The injury of adult htNSCs mediated by IKKb/NF-kB is an
important neurodegenerative process in obesity and related
diabetes mellitus (34).

There are at least two pathways via which NF-kB can activate
HIF. One is an indirect way: in microglia whose main function is
to communicate continuously with neurosecretory cells in the
hypothalamus through IL-1b and TNF-a (pro-inflammatory
cytokines), the activated IKKb/NF-kB system can upregulate
IL-1b and TNF-a, which can stabilize HIF activity by inhibiting
PHD enzyme (4). Another is by NF-kB directly activating HIF:
this method is not based on the effect on protein structure but is
based on the mRNA expression of HIF, which can be promoted
by the transport of NF-kB into the nucleus. On the opposite,
HIF-1a cannot be effectively transcribed in infection or
inflammation when NF-kB gene is deleted. Therefore, in the
absence of NF-kB gene, HIF-1a will not have stability or activity
even if exposed to adverse factors for a long time (6).

In model organisms Drosophila melanogaster and mammalian
cells, the expression of NF-kB-dependent genes is inhibited by
HIF-1a, such an inhibitory function is evolutionarily conserved
(6). Direct deletion of HIF-1a can lead to increased NF-kB
transcriptional activity by mechanisms depend on TAK and IKK
as well as CDK6 (6). Inhibition of HIF-1amakes Drosophila more
susceptible todeath by inflammation after infection, suggesting that
HIF-1a is involved in an important process of negative feedback
inhibition on the NF-kB dependent defensive mechanism to
achieve moderate immunity.

In the central nervous system, microglia are the main
responders to LPS (35). For HIF, conditionally knocking out of
isoform-specific pyruvate kinase M2 (PKM2) in cells
demonstrates that the stabilization of HIF-1a can be achieved
by PKM2, a key factor induced by LPS (36, 37). Therefore, LPS is
a common upstream regulatory factor of HIF and NF-kB.
During the induction by LPS, HIF is more likely to increase at
the same time as NF-kB, rather than only after the increase of
NF-kB as negative feedback. However, HIF is not the only factor
that prevents NF-kB, because, in the absence of HIF, the
termination of the NF-kB response still exists, which indicates
that all these negative feedback points still exist (6).

Overall, in the hypothalamus, the key site of energy
homeostasis regulation, central nervous system response to
HFD and a high-sugar diet is primarily a quick upregulation of
the NF-kB pathway. Deletion or inhibition of neuronal NF-kB
pathway intermediates restores hypothalamic control of energy
balance, thereby reducing the incidence of glucose intolerance
and DIO (38). There are also many specific mechanisms, with
which HIF prevents HFD from damaging the body, remain to be
studied, some of which may be different from the crosstalk
process we mentioned earlier. For example, in HFD fed mice,
inhibition of HIF-1b in ARC resulted in significant weight gain
and enhanced energy storage capacity (39).
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HYPOXIA-INDUCIBLE FACTORS
INDUCED REACTIVE OXYGEN SPECIES
PRODUCTION DECREASE
Reactive oxygen species (ROS) are quite common substances in
cells. The identified source of ROS is the mitochondrial respiratory
chain complex. During aerobic respiration, oxygen is relocated to
ROS after reacting with electrons. As a matter of fact, ROS can
destroy human cells as well as bacteria. But the new role of ROS in
diseases andhealth, especiallymetabolism, is attracting attention. In
various peripheral organs, ROS are known to play a role in many
signaling pathways. However, they also have a function in food
intake regulation, metabolism and hormone secretion in the
hypothalamus by affecting different types of neurons such as
POMC and AgRP/NPY neurons (40). Different factors such as
adipokines (leptin, apelin, etc.), pancreatic, intestinal hormones,
nutrients (glucose, lipids, etc.) and neurotransmitters can affect the
release of ROS in the hypothalamus. ROS released in CNS is
involved in the development of many diseases, such as type 2
diabetes (T2D) (40).
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In the brain, glucose, lipids and other common nutrients have
a similar mechanism to induce mitochondrial ROS production in
the hypothalamus alongside with an activity raise in
mitochondrial respiration, so the central nervous system, after
receiving lipid and glucose signals, can cause certain systemic
metabolic regulation measures by upregulated ROS.

Also, lipid- Hypothalamic ROS can reduce food intake and
increase insulin production. Through parasympathetic outflow,
the release of ROS in the hypothalamus can induce an insulin
peak after 1–3 min, without change in peripheral blood glucose
(40). By using antioxidant molecules to clear ROS production
in the brain, insulin secretion induced by brain glucose is
significantly disturbed, which demonstrates the regulatory
role of hypothalamic ROS in energy metabolism. ROS plays
a specific role in different nerve cells. After glucose infused
into ventromedial hypothalamus (VMH), through mROS
production, the food intake is attenuated when re-feed after
overnight fasting for a period (41). In ARC, ROS reduction
mediates the activation of NPY/AgRP neurons, while ROS
mediates the activation of POMC neurons (42). The ROS with
FIGURE 1 | Production of NF-kB via HFD. HFD increases NF-kB through SFAs. Through JNK, ER stress can be activated. Meanwhile, NF-kB and ER stress will
mediate each other. NF-kB induced IL-1b and TNF-a mediate the expression of HIF. Besides, SFAs induced PKCq and JNK reduce the function of insulin in CNS.
HIF activated POMC reduces food consumption in order to decrease the influence of HFD. On the contrary, AgRP will be inhibited by HIF. It’s possible that there is a
relation between XBP1s and HIF.
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the strongest effect on POMC neurons seems to be H2O2,
increasing H2O2 can cause depolarization of POMC neurons,
and ICV injection of H2O2 can cause significant anorexia.
Furthermore, only ROS itself can mediate leptin action and
restore POMC function (40).
REACTIVE OXYGEN SPECIES INDUCED
INCREASE OF HYPOXIA-INDUCIBLE
FACTOR STABILITY

As one of the oxygen free radicals, ROS, can also regulate HIF.
Low and moderate concentrations of ROS exert their functions,
including regulation of HIF, by regulating cellular signaling
cascades. It is worth noting that long-term inflammatory
process can increase the production of ROS (43), so ROS may
also play a role in DIO.

The HIF-a hydroxylation rate partly depends on the level of
PhD (44). In the presence of oxygen, Fe2+, 2-oxoglutarate (2-
OG) and ascorbic acid (45, 46), PhD enzymes are active and can
hydroxylate conserved proline residues of the HIF-a subunit
using alpha-ketoglutarate and molecular oxygen as co-substrates,
which then lead to HIF-a’s proteasomal degradation under non-
hypoxic conditions (47, 48). A quick increase in ROS (49)can be
observed within the first minute of hypoxia, which helps stabilize
HIF-a protein, mainly by oxidizing central Fe(II) to Fe(III) to
promote PHD enzyme inactivation (50).

The stabilizing effect of ROS on HIFs is common, H2O2 is the
most effective ROS to inhibit PHD activity and thus interfere with
HIFs degradation (51), while other types of ROS from diverse
complexes of mitochondria can stabilize HIF: knockdown of
GRIM-19 (NDUFA13), a subunit of complex I, can induce ROS
and then stabilize HIF-1a (50). Loss of SDHB, a subunit of the
iron-sulfur cluster of complex II, causes HIF stabilization through
a ROS-dependent pathway. Furthermore, only SDHB loss can
trigger ROS formation and can stabilize HIF in mitochondrial
complex II (52). In addition, the ROS of mitochondrial complex
III can also stabilize HIF, but it is not clear whether complex III
ROS is necessary to induce HIF (53–55). In complex III, RISP
knockdown reduced HIF-1a expression and demonstrated a link
between HIF and ROS of mitochondrial complex III (56).

There is evidence that HIF can increase the glycolytic rate by
upregulating the transcription of glycolytic genes (1), which
reduces oxygen consumption and reduces hypoxia-induced
stress, then reduces inflammation that can increase ROS. In
addition, other studies have shown that mammalian HIF-1a is
necessary to control the production of toxic ROS in hypoxia, as
HIF-1a can activate pyruvate dehydrogenase kinase 1 (6, 57), a
key factor that decreases ROS. But there is another more specific
regulatory process: REDD1 protein is an essential HIF-1a
effector for regulating activity of mTOR complex 1 (mTORC1)
in Drosophila and mammalian cells (58); REDD1 is also a key
factor in controlling ROS production under hypoxia (6)—when
localizes to the mitochondria, ROS production will be reduced by
REDD1 (58). Intuitively, HIF reduces ROS production, but it
cannot be considered that HIF and ROS are simply antagonistic
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to each other. Considering that some functions of HIF and ROS
overlap, such as H2O2, which has the strongest effect on POMC
neurons, is also the most effective ROS to interfere with the
degradation of HIF, this strongly indicates that HIF is more
suitable to be identified as a downstream factor regulated by
ROS, plays a part of the regulatory role caused by ROS, and
exerts negative feedback regulation on ROS.
HYPOXIA-INDUCIBLE FACTORS
INDUCED INCREASE OF
LEPTIN SENSITIVITY

Leptin is produced by peripheral adipose tissue and plays a role
in the CNS, which cannot be ignored when investigating the
development of metabolic diseases. Leptin signals activate Janus-
activatedkinase (JAK)-2 throughLEPRandpromote later signaling
through effector cascades, including signal transduction and
activators in the phosphatidylinositol 3-kinase (PI3K)/AKT and
transcription activator (STAT)-3 pathways, to increase POMC
expression and inhibit AGRP expression, thereby promoting
satiety to suppress food intake and promote energy expenditure
(59). In addition, POMC promotes white fat browning, which
can be caused by simultaneous activation of leptin and insulin
signaling pathways in POMCneurons (60). Through the activation
of POMC, leptin can also increase the secretion of a-MSH,
thereby directly activating MC4R in the paraventricular
hypothalamic nucleus (PVH), dorsal medial thalamus(DMH)
and intermediolateral nucleus (IML), which can mediate the
peripheral sympathetic outflow of SNA through direct and
indirect signaling processes, ultimately increasing mitochondrial
UCP-1 expression and BAT activity, resulting in increased heat
production in BAT, which is one of the mechanisms that leptin
increases energy expenditure.

Overall, HIF can regulate leptin and insulin simultaneously
through several pathways. There are also some independent
regulatory pathways for common pathways that regulate both
insulin and leptin.

The relationship between HIF and leptin in the central nervous
system is less clear than the one between HIF and insulin.
According to existing research conclusions, HIF regulates leptin
through suppressor of leptin signaling (SOCS), one of the
hypothalamic signaling molecules/pathways that have been
extensively studied to inhibit obesity-induced leptin resistance
(61). This process involves several elements. Activated NF-kB
can cause an increase in the expression of SOCS3, which prevents
insulin (33) and leptin (62) signaling in the brain. This process is
obvious and rapid, once exposed to HFD, overexpression of
SOCS3 can be detected in AgRP neurons, inducing energy
imbalance, leptin, and insulin resistance, and hyper-appetite
(63). According to our conclusion, if HIF reduces NF-kB, then
SOCS3 will also be reduced by HIF, then leptin and insulin
sensitivity will increase. In addition, HIF can increase leptin and
insulin sensitivity by reducing ER stress, which conversely
regulates HIF through the PI3K/AKT pathway, as we will
describe in the insulin section later.
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HYPOXIA-INDUCIBLE FACTORS
INDUCED INCREASE OF
INSULIN SENSITIVITY
Insulin is one of the most critical hormones in the development
of metabolic diseases. Insulin affects systemic metabolism and
has special effects on the hypothalamus. In the peripheral body
part, when blood glucose rises, insulin is released from pancreatic
b cells and enters the central nervous system through the blood-
brain barrier. In the central nervous system, insulin receptors can
be found throughout the brain, especially in neurons of the
hypothalamus, where insulin mainly acts on POMC and AgRP/
NPY neurons of ARC. Through ligand-induced stimulation,
insulin upregulates POMC expression and reduces food intake
(4). Knockdown of insulin receptors in the central nervous
system leads to gender-specific mild obesity, and obese males
are resistant to insulin-mediated anorexia function imply both
peripheral and central insulin resistance are included in the
development of obesity (20).

HIF is one of the downstream pathways of insulin function.
Indeed, both insulin and leptin can regulate HIF through the
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common PI3K/AKT pathway. Here, we will discuss the
detailed process.

PI3K/AKT/mTOR signaling pathway is one of the main
upstream regulatory pathways of HIF-1a. Through this
pathway, not only the synthesis of new HIF-1a protein is
increased due to the increase of translation, but also Hsp90,
which maintains the stability of HIF-1a protein to prevent its
degradation, is also activated and enhanced (64). The pathway
itself has negative feedback, activated AKT can increase the
expression of mTOR, and chronic activation of mTOR complex
1 (mTORC1) signal transduction can inhibit IRS-1, then Akt
signal transduction will be reduced (65) (Figure 2).

MTOR can be considered as an important part of energy
homeostasis regulated by CNS because it is a downstream target
of PI3K pathway stimulated by insulin and has the function of
regulating glucose/lipid homeostasis, body weight and energy
consumption through hypothalamus (66). These functions are
embodied in the hypothalamus mTORC1 through reducing the
expression of AgRP and NPY, thereby reducing food intake and
body weight. On the contrary, over nutrition down-regulates the
activity of mTORC1 in the hypothalamus, and then causes leptin
FIGURE 2 | HIF regulation and function on POMC. PI3K pathway, HIF-PHD-VHL pathway and mTOR/NF-kB/HIF pathway all participates in regulation of HIF.
Crosstalk among these pathways is not completely clear. PI3K, mTOR, and NF-kB can increase expression of HIF, while PHD negatively regulate HIF and promote
its degradation with VHL as a cofactor. Hypoxia among adipocytes caused by obesity downregulated the activity of PHDs. HIF works as one of the activators of
POMC gene that prevent food intake. Whether the feedback from IRS to PIP3 and the function from AKT to NF-kB can finally influence the activity of HIF is not clear
and demand further study. Whether these upstream activated HIF can activate all the functional effects of POMC has not been directly stated in previous articles, and
it is for further study.
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resistance, weight gain and excessive appetite. According to the
existing studies, there is a significant relationship between
mTOR and HIF. mTOR can directly improve the translation
rate of HIF-1a mRNA through 5’oligopyrimidine nucleotide
sequence, thus promoting the expression of HIF-1a. MTOR/S6K
can promote HIF-2a protein synthesis, as the increased S6K
activity will lead to the up-regulation of HIF-2a in hypothalamus
when glucose is provided (3). In addition, mTORC1 can
phosphorylate the binding protein 1 (4E-BP1) of eukaryotic
initiation factor 4E (eIF4E) to terminate the inhibition of the
latter by the former (67), then the expression of HIF will be
promoted by the release of eIF4E (Figure 3).

HIF does assist in insulin’s activity inmultiple ways. In addition
to inhibiting SOCS3, there are at least two methods. After
stimulating the CNS with insulin, the level of HIF-2a protein in
the hypothalamus of young mice increased rapidly compared with
agedmice, while the activation of IR/IRS-2/Akt/FoxO1 pathway in
aged mice and young mice was similar (10). This indicates the
mechanism that age decreases the level of upregulating HIF-2a
mediated by insulin may adopt another pathway different from IR/
IRS-2/Akt/FoxO1. Like the ageing mice, HIF-2a is not increasing
thatmuch in short-termDIOmice (10).According to the analysisof
physiology and molecular structure, HIF-2a can maintain the
function of central insulin and promote the expression of the
POMC gene. These results suggest that HIF-2a knockout in
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POMC neurons can cause insulin resistance and glucose
intolerance, and lead to age-dependent weight gain and fat gain.

Secondly, HIF can increase insulin and leptin sensitivity by
reducing endoplasmic reticulum (ER) stress. Unfolded protein
response (UPR) caused by ER dysfunction is known as ER stress,
which is related to metabolic diseases including insulin resistance
and obesity (5) because induced ER stress prevents weight loss
and anorexic functions of insulin and leptin (68). Considering
that UPR may promote HIF through inositol-requiring enzyme
1a (IRE1a)-X box-binding protein 1 (XBP1) (69, 70), while IKK/
NF-kB and ER stress promote each other and induce energy
imbalance leading to obesity during HFD feeding (68), it can be
inferred that HIF can act as downstream negative feedback to
inhibit NF-kB in the process of ER stress, so as to reduce the
adverse effects of this stress.
INCREASING OF SPONTANEOUS
PHYSICAL ACTIVITY BY OREXIN
VIA INDUCED INCREASE OF
INSULIN SENSITIVITY
The hypothalamic neuropeptides orexin-A and orexin-B are the
cleavage products of prepro-orexin (PPO). The immunoreactive
neurons to OXA and OXB antibodies were mainly located in the
FIGURE 3 | Activation of mTORC1. Extracellular signals such as growth factor can stimulate receptor that activate PI3K which will cause PIP3 generation. PIP3 then
activate AKT by phosphorylation. TSC2 is phosphorylated by AKT and then inactivate TSC1/TSC2 complex which prevent RHEB activation. After that, GTP-
bounded RHEB will activate mTORC1. eIF4E-binding protein 1 and S6K can be phosphorylated by activated mTORC1, and they can enhance mRNA translation.
HIF-1a is one of the mTORC1 effectors.
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dorsomedial (DMH), lateral (LH) and perifornical hypothalamus
(PeF) of rat, human and pig (71–73). In situ hybridization data
showed that OXRs (orexin receptor-1 and -2) were widely located
in the brainstem, cerebral cortex, hypothalamus and thalamus
(74, 75).

There is an obvious relationship between orexin-A, orexin B
and hypothalamic neuropeptides, as orexin responds tometabolic,
limbic, and circadian stimuli by activating cholinergic and
monoaminergic neurons in the brainstem and hypothalamus to
maintain wakefulness or sleep or alertness (76), sense nutrients
and regulate appetite (77). Via these processes, orexin enables the
living body to achieve various changes that should be made to
adapt to the environment and regulate the organism itself.

Among this series of adaptive and regulatory roles, another
review highlights the ability of orexin-A to take part in
counteracting the brain mechanisms responsible for obesity (78).
Spontaneous physical activity (SPA) is positively correlated with
obesity resistance, during SPA, the increase of non-exercise activity
thermogenesis (NEAT) is the mainmechanism (79). Second, there
is evidence of orexin ability to increase NEAT (78). By combining
these two facts, the potential of orexin in combating obesity cannot
be denied. According to the above viewpoints, orexin is of great
concern to researchers whowant to study themechanisms involved
in combating obesity.

For a long time, many experiments have found that HIF is
related to cancer and hypoxia. However, OXA has recently been
proved to increase HIF-1a activity by downregulating VHL and
increasing the transcription of HIF-1a gene to induce the
expression of HIF-1a (77, 78). The increase of HIF-1a can
also be achieved by OXA in a more indirect but specific way: OXA
has been proved to activate mitogen-activated protein kinase
(MAPK) pathway. Higher MAPK activity can make mice express
higher levels of peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC-1a) in skeletal muscle. The
latter is expressed throughout the brain, and its changes are
associated with obesity, diabetes mellitus, pathological changes
such as chronic neurodegenerative diseases (78). PGC-1a is
involved in regulating HIF-1a in peripheral tissues (80), and it
is speculated that the same process can be done in the
hypothalamus (78). Orexin mediated HIF-1a activation leads to
higher glycolysis activity and increased glucose uptake; it is an
important transcription factor in mediating hormone-induced
arousal and starvation (77). Data from several independent in
vitro and rodent models support the hypothesis that OXA
mediated increase of energy consumption suggests orexin’s
obesity resistance may be partially dependent on signaling
cascades involving MAPK, PGC-1a, and HIF-1a, regulation of
these pathways ultimately induces increased SPA and obesity
resistance (78). In addition, anoxia induced orexin function
decreasing was identified as one of the functions of HIF. Orexin
reduces the expression of lactate dehydrogenase A (LDHA) and
pyruvate dehydrogenase kinase 1 (PDK1) genes (LDHA
converted pyruvate to lactic acid, while PDK1 phosphorylated
PDH, both of which promoted pyruvate flow through anaerobic
glycolysis), and when HIF-1a was knocked down, ldhA and
PDK1 gene expression were even lower (77).
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CONCLUSION

HIF plays an important role in hypothalamus regulation and
affects systemic metabolism. Nutrition sensing, hormone
induction, metabolic regulation and appetite regulation are
important functions of HIF that have been discovered.

Neural cells based mainly in ARC control appetite and energy
expenditure, loss of HIFwill at least partially disturb these controls.
However, it is not sure if appetite and energy expenditure are
modulated by neurons via the samemechanism; after all, the target
organs are different. The importance of HIF in AGRP neurons has
not been studied. In addition, glucose is demonstrated to influence
the stability of HIF protein, but the relation between central HIF
and other nutrients like lipids and amino acids is unclear. Hence,
future studies are still necessary to answer these questions.

Although most of our understanding of the physiological
principles and therapeutic potential of the HIF pathways comes
from laboratory studies, information obtained from these non-
clinical trials will provide in vivo pharmacological information
on agents that mimic or regulate the function of HIF. From these
known contents, we can also infer that HIF has the potential to
become a focus in metabolic research. This is an exciting period
based on our rapidly evolving understanding of the central
nervous system’s role in regulating metabolism and energy
balance throughout the body. Given the evidence that HIF
plays an essential role in the central regulation of metabolism,
the multiple effects of related drugs on metabolic diseases are
likely to become an important clinical research field soon. More
pharmacological, biological, and clinical experiments should be
carried out to study the details of molecular signal transduction
and the mechanisms involved in changing cellular responses
caused by HIF in the hypothalamus and any other relevant parts
of the CNS. The relation between these factors is not fully clear.
A better understanding of the upstream factors that regulate
hypothalamic activity can provide more options for preventing
obesity and many other related metabolic diseases in the future.
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Dependent Arginine Vasopressin
Gene Expression in the Mouse
Hypothalamus
Dong Hee Kim1†, Kwang Kon Kim1†, Tae Hwan Lee1, Hyejin Eom1, Jin Woo Kim1,
Jeong Woo Park1, Jin Kwon Jeong2* and Byung Ju Lee1*

1 Department of Biological Sciences, College of Natural Sciences, University of Ulsan, Ulsan, South Korea, 2 Department of
Pharmacology and Physiology, School of Medicine & Health Sciences, The George Washington University, Washington, DC,
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The hypothalamic neuroendocrine system is strongly implicated in body energy
homeostasis. In particular, the degree of production and release of arginine vasopressin
(AVP) in the hypothalamus is affected by plasma osmolality, and that hypothalamic AVP is
responsible for thirst and osmolality-dependent water and metabolic balance. However,
the osmolality-responsive intracellular mechanism within AVP cells that regulates AVP
synthesis is not clearly understood. Here, we report a role for tonicity-responsive enhancer
binding protein (TonEBP), a transcription factor sensitive to cellular tonicity, in regulating
osmosensitive hypothalamic AVP gene transcription. Our immunohistochemical work
shows that hypothalamic AVP cellular activity, as recognized by c-fos, was enhanced in
parallel with an elevation in TonEBP expression within AVP cells following water
deprivation. Interestingly, our in vitro investigations found a synchronized pattern of
TonEBP and AVP gene expression in response to osmotic stress. Those results
indicate a positive correlation between hypothalamic TonEBP and AVP production
during dehydration. Promoter and chromatin immunoprecipitation assays confirmed
that TonEBP can bind directly to conserved binding motifs in the 5’-flanking promoter
regions of the AVP gene. Furthermore, dehydration- and TonEBP-mediated hypothalamic
AVP gene activation was reduced in TonEBP haploinsufficiency mice, compared with wild
TonEBP homozygote animals. Therefore, our result support the idea that TonEBP is
directly necessary, at least in part, for the elevation of AVP transcription in dehydration
conditions. Additionally, dehydration-induced reductions in body weight were rescued in
TonEBP haploinsufficiency mice. Altogether, our results demonstrate an intracellular
machinery within hypothalamic AVP cells that is responsible for dehydration-induced
AVP synthesis.
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INTRODUCTION

The fluid and metabolic systems are reciprocally interconnected,
and body fluid status, i.e., hydration or dehydration, strongly
influences a broad spectrum of metabolic parameters, including
food intake, weight gain, and energy expenditure, in both human
and non-human species (1–5). Accumulated information points
to the central nervous system (CNS) as a key site for crosstalk
between the fluid and metabolic systems (6, 7). Within the CNS,
the forebrain sensory circumventricular organs (CVOs),
including the subfornical organ (SFO) and the organum
vasculosum of the lamina terminalis (OVLT), form a complex
molecular and cellular machinery that senses fluid information
and plasma osmolality (8–12). Synaptic fibers from the SFO and
OVLT project into the hypothalamic nuclei, such as the
paraventricular (PVN) and supraoptic nuclei (SON) (8, 10, 13–
16). Those hypothalamic nuclei have been recognized as the
forebrain metabolic center; they integrate central and peripheral
water and metabolic information and regulate neuroendocrine
outputs, including the production and release of arginine
vasopressin (AVP), in response to the body’s needs.

In the brain, AVP is synthesized predominantly in
magnocellular and parvocellular neurons of the PVN and SON,
and then it is translocated and stored in the neurohypophysis (17,
18). Traditionally, the hypothalamic AVP system has been
highlighted in the regulation of water homeostasis (3, 10, 19–
21). Dehydration causes an increase in blood osmolality as
fluid volume is reduced, and that water-restricted condition
activates the release of hypothalamic AVP to stimulate the
kidneys for water reabsorption (19–21). On the other hand,
SFO excitatory neurons predict the body’s need for fluid
homeostasis following eating and drinking and activate the
release of hypothalamic AVP to induce thirst-dependent
drinking behavior in awake animals before any change in blood
osmolality can occur (8, 10). Therefore, the hypothalamic AVP
system plays a central role in both intero-sensory regulation and
the rapid anticipatory drinking response that promotes fluid
homeostasis (3).

In addition to water homeostasis, hypothalamic AVP is
directly implicated in metabolism regulation. Alterations in the
plasma AVP concentration are associated with the development
of metabolic disorders (4, 5, 22–28). For example, AVP
resistance, a chronic elevation in plasma AVP levels and
decreased responsiveness of AVP receptors, is a leading factor
in the development of obesity caused by increased food intake
and impaired glucose metabolism (24). Overactivation of the
AVP system is also common in insulin-dependent and
-independent diabetic conditions (22, 23, 25) and has been
linked with impaired lipid metabolism, insulin and glucose
signaling, and energy expenditure (5, 26–28). On the other
hand, acute activation of the hypothalamic AVP system in
normal conditions increases the plasma AVP level and
attenuates food intake (7).

As aforementioned, crosstalk between the water and
metabolic systems occurs through the hypothalamic AVP;
therefore, hypothalamic AVP is critical in the tight regulation
of plasma AVP levels. To date, the mechanisms leading to the
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release of AVP have been well characterized (19, 21, 27, 29, 30).
However, keeping in mind that plasma hyperosmolality is a
powerful single stimulator for AVP production, the intracellular
molecular mechanisms that activate AVP gene transcription
within hypothalamic AVP cells in response to dehydration or
increased plasma osmolality remain unclear.

Interestingly, a previous investigation in chickens suggested
the possible involvement of tonicity-responsive enhancer
binding protein (TonEBP) in hyperosmolality-dependent
hypothalamic AVP gene expression (31). TonEBP is a
ubiquitously distributed transcription factor that can bind to
tonicity-responsive enhancer sites through a Rel-like DNA motif
(32). TonEBP activity is stimulated by extracellular hypertonicity
and activates the expression of downstream osmoprotective
molecules in response to osmotic stress to support the survival
and osmoadaptation of cells (32–36). Especially in rat brains,
cells producing TonEBP have been detected in the PVN and
SON, where AVP cell bodies are also densely distributed. The
expression of TonEBP within those nuclei is upregulated by
hypertonicity (37). However, no previous investigations have
determined whether TonEBP and the AVP gene interact directly
or indirectly upstream of dehydration-induced hypothalamic
AVP gene transcription.

Therefore, we here investigated whether TonEBP is expressed
in AVP neurons in the PVN and SON and whether it regulates
AVP gene transcription in response to dehydration-induced
hyperosmolality in rodents. Our results demonstrate that
1) expression of TonEBP in the PVN and SON is activated by
hyperosmolality, 2) TonEBP can directly bind to the 5’ flanking
promoter region of the AVP gene, 3) TonEBP stimulates
hyperosmolality-dependent hypothalamic AVP gene
transcription, and 4) the hypothalamic TonEBP-AVP system is
associated with dehydration-induced reductions in body weight.
Altogether, our results provide a molecular mechanism for the
regulation of osmosensitive AVP gene transcription in
hypothalamic AVP cells.
MATERIALS AND METHODS

Animals
Eight-week-old C57BL/6 mice were used for animal experiments,
which were conducted in accordance with the regulations of the
University of Ulsan for the Care and Use of Laboratory Animals
(permission number, BJL-20-050). Mice were housed in a room
with a conditioned photoperiod (12-h light/dark cycle; lights on
from 6:00 a.m. to 6:00 p.m.) and temperature (22–25°C) and
allowed ad libitum access to tap water and standard pelleted
mouse chow. To identify the in vivo effects of TonEBP on AVP
mRNA expression in the hypothalamus, heterozygous TonEBP
haploinsufficiency [TonEBP (+/-)] mice were used (a kind gift
from Dr. H.M. Kwon, UNIST, Ulsan, South Korea). TonEBP
knockout animals die during development, so TonEBP
haploinsufficiency mice have been used extensively from us
and other groups to study the physiological functions of
TonEBP in vivo (38–44). To determine whether TonEBP
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affects dehydration-induced energy homeostasis, drinking water
was withdrawn for 48 h, starting at 10:00 a.m., with food
available ad libitum, and the food intake and body weight of
wild and TonEBP haploinsufficiency mice were measured every
day for 2 days.

Immunohistochemistry (IHC)
Mice were anesthetized with tribromoethanol and transcardially
perfused with phosphate buffer (PB, 0.1 M, pH 7.4), followed by a
fresh fixative of 4% paraformaldehyde in PB. Brains were post-
fixed overnight at 4°C, sliced to a thickness of 50 mm using a
vibratome (VT1000P; Leica Microsystems, Wetzlar, Germany)
and reference to the Mouse Brain Atlas (Paxinos G and Franklin
KBJ, 2001, Academic Press, San Diego, CA, USA) to extract the
PVN and SON, which were washed several times in PB. Coronal
brain sections were pre-incubated with 0.2% Triton X-100
(T8787, Sigma-Aldrich, St. Louis, MO, USA) in PB for 30 min
to permeabilize the tissues and cells. After further washing with
PB, the sections were incubated overnight at room temperature
(RT) with goat anti-TonEBP antibody (1:1000, Santa Cruz,
Dallas, TX, USA, Catalogue No. sc-5501), mouse monoclonal
anti-AVP antibody (1:1000, Santa Cruz, Catalogue No. sc-
390723), and rabbit anti-c-Fos antibody (1:1000, Millipore,
Billerica, MA, USA, Catalogue No. ABE457). The next day, the
sections were washed in PB and incubated with the following
secondary antibodies for 2 h at RT: Alexa Fluor 594-labeled anti-
goat antibody, Alexa Fluor 594-labeled anti-rabbit antibody, or
Alexa Fluor 488-labeled anti-mouse antibody (1:2000 each, Life
Technologies, Carlsbad, CA, USA). Sections were mounted onto
glass slides, and coverslips were placed and sealed with nail
polish. Immunofluorescence images were captured using an
FV1200 confocal laser-scanning microscope (Olympus
America, Inc., Center Valley, PA, USA). The number of
immunostained cells from both sides of the PVN and SON
was measured manually by an unbiased observer using ImageJ
software (National Institutes of Health, Bethesda, MD; http://
rsbweb.nih.gov/ij/).

Cell Culture and Transfection
We have utilized mHypoA 2/28 cell line in this study, as this cell
line was originally generated from the hypothalamus, and
therefore, includes a broad library of hypothalamic neuronal
phenotypes (44, 45). mHypoA 2/28 cells (CELLutions
Biosystems Inc. Ontario, Canada) were maintained in high-
glucose Dulbecco’s Modified Eagle Medium (Hyclone, South
Logan, UT, USA) supplemented with 10% fetal bovine serum
and 100 U/ml penicillin-streptomycin (Hyclone) in a humidified
atmosphere with 5% CO2 at 37°C. When the cells had grown to
70% confluence, they were transiently transfected with
expression vectors or small interfering RNA (siRNA) using
jetPRIME® reagent (Polyplus, New York, NY, USA):
expression vector pCMV-myc containing the TonEBP coding
region (a gift from Dr. H.M. Kwon, 500 ng) or control pCMV-
myc; TonEBP siRNA (50 nM, sense sequence, 5’-GAC CAU
GGU CCA AAU GCA A-3’; antisense sequence, 5’-UUG CAU
UUG GAC CAU GGU C-3’) or control RNA (50 nM) with a
Frontiers in Endocrinology | www.frontiersin.org 339
scrambled sequence. pCMV-myc mammalian expression vector
was originally developed from Clontech, and general
information for this vector is available at http://www.takara.co.
kr/file/manual/pdf/PT3282-5.pdf. To determine the effect of
osmotic stress on TonEBP and AVP expression, the cells were
treated with NaCl (50 or 100 mM) for 24 h, which did not induce
cell death.

Real-Time PCR
To determine the effect of TonEBP on AVP expression during
dehydration, bilateral punches of the PVN and SON were taken
using 1.00 mm needles and referencing the Stereotaxic Mouse
Brain Atlas. Samples were collected from mice that had been
water-deprived for 2 days. Total RNA samples were extracted
using the Sensi-TriJol™ reagent (Lugen Sci co., Ltd, Korea,
Catalogue No. LGR-1117) according to the manufacturer’s
instructions. cDNA was synthesized using MMLV reverse
transcriptase (Beams Bio., Korea, Catalogue No. #3201). After
reverse transcription, real-time PCR analyses were performed
with Bright-Green 2X qPCR MasterMix-ROX (abm, Vancouver,
Canada) using a StepOnePlus Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) for
∼40 cycles. The target DNA species were amplified by real-time
PCR using the following primer sets: TonEBP sense primer, 5’-
TGA CCC TTG AAC CAA CTG GA-3’; TonEBP antisense
primer, 5’-GGA GCA GAA CCA GTC AA-3’; AVP sense
primer, 5’-GCT TGT TTC CTG AGC CTG CT-3’; AVP
antisense primer, 5’-GCT CCA TGT CAG AGA TGG CC-3’;
b-actin sense primer, 5’-TGG AAT CCT GTG GCA TCC ATG
AAA C -3’; b-actin antisense primer, 5’-TAA AAC GCA GCT
CAG TAA CAG TCC G -3’. Data were normalized for gene
expression using b-actin as an internal control, as an expression
pattern of b-actin in our experimental sets did not differ between
groups (data not shown). The 2_DDCT method (46) was used to
analyze the relative quantification of gene expression.

Promoter Assay
To determine whether TonEBP regulates AVP transcription,
mHypoA cells were co-transfected with an AVP promoter-
luciferase reporter vector and a TonEBP expression vector (300
ng) using jetPRIME® (Polyplus). The 5’ flanking region of the rat
AVP gene (-2059 to +6 bp) that we used for this promoter
analysis was cloned by PCR from rat genomic DNA based on
sequence information deposited in the GenBank™ database
(accession number: AF112362.1). The 2,065-nucleotide-long
PCR product was inserted into a luciferase reporter plasmid
(pGL2-promoter vector, Promega, Madison, WI, USA), and its
sequence was confirmed by DNA sequencing. This 5’ flanking
sequence of the rat AVP gene includes 4 conserved core domains
(TGGAAANNYNY, N = any nucleotide, Y = pyrimidine
nucleotide) for the binding of TonEBP (44). Transfection
efficiency was normalized by co-transfecting a b-galactosidase
reporter plasmid (pCMV-b-gal; Clontech, Palo Alto, CA) at 100 ng/
well. Transfected cells were harvested 24 h after transfection, and
luciferase activity was measured using a luciferase reporter assay
system (Promega) according to the manufacturer’s protocols.
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Chromatin Immunoprecipitation (ChIP)
Assays
mHypoA 2/28 cells were transiently transfected using jetPRIME®

reagent with expression vector pCMV-myc containing the
TonEBP coding region or control pCMV-myc. Independently,
hypothalamic fragments were also collected from mice subjected
to dehydration for 2 days. The detailed procedures and materials
for the ChIP assays in this study followed a previous report (47).
Briefly, both samples were lysed in 0.3 ml of cell lysis buffer (5 mM
PIPES (pH 8.0), 85 mM KCl, 0.5% NP40 and protease inhibitors)
for 10 min on ice, and nuclei were extracted and resuspended with
nuclear lysis buffer. Chromatin was sheared by sonication and
diluted 5-fold in ChIP dilution buffer. The reactions were
incubated with 5 mg of rabbit anti-TonEBP antibody (Thermo
Scientific, Waltham, MA, USA, Catalogue No. PA1-023) or
normal rabbit IgG (Santa Cruz, Catalogue No. sc-2004) at 4°C
overnight. Immune complexes were collected by reaction with 60
ml of salmon sperm DNA/protein A agarose and then washed with
washing buffer that contained different concentrations of salts (150
mM–500 mM) and 0.25 M LiCl. DNA from the protein–DNA
cross-links was extracted by incubating the reactions with
extraction solution, and it was further purified with phenol/
chloroform. PCR amplification was performed using 30 cycles of
94°C for 30 sec, 53°C for 30 sec, and 72°C for 30 sec, preceded by
94°C for 30 sec and followed by 72°C for 10 min using the
following primer sets: TonEBP at -1930, forward, 5’-CCA TTC
ATG AAG CAG CAC AG-3’; TonEBP at -1930, reverse, 5’-GGA
AAC AGC TTC CTT GGT CA-3’; TonEBP at -1890, forward, 5’-
GTT TCT GAC CAAGGAAGC-3’; TonEBP at -1890, reverse, 5’-
CAG CAT AAA GTA GTG AAG GGC-3’; TonEBP at -330/-343,
forward, 5’-CTGCTC CAAACGTGCCAG-3’; TonEBP at -330/-
343, reverse, 5’- GCC AGC CAT CAG GCT GT-3’.

Western Blotting Analysis
Cytoplasmic as well as nucleus-specific proteins in the PVN and
SON were isolated by using the Nucleus and Cytoplasmic
extraction kit (Thermo Scientific, Catalogue No. 78833),
according to the manufacturer’s instruction. Briefly, protein
concentration was measured by the Bradford dye-binding
assay (Bio-Rad, Hercules, CA, USA, Catalog No. 5000006), and
then, equal amount of proteins from each sample were separated
by SDS-PAGE, transferred onto the PVDF membranes by
electrophoretic transfer. The membrane was blocked with 5%
non-fat skim milk in TBS-tween, and then incubated with anti-
TonEBP (Santa Cruz, Catalog No. sc-398171; 1:1000 dilution).
The membrane was incubated with HRP-conjugated mouse
secondary antibody (Cell signaling, Danver, MA, USA, Catalog
No. 7076; 1:3000 dilution), and the immunoreactive signals were
detected by Chemiluminescent detection reagent (Thermo
Scientific, Catalog No. 34095). Protein density was normalized
using an anti-Hsc70 antibody (Rockland, Limerick, PA, USA,
Catalog No. 200-301-A28; 1:1000 dilution), and ImageJ software
was utilized to analyze data.

Statistical Analyses
Statistical analyses were performed in GraphPad Prism 9
software (GraphPad Software, San Diego, CA, USA). All data
Frontiers in Endocrinology | www.frontiersin.org 440
are expressed as the mean ± SEM. Data were analyzed with a
one-way or two-way analysis of variance followed by the Tukey’s
multiple comparison test for unequal replications. A Student’s
t test was used to compare the two groups.
RESULTS

Enhanced TonEBP Expression Within
Hypothalamic AVP Neurons During
Hyperosmolality
The activity of hypothalamic AVP cells, measured using c-Fos
immunoreactivity as a molecular marker for cellular activity, is
elevated under hyperosmolality conditions in multiple animal
models, along with increased levels of AVP gene and protein
expression (31, 48, 49). To confirm that observation in our in
vivo animal model, we induced hyperosmolality with 2 days of
water deprivation and measured c-Fos immunoreactivity in AVP
cells in the PVN and SON (Figure 1). As expected, the activity of
AVP cells in both regions was enhanced by water-deprived
hyperosmolality compared with euhydrated control mice
(average percentage of c-Fos positive AVP cells in the PVN:
88.9% vs. 8.6%, and in the SON: 78.8% vs. 8.6%, in
hyperosmolality vs. control, respectively). Furthermore, double
IHC was performed to determine whether hyperosmolality-
dependent production of TonEBP occurs in hypothalamic
AVP cells (Figure 2). In line with the findings from studies in
chickens, TonEBP immunoreactivity in AVP cells in the PVN
and SON was elevated in mice in the hyperosmolality condition
compared with the euosmotic control animals (average
percentage of TonEBP positive AVP cells in the PVN: 54.0%
vs. 13.8%, and in the SON: 68.9% vs. 33.1%, in hyperosmolality
vs. control, respectively). Interestingly, the intracellular
distribution of TonEBP seemed to differ between the PVN and
the SON. It seemed like that TonEBP immunoreactivity was
abundantly accumulated in the cytoplasm of PVN AVP cells,
while majority of AVP cells in the SON showed a translocation of
TonEBP immunoreactivity to the nucleus. However, it was
unable for us to quantify cytoplasmic- versus nucleus-specific
TonEBP in AVP cells by our immunofluorescence. Therefore, we
extracted cytoplasmic- or nucleus-specific proteins from the
PVN and SON, and performed western blotting analysis to
quantify intracellular subregion-dependent TonEBP proteins
following 2 days of dehydration (Figure 3). Our results
indicated a hyperosmolality-induced increased TonEBP
translocation from the cytoplasm to the nucleus, both in the
PVN and SON. Although indirect, these results support a
possibility of increased intracellular TonEBP translocation to
the nucleus of AVP cells in both hypothalamic regions
following dehydration.

TonEBP as a Transcriptional Activator of
AVP Gene Expression
Next, we used in vitro experiments with mHypoA cells to
examine the role of TonEBP in AVP gene transcription. The
mHypoA cells were transfected with either a TonEBP expression
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FIGURE 1 | Dehydration-induced elevation of AVP cellular activity in the PVN and SON. Double immunohistochemistry was used to quantify the activity of AVP cells
in the PVN and SON in mice deprived of water for 2 days and euhydrated control mice. (A, B) Representative images show overall AVP-immunoreactive cells (green)
and c-Fos-immunopositive (red) AVP cells in the PVN (A) and SON (B). High magnified images from water deprived condition clearly indicate nuclear localization of
c-Fos immunoreactivity in the AVP cells with arrows in both regions. (C, D) Quantificational analyses clearly demonstrate that dehydration resulted in an increase in
c-Fos immunoreactivity within the AVP cells in both regions. CTL, euhydrated control; DH, 2 days of dehydration. N= 3 sections, each with 4 mice. Data are
presented as mean ± SEM. ***p < 0.001. Scale bar = 100 mm.
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FIGURE 2 | Dehydration-induced elevation in TonEBP expression in AVP cells in the PVN and SON. Double immunohistochemistry was used to quantify the
expression of TonEBP in AVP cells in the PVN and SON in mice deprived of water for 2 days and euhydrated control mice. (A, B) Representative images show
TonEBP-immunoreactive (red) and AVP-immunoreactive cells (green) in the PVN (A) and SON (B). Interestingly, high magnified images from dehydration condition
indicate TonEBP nuclear translocation in the SON (arrows), but not in the PVN (arrow heads). (C, D) Quantificational analyses clearly demonstrate that dehydration
resulted in an increase in TonEBP immunoreactivity in the AVP cells in both regions. CTL, euhydrated control; DH, 2 days of dehydration. N= 3 sections, each with
4 mice. Data are presented as mean ± SEM. ***p < 0.001. Scale bar = 100 mm.
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vector or TonEBP siRNA to produce gain-of-function and loss-of-
function of TonEBP, respectively, under normal osmotic conditions.
A real-time PCR analysis measured the level of gene transcription of
both TonEBP and AVP (Figures 4A, B). Importantly, the patterns
of gene expression for TonEBP and AVP were synchronized with
each other, with AVP gene transcription up- or down-regulated as
the level of TonEBP moved up or down, respectively (419% in
TonEBP mRNA and 280% in AVP mRNA with TonEBP
overexpression; 47% in TonEBP mRNA and 43% in AVP mRNA
with TonEBP siRNA). Using the same cell line, the gene expression
profiles of both TonEBP and AVP were determined in different
extracellular hyperosmolality conditions. To induce different
degrees of extracellular hyperosmolality, different doses of NaCl
were applied to the cell culturemedium. As shown in Figure 4C, the
gene expression of both molecules increased gradually following an
increase in osmolality (TonEBP mRNA, 229% and 641% of control
with 50 mM and 100 mM NaCl treatment, respectively; AVP
mRNA, 344% and 1554% of control with 50 mM and 100 mM
NaCl treatment, respectively). These results indicate that TonEBP
could act as a transcriptional activator of the AVP gene in a high
osmolality environment.
TonEBP Directly Regulates
Hyperosmolality-Dependent AVP Gene
Expression
Our results clearly demonstrate a positive correlation between
TonEBP and AVP expression in response to osmotic stress. The
5’-flanking promoter region of the AVP gene is highly conserved
between species, and includes multiple potential TonEBP binding
sites as characterized previously (35, 50) (Supplementary Figures
1 and 2), so we investigated whether TonEBP can bind directly to
the promoter regions of the AVP gene to activate AVP gene
transcription. First, we measured AVP promoter activity in
Frontiers in Endocrinology | www.frontiersin.org 743
response to different levels of TonEBP by analyzing the
luciferase activity of the AVP promoter in vitro. The activity of
the AVP promoter increased in parallel with an increasing amount
of transfected promoter-luciferase plasmid, indicating that the
AVP promoter was functional in our cell culture conditions
(Figure 5A). TonEBP expression vectors induced an increase in
AVP promoter activity (157% increase over the control) (Figure
5B). On the other hand, a TonEBP siRNA–mediated blockade of
endogenous TonEBP synthesis lowered the AVP promoter activity
(52% of control) (Figure 5C). Next, we investigated direct
interaction between TonEBP and the AVP promoter region
from in vitro and ex vivo systems using ChIP assay technology
(Figure 5D and Supplementary Figure 3). For ex vivo studies,
whereas the control mice had ad libitum access to water, the
experimental mice underwent 2 days of water deprivation to
induce dehydration. Hypothalamic nuclear protein was extracted
and precipitated by the TonEBP antibody, and then a set of PCR
primers was used to amplify the endogenous binding motifs of the
AVP promoter to TonEBP for PCR analysis. Our results
demonstrate that TonEBP binds directly to the AVP promoter
regions at -1930 and -1890 and between -330 and -343 and that
the binding activity was elevated during dehydration
(Supplementary Figure 3). These findings were further
confirmed in in vitro system using the mHypoA 2/28 cell line
with the expression vector containing the TonEBP coding region,
and the results were similar as described above in ex vivo
experiments (Figure 5D). These results indicate that enhanced
binding between TonEBP and the AVP gene promoter directly
activates dehydration-dependent AVP gene transcription.

To confirm our findings in vivo, we adapted a mouse model
with TonEBP haploinsufficiency and measured the mRNA levels
of TonEBP and AVP in the PVN and SON under dehydration
(Figures 6A, B). The use of TonEBP haploinsufficiency (+/-)
mice is necessary because homozygous TonEBP knockout (-/-) is
A B

FIGURE 3 | Dehydration-induced nuclear translocation of TonEBP in the PVN and SON. Western blotting analysis was used to quantify cytoplasmic or nucleus
TonEBP in the PVN and SON in mice deprived of water for 2 days and euhydrated control mice. Representative images show intracellular region-specific TonEBP
proteins in the PVN (A) and SON (B), and quantificational analyses demonstrate that dehydration resulted in an increased TonEBP nuclear translocation in both
regions. CTL, euhydrated control; DH, 2 days of dehydration; N= 5 mice per group. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ns, not significant.
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lethal to animals during development (39). In concert with other
results (31), dehydration for 2 days produced a significant
increase in mRNA levels of TonEBP in the hypothalamic
target regions of the TonEBP (+/+) mice (TonEBP mRNA,
149% of control level in PVN and 210% in SON), but not of
the TonEBP (+/-) mice (Figures 6A, B), indicating that the entire
TonEBP genetic components are necessary in these brain regions
for the dehydration-dependent full expression of TonEBP.
Importantly, our results further demonstrated a dehydration-
induced increase in AVP mRNA levels in the target regions of
both animal groups (AVP mRNA from TonEBP (+/+) mice,
382% of control level in PVN and 263% in SON; AVP mRNA
from TonEBP (+/-), 332% of control level in PVN and 208% in
SON), although a degree of elevation was significantly reduced in
TonEBP (+/-) animals (AVP mRNA, 27% reduction to the
dehydrated TonEBP (+/+) mice in PVN and 50% reduction in
SON). These results suggest an involvement of other
mechanisms, together with TonEBP, in the dehydration-
dependent AVP gene expression in the PVN and SON. In
addition, we investigated a dehydration-induced anorectic
effect in TonEBP (+/-) mice (Figures 6C, D). Previous
investigations, including by our group, have demonstrated that
metabolic parameters between TonEBP (+/+) and TonEBP (+/-)
mice, such as food intake, body weight gain, glucose and insulin
metabolism, and physical activity, are comparable to each other
under normal diet conditions (41, 44). However, in this study we
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found that acute dehydration reduced the daily body-weight gain
in the TonEBP (+/+) mice, but not in the TonEBP (+/-) mice [on
day 2 of dehydration, -3.4 vs. 0.1 g/day in TonEBP (+/+) mice;
-1.6 vs. -1.0 g/day in TonEBP (+/-) mice, dehydrated vs. control,
respectively]. Comparing with the daily body-weight changes,
the dehydration-dependent daily change in food intake was
comparable between the two groups [on day 2 of dehydration,
3.1 vs. 4.0 g/day in TonEBP (+/+) mice; 2.7 vs. 3.8 g/day in
TonEBP (+/-) mice, dehydrated vs. control, respectively],
although dehydration for 2 days in both animal models
showed a considerably reduced food intake when compared to
the euhydrated state. These results indicate that TonEBP-
dependent hypothalamic AVP synthesis could affect
dehydration-induced changes in metabolic parameter.
DISCUSSION

In the brain, AVP-producing cells are densely clustered within
the hypothalamic PVN and SON, although scattered AVP cells
are also observed in other hypothalamic regions (18). The
concentration of AVP in both the brain and plasma depends
on the production and release of AVP from those hypothalamic
AVP cells. Hypothalamic AVP is strongly implicated in a
wide range of physiological processes, including fluid and
cardiometabolic homeostasis. For example, deficiency or
A B

C

FIGURE 4 | Role of TonEBP in the activation of AVP gene transcription. In in vitro experiments, mouse hypothalamic (mHypoA) cells were subjected to real-time
PCR to determine interactions between TonEBP and AVP gene transcription. (A) The mHypoA cells were transfected with either an expression vector carrying the
TonEBP-coding region (500 ng per well) or a control vector for 24 h, and the mRNA expression of TonEBP and AVP was quantified. (B) Independently, TonEBP
siRNA (siTonEBP, 50 nM per well) or a scrambled control sequence of siRNA (SCR) was transfected into mHypoA cells for 24 h, and the mRNA expression of
TonEBP and AVP was quantified. (C) Gene transcription of TonEBP and AVP in an environment of osmotic stress was determined in mHypoA cells exposed to
different doses of NaCl for 24 h. GAPDH was used as an internal control for all experiments. All data are presented as means ± SEM (n = 6). AU, arbitrary units.
*p < 0.05; **p < 0.01; ***p < 0.001.
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overproduction of hypothalamic AVP leads to the development of
diabetes insipidus or metabolic problems, including obesity,
hypertension, and multiple forms of diabetes, respectively (4, 26,
51–53). Therefore, it is critical to tightly regulate the synthesis,
release, and degradation of AVP. Although diverse physiological
factors have been found to influence the release of AVP (19–21, 27,
29, 30), it remainsunclearwhat intracellularmolecularmechanisms
within hypothalamic AVP cells regulate AVP synthesis.
Hyperosmolality-sensitive AVP gene activation is of particularly
great interest because plasma hyperosmolality is a powerful
stimulator of AVP production (54).

In this work, we used in vitro, in vivo, and ex vivo experiments
to demonstrate the role of TonEBP in dehydration-dependent
hypothalamic AVP gene transcription in rodents. Our results
demonstrate synchronized patterns of TonEBP and AVP gene
expression in response to osmotic stress. We further found that
TonEBP can bind directly to the promoter region of AVP and
that TonEBP is responsible for, at least in some degree,
dehydration-induced AVP gene expression in the hypothalamic
PVN and SON in rodents. This TonEBP-mediated hypothalamic
AVP gene expression is necessary for dehydration-dependent
body weight loss to occur.
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In the rodent brain, TonEBP is widely distributed in neuronal
and non-neuronal populations, however, tonicity-dependent
induction of TonEBP is observed exclusively in neuronal cells
(37). Extracellular hypertonic status induces gene transcription of
TonEBP in the hypothalamic PVN and SON (36). Once produced,
TonEBP can be rapidly translocated to the nucleus, similar to
other transcription factors, to activate the transcription of genes
for osmoprotective molecules and protect the cells from osmotic
stress (32, 55). In line with other observations (36), our
immunohistochemistry results clearly demonstrate an overall
dehydration-induced elevation in TonEBP protein in the PVN
and SON, especially in the AVP cells in those regions (Figure 2).
In addition, our results clearly demonstrate an increased TonEBP
nuclear translocation in SON AVP cells during dehydration by the
localization of TonEBP immunoreactivity (Figure 2), western
blotting analysis (Figure 3), and the results of our ChIP assays
(Figure 5D and Supplementary Figure 3). However, the results of
dehydration-induced nuclear translocation of TonEBP in the PVN
AVP cells differed from the SON; while abundant TonEBP
immunoreactivity following dehydration is observed from our
immunohistochemistry, it seemed mostly to be localized in the
cytoplasm of AVP cells in this brain region (Figure 2). However,
A B

D

C

FIGURE 5 | TonEBP binds directly to AVP promoter region and activates dehydration-induced AVP gene transcription. (A) Luciferase assays show an increased
promoter activity in parallel with an increasing number of AVP-promoter-luciferase constructs. (B, C) Luciferase-reporter vectors containing the 5’-flanking region of
the AVP gene were co-transfected into mHypoA cells with 500 ng of TonEBP expression vector (B), or 50 nM of TonEBP siRNA/control scrambled sequence (C) for
24 h. Then, beta-galactosidase assays were performed to quantify TonEBP-dependent AVP promoter activity. (D) ChIP assays were performed to verify whether
TonEBP can directly bind to the AVP promoter. Mouse hypothalamic (mHypoA) cells were transiently transfected with pCMV-myc expression vector containing the
TonEBP coding region (TonEBP) or control pCMV-myc (CTL), and nuclear DNA samples were immunoprecipitated with TonEBP antibody. Then, PCR amplification
was performed using primer sets targeting the indicated TonEBP binding motifs on the AVP gene. Normal rabbit IgG was used as a negative control. All data are
presented as means ± SEM (n = 6). **p < 0.01; ***p < 0.001.
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our western blotting analysis indicate dehydration-induced
increase in TonEBP nuclear translocation in the PVN as well
(Figure 3). Therefore, detailed investigation that points to PVN
AVP-specific and dehydration-dependent TonEBP mechanism is
further necessary.

It is worth noting that TonEBP responds to changes in the
extracellular osmotic environment and regulates tissue- and
cellular-phenotype-specific gene expression for intracellular
and matrix homeostasis (32, 55, 56). Therefore, TonEBP has
appeared to be a local regulator of fluid balance, rather than a
global player. However, our results suggest that hypothalamic
TonEBP could act as a global regulator of fluid homeostasis via
AVP cells in the PVN and SON. Within the hypothalamus,
dramatic inter- and intra-cellular modifications occur at the
genetic and molecular levels in response to changes in local
extracellular osmolality, in concert with changes in plasma
volume and osmolality (57, 58). Therefore, the local
hypothalamic extracellular osmotic profile is, to a certain
degree, a mirror image of the global plasma fluid parameters.
This phenomenon could be largely mediated by the forebrain
sensory CVOs, including the SFO and OVLT, because those
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nuclei include osmosensitive cells that directly connect with the
circulation and establish massive synaptic networks to the PVN
and SON (9, 11, 13, 15, 59). Altogether, these results suggest that
the level of TonEBP in the PVN and SON represents not only the
local extracellular osmotic status, but also the plasma osmotic
environment, and that TonEBP in these regions may be a global
regulator of water physiology through the AVP system.

Clearly, TonEBP is the upstream transcription factor for
hypothalamic AVP gene transcription, and it contributes to
hyperosmolality-dependent AVP synthesis. As a next step, we
used a TonEBP haploinsufficiency mouse model to investigate
the physiological function of the hypothalamic TonEBP–AVP
system in dehydration-dependent metabolic adaptation.
TonEBP knockout animals die during development, so
TonEBP haploinsufficiency mice have been used extensively to
study the physiological and behavioral functions of TonEBP in
vivo (39, 41, 44). While mRNA levels of TonEBP in the PVN/
SON of control mice are increased in response to dehydration,
this phenomenon is attenuated in TonEBP haploinsufficiency
animals, indicating that TonEBP gene expression in response to
dehydration is impaired in the animals with TonEBP
A B

DC

FIGURE 6 | In vivo verification of the effects of TonEBP on dehydration-dependent AVP gene transcription and metabolic adaptation. (A, B) TonEBP
haploinsufficiency [TonEBP (+/-)] and control [TonEBP (+/+)] mice underwent either 2 days of dehydration (DH) or euhydration (CTL), and gene transcription of
TonEBP/AVP in the PVN (A) and SON (B) was quantified by real-time PCR. AU=arbitrary units. (C, D) Daily body weight gain (C) and daily food intake (D) from the
same experimental animals were also measured. All data are presented as means ± SEM (n = 4). **p < 0.01; ***p < 0.001; ns, not significant.
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haploinsufficiency. However, AVP gene expression in the PVN/
SON is elevated in both animal groups, although a degree of
increased AVP gene expression is significantly reduced in
TonEBP haploinsufficiency animals. These results suggest that
TonEBP may be necessary, but not sufficient by itself, for
dehydration-dependent AVP gene expression in the PVN/SON.
This also suggests an involvement of other signaling(s), in addition
to TonEBP, in such a case. In support of this view, recent
investigations have demonstrated that cAMP responsive element-
binding protein-3 like-1 (CREB3L1) and caprin-2 are distributed in
the PVN/SON, possess an ability to bind directly to promoter and
mRNA regions of AVP, respectively, and play a role in AVP-
mediated and osmotic stress-dependent physiological adaptations
(60, 61). Therefore, it is reasonable to note that a cellular and
molecular signaling complex, including TonEBP, is contributing to
osmotic stress-dependent hypothalamic AVP synthesis.

Generally, dehydration leads to an increase in hypothalamic
AVP cellular activity and plasma AVP concentrations (19–21,
62) and to a decrease in food intake and subsequent body-
weight gain in rodents to preserve the body’s water and
metabolic homeostasis (63–65). However, we found that the
dehydration-dependent reduction in body weight in TonEBP
(+/+) animals was attenuated in TonEBP haploinsufficiency
mice, with a reduced AVP expression in the PVN/SON. It is
noteworthy that although our results for food intake did not
meet a statistical significance, they showed a considerable
reduction in food intake following dehydration in both animal
groups. These results suggest a possible involvement of the
TonEBP-AVP system in the PVN/SON in osmotic stress-
mediated metabolic adaptation, although detailed investigation
to uncover a physiological role of the hypothalamic TonEBP-
AVP system in stress-dependent metabolic adaptation is further
necessary. The anatomical and molecular characteristics of
hypothalamic AVP cells are highly complex. For example,
multiple investigations have suggested that PVN AVP
cells establish multiple synaptic networks, not only to the
neurohypophysis but also to several extra-neurohypophyseal
targets in the brain (52, 66, 67). These extra-neurohypophyseal
projections of PVN AVP cells have been suggested to be
implicated in anxiety and stress responses (66, 67). In addition,
polysynaptic networks between PVN AVP cells and adipose tissue
have also been characterized and suggested to play a role in
regulating adipose metabolism (68). Unlike the PVN, most AVP
cells within the SON project their fibers to the neurohypophysis to
regulate plasma AVP levels (69). Independent investigations have
also demonstrated a complex profile of metabolic receptors within
hypothalamic AVP cells (27, 70–73). Therefore, hypothalamic
AVP–driven metabolic outcomes, such as food intake, body
weight gain, energy expenditure, and adipose metabolism, could
bemediatedbydifferent combinations of anatomical andmolecular
profiles in individual AVP cells. Therefore, alterations in body
weight gain independentoffeedingbehavior, if this is the case, could
possibly be driven by modifications in energy expenditure. In any
case, TonEBP contributes to, at least in part, hyperosmolality-
dependent AVP synthesis in the hypothalamic neuroendocrine
nuclei, such as the PVN and SON.
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Supplementary Figure 1 | Putative AVP 5’-franking promoter sequences in rats.
The sequences are obtained from the NCBI GenBank™ database; accession
number AF112362.1, and nucleotides are numbered by assigning position +1 to
the ATG translation start site. Sequences with underline represent putative TonEBP
binding domains as indicated in the Method.

Supplementary Figure 2 | Putative AVP 5’-franking promoter sequences from
mouse, rat and human are obtained from the NCBI GenBank™ database;
accession gene ID 11998 for mouse, 24221 for rat, and 551 for human, and
sequences are aligned, analyzed for the conserved TonEBP binding motifs among
species, and deposited at online http://www.ebi.ac.uk/Tools/services/web/
toolresult.ebi?tool=clustalo&jobId=clustalo-E20210119-084011-0197-37166704-
p1m. As indicated with red boxes, putative TonEBP binding motifs are highly
conserved between mouse and rat, and with a less degree with human.

Supplementary Figure 3 | ChIP assays were performed to verify whether
TonEBP can directly bind to the AVP promoter under dehydration. Hypothalamic
nuclear DNA samples from animals dehydrated for 2 days (DH) and euhydrated
control animals (CTL) were immunoprecipitated with TonEBP antibody. Then, PCR
amplification was performed using primer sets targeting the indicated TonEBP
binding motifs on the AVP gene.
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The preoptic area of the hypothalamus is a homeostatic control center. The
heterogeneous neurons in this nucleus function to regulate the sleep/wake cycle,
reproduction, thirst and hydration, as well as thermogenesis and other metabolic
responses. Several recent studies have analyzed preoptic neuronal populations
and demonstrated neuronal subtype-specific roles in suppression of thermogenesis.
These studies showed similar thermogenesis responses to chemogenetic modulation,
and similar synaptic tracing patterns for neurons that were responsive to cold, to
inflammatory stimuli, and to violet light. A reanalysis of single-cell/nucleus RNA-
sequencing datasets of the preoptic nucleus indicate that these studies have converged
on a common neuronal population that when activated, are sufficient to suppress
thermogenesis. Expanding on a previous name for these neurons (Q neurons, which
reflect their ability to promote quiescence and expression of Qrfp), we propose a new
name: QPLOT neurons, to reflect numerous molecular markers of this population and to
capture its broader roles in metabolic regulation. Here, we summarize previous findings
on this population and present a unified description of QPLOT neurons, the excitatory
preoptic neuronal population that integrate a variety of thermal, metabolic, hormonal
and environmental stimuli in order to regulate metabolism and thermogenesis.

Keywords: QRFP, PTGER3, Leptin receptor, Opn5, Tacr3, thermoregulation, torpor, neuropsin

INTRODUCTION

Body temperature regulation is key to survival and reproductive fitness with many mechanisms of
regulation evolving throughout speciation. Obligate endotherms, such as mammals, use a variety
of processes to regulate temperature, including the generation of heat via both shivering and
non-shivering thermogenesis. Shivering thermogenesis results from rapid muscle contractions,
whereas non-shivering thermogenesis takes place in specialized fat depots (brown adipose tissue;
BAT) via uncoupling of mitochondrial gradients from the electron transport chain mediated by
uncoupling protein 1 (Ucp1) (Nedergaard et al., 2001). This utilization of stored energy across
the gradient is released as free energy that would have otherwise been incorporated into ATP.
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In addition to thermogenesis, organisms can conserve heat by
seeking a warmer environment, and increasing blood flow to deep
organs while decreasing cutaneous blood flow. Conversely, an
organism can dissipate heat by reducing thermogenesis, seeking
a cooler environment, increasing cutaneous blood flow, and
increasing evaporative heat loss through panting and sweating
(Tan and Knight, 2018). While many of these processes occur
peripherally, they are regulated by the central nervous system.

Regulation of body temperature and metabolism are
energetically demanding processes that are controlled by a region
of the anterior hypothalamus known as the preoptic area (POA)
(Tan and Knight, 2018). The POA has long been associated with
thermoregulation, as c-Fos immunoreactivity increases following
warm-exposure and activation of neurons within this nucleus
induces a behavioral and physiological response commensurate
with heat exposure (e.g., panting and decrease in core body
temperature) (Scammell et al., 1993; Bachtell et al., 2003; Tan
et al., 2016). Most mammalian biological processes must occur
within a narrow thermal range. Given the energetic cost of
thermogenesis, the POA must keep this process tightly regulated:
Inappropriate thermogenesis wastes stored energy, and, in times
of decreased food availability, thermogenesis must be limited to
conserve energy.

Recent advances have increased our understanding of the
central processes that occur within the hypothalamus for
endothermic mammals to regulate temperature, metabolism,
and torpor/hibernation, many of which converge upon a single
neuronal cell type that when activated, is sufficient to drive these
behavioral and physiologic responses.

NUMEROUS GENETIC MARKERS OF
THERMOREGULATORY NEURONS ARE
EXPRESSED IN A SINGLE PREOPTIC
CELLULAR CLUSTER

Warm-responsive neurons (WRNs) are neurons that are
activated by exposure to warm stimuli, often indicated by
increased expression of c-Fos or phosphorylated riboprotein S6
(pS6) (Sheng and Greenberg, 1990; Knight et al., 2012). This
activation, in turn, produces a response that decreases body
temperature through inhibition of thermogenesis, redistribution
of blood flow to superficial tissues, cold-seeking behavior, and
decreased activity (Tan and Knight, 2018). Reactivation of
neurons that induce c-Fos following warm exposure results
in a decrease in body temperature, even when reactivation
occurs at room temperature (Harding et al., 2018). A population
of WRNs in the POA are known to be excitatory as
chemogenetic activation of POA Vglut2+ neurons, but not
Vgat+ neurons, results in a decrease in energy expenditure
and core body temperature (Song et al., 2016; Zhao et al.,
2017). The identity of WRNs has been further elucidated
based on expression of Adcyap1 and Bdnf as optogenetic
activation of either neuronal subset decreases core body
temperature and facilitates cold-seeking behavior. Furthermore,
both Bdnf and Adcyap1 colocalize with pS6 following warm

stimulation (Tan et al., 2016). While these markers help to define
the molecular identity of WRNs, numerous excitatory POA
populations co-express these genes (Figure 1A; Moffitt et al.,
2018). Another approach that has been used to identify preoptic
cellular populations that regulate energy expenditure is to use
a tamoxifen-inducible CreER at the Fos locus for targeted
recombination in active populations (TRAP). When tamoxifen
is administered during fasting-induced torpor (torpor-TRAP),
neurons that are active during this state of reduced metabolism
and thermogenesis can be used to increase expression of cre-
dependent genes, such as a fluorescent reporter or designer
receptor exclusively activated by designer drugs (DREADDs).
Chemogenetic reactivation of torpor-TRAPed neurons in the
POA is sufficient to decrease core body temperature, suggesting
that at least one of the torpor-TRAPed cell types is able to
regulate thermogenesis (Hrvatin et al., 2020). Sequencing of
these torpor-TRAPed neurons identifies numerous populations,
several of which are excitatory and express both Bdnf and
Adcyap1 (Figure 1A).

Several additional studies, using different genetic and
molecular markers, have been able to precisely identify which of
the torpor-TRAPed Bdnf+/Adcyap1+ neuronal populations are
responsible for suppressing energy expenditure and decreasing
body temperature. Chemogenetic activation of POA neurons
using either Lepr-cre, Qrfp-cre, Opn5-cre, or Esr1-cre were
each individually sufficient to decrease core body temperature
and energy expenditure (Yu et al., 2016; Takahashi et al.,
2020; Zhang K.X. et al., 2020; Zhang Z. et al., 2020).
Additionally, neurokinin B (NKB) signaling within the POA
via neurokinin 3 receptor (NK3R; gene: Tacr3) results in
a rapid drop in body temperature. Furthermore, both Lepr
and Sncg have been colocalized to c-Fos immunoreactivity
following warm exposure (Yu et al., 2016; Moffitt et al.,
2018). Two independent single-cell/nucleus RNA-sequencing
datasets of the POA indicate that these genetic markers of
thermoregulatory neurons comprise a single neuronal cluster,
identified as e13:Ghrh/C1ql1 by Moffitt et al. (2018) and
e10:Adcyap1/Opn5 by Hrvatin et al. (2020) (Figure 1A). Between
these datasets, markers for these clusters overlap and when
neurons from the datasets are integrated, a joint cluster is
formed as a superimposition of the e10:Adcyap1/Opn5 and
e13:Ghrh/C1ql1 clusters (Figures 1A,B), suggesting that both
datasets have identified the same neuronal cell type. From this
integrated cluster, Ptger3, which encodes the fever-mediating
prostaglandin EP3 receptor (EP3) and is expressed in Qrfp-cre
neurons, and Opn5 are among the most conserved markers for
this population (Lazarus et al., 2007; Takahashi et al., 2020;
Figure 1A).

Taken together, these studies demonstrate that Lepr-, Opn5-,
and Qrfp-expressing POA neurons comprise the same cellular
population and that activation of this excitatory population
is sufficient to decrease metabolism and body temperature.
Using progressively more specific cell markers, the molecular
identity of these WRNs begins to emerge (Figure 1C).
A name for this warm-responsive POA population has
recently been proposed: quiescence-inducing neurons or Q
neurons, based on their ability to induce a hibernation-like
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FIGURE 1 | A single molecular identity for QPLOT neurons. (A) Heatmap of excitatory POA neurons from Moffitt et al. (2018) and Hrvatin et al. (2020) Known marker
genes for thermoregulatory POA neurons, prostaglandin-associated genes, and temperature-sensitive proteins are indicated in columns. Additionally, the top 8
marker genes for excitatory cluster 13 (e13) from Moffitt et al. (2018) and excitatory cluster 10 (e10) from Hrvatin et al. (2020) are provided as well as marker genes for
the indicated cluster representing QPLOT neurons when the datasets are merged. Clusters identified in Torpor-TRAP experiments (Hrvatin et al., 2020 clusters only)
are indicated. Data is represented as relative expression of each gene within the cluster, averaged over all neuronal clusters, including inhibitory neurons (shown in
Supplementary Figure 1). (B) Uniform manifold projection of 46,621 POA neurons integrated with Seurat v3 (Stuart et al., 2019). Cluster 16, the cluster containing
QPLOT neurons, is indicated by the dashed black line. The QPLOT neuron cluster is composed predominantly of e13 from Moffitt et al. (2018) and e10 from Hrvatin
et al. (2020) (C) Summary of neuronal populations within the POA that are sufficient to reduce body temperature and thermogenesis (Supplementary Figure 2).

state when activated, as well as a play on their expression
of the neuropeptide pyroglutamylated RFamide peptide or
Qrfp (Takahashi et al., 2020).

It is important to mention several limitations of referring to
these neurons as “quiescence-inducing”. First, these neurons
function in more than promoting quiescence, including in
temperature and metabolic regulation. Second, not all species
undergo similar quiescent states, whether ranging from
hibernation to torpor or deep sleep. While these cells may be
sufficient to induce quiescence in species that are capable of
entering such a state, it is likely that this cellular population exists
in all endotherms to regulate energy expenditure. Lastly, Qrfp
is just one marker among many that is useful in molecularly
defining this population. Thus, we propose an expanded
definition of the previously defined Q neuron and suggest the
name QPLOT neurons, for the markers Qrfp, Ptger3, Lepr,
Opn5, and Tacr3 that identify this population. The use of two or
more of these markers will allow for precise identification of the
population of neurons.

QPLOT NEURONS AS CENTRAL
INTEGRATORS OF TEMPERATURE AND
METABOLIC INFORMATION

Given the data suggesting that these previous studies have been
investigating a singular neuronal population, their published
data can be reanalyzed to better understand some of the
characteristics of QPLOT neurons. As a unified cellular
population, QPLOT neurons can integrate a variety of stimuli
to regulate thermogenesis and metabolism. These stimuli include
ascending signals from warm and cold sensors in the skin, local
changes in hypothalamic temperature, inflammatory-mediated
prostaglandin signaling, the hormone leptin, violet light, and
estrogen (Figure 2).

Ascending Temperature Information
Ambient temperature is detected by cutaneous warm-sensitive
and cold-sensitive sensory neurons, which predominantly utilize
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FIGURE 2 | Afferent and efferent thermoregulatory signaling for QPLOT neurons. Schematic of connectivity of QPLOT neurons that mediate body temperature
regulation. QPLOT neurons are responsive to numerous stimuli that are integrated to produce the appropriate response.

TRP channels to detect the external temperatures. Trpm8
is necessary for cold-sensitive sensory neurons to detect
diminished temperature, whereas Trpv1 is the predominant
warm-sensitive protein expressed in sensory neurons (Knowlton
et al., 2010, 2013; Pogorzala et al., 2013; Yarmolinsky et al.,
2016). This temperature information is conveyed to the brain
through multiple pathways, including projections to the lateral

parabrachial nucleus (LPB), which in turn projects to the POA.
Prior to the POA, warm and cold information is transmitted
independently (Geerling et al., 2016). Within the POA, these
temperature cues converge, such that activity can be modulated
by external increases or decreases in temperature (Morrison and
Nakamura, 2011; Yang et al., 2020). Consistent with this model,
the LPB has been monosynaptically traced from POA neurons
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expressing Opn5-cre (Zhang K.X. et al., 2020). These results
would indicate that QPLOT neurons themselves receive at least
one of these temperature streams directly, rather than through
a local circuit within the POA. Thus, in response to ascending
external cold or warm stimuli, QPLOT neuron activity can be
modulated to adjust to external temperatures or alternatively,
interpret external temperature as a cue, along with other stimuli,
that the organism should enter torpor.

Intrinsic Temperature Sensitivity
In addition to receiving peripheral thermal information, neurons
of the POA have long been known to be intrinsically temperature-
sensitive with increased firing rate in response to local increases
in temperature and decreased firing in response to local
temperature decreases (Magoun et al., 1938; Nakayama et al.,
1961, 1963). There is an additional POA neuronal population
that functions conversely to these intrinsically warm-sensitive
neurons (iWSNs), in which increasing the temperature decreases
firing rate while decreasing the hypothalamic temperature
increases firing. However, this “cold response” is dependent on
synaptic neurotransmission, suggesting that these cells lack an
intrinsic ability to respond to local changes in temperature, but
are rather responding to extrinsic activity, possibly in direct
response to the iWSNs (Kelso and Boulant, 1982; Boulant, 2006;
Wang et al., 2019). These iWSNs and cold-responsive POA
neurons (CRNs) represent two distinct neuronal populations
that likely function together to regulate energy expenditure
and the response to external and internal thermal stimuli
(Wang et al., 2019).

The molecular identity of iWSNs has not been clearly
identified, however, the temperature-sensitive cation channel,
Trpm2, is necessary for warm-sensitivity within the POA and
functions to limit the fever response induced by either PGE2 or
both IL1β and IL6 (Song et al., 2016). Trpm2 is found in Opn5-
expressing neurons and chemogenetic activation of Trpm2-cre
mice results in a decrease in body temperature, demonstrating
that Trpm2 is expressed in a neuronal population sufficient to
decrease body temperature and metabolism, likely conferring
the cell intrinsic temperature sensitivity (Song et al., 2016;
Zhang K.X. et al., 2020). Unfortunately, Trpm2 is expressed in
a variety of excitatory and inhibitory POA neurons cell types and,
therefore, does not serve as a useful marker of any individual
population (Song et al., 2016). Thus, Trpm2 is necessary for
intrinsic temperature sensitivity of the POA, particularly at high
temperatures, but many neuron types within the POA beyond
QPLOT neurons utilize this cation channel. There may still
be additional temperature-sensitive proteins within the POA
that function closer to homeostatic temperatures, rather than
at pyretic temperatures. An assumption that has likely limited
the molecular identification of iWSNs is that multiple neuronal
cell types may be intrinsically temperature sensitive within the
POA and that QPLOT neurons only represent one of these. For
example, WRNs may use temperature-sensitive proteins, but so
could POA neurons involved in the regulation of thirst or sleep.
Available sequencing datasets are consistent with this hypothesis,
in which no temperature-sensitive proteins are specific to a single
neuronal cluster (Figure 1A).

Prostaglandin Signaling
Ptger3 is one of the most selective marker genes for QPLOT
neurons (Figure 1A) and is likely integral to their physiology.
Prostaglandins are produced by endothelial cells and microglia
within the brain following exposure to endotoxins or
inflammatory cytokines (Eskilsson et al., 2017). Prostaglandin
EP3 receptor (EP3), encoded by Ptger3, is activated by PGE2 to
mediate the fever response (Lazarus et al., 2007). This pathway
can be suppressed by COX inhibitors to block the synthesis of
PGE2, thus reducing fevers. Additionally, targeted ablation of
excitatory neurons in the POA or deletion of Ptger3 from the
hypothalamus are sufficient to abolish the inflammatory-induced
fever response (Lazarus et al., 2007; Machado et al., 2020). It is
clear that both approaches would disrupt the QPLOT neuron
population. Accordingly, EP3 activation (Gi-coupled receptor)
should reduce QPLOT neuron activity and thus, increase body
temperature. In hypothalamic slices, PGE2 has been shown
to decrease the firing rate of warm-sensitive neurons, while
increasing the activity of temperature-insensitive neurons
(Ranels and Griffin, 2003). These results are consistent with a
model in which QPLOT neurons are intrinsically temperature-
sensitive, express EP3, and upon PGE2 stimulation, decrease
their activity, resulting in an increase in body temperature.
However, this PGE2-EP3 mechanism may be limited to the
inflammatory response, as local changes in hypothalamic
temperature do not appear to change PGE2 concentration
(Wang et al., 2019).

Leptin Signaling
Leptin is a white adipocyte-derived hormone that conveys
information on nutritional status (proportional to adipocyte
mass) to other regions of the body, primarily to several
hypothalamic brain regions, including the arcuate nucleus
(ARC), dorsomedial hypothalamus (DMH), and POA (Schwartz
et al., 1996). Systemic leptin regulates food intake and body
temperature to correct energy balance during fed and fasting
states (Ahima et al., 2000), however these functions are
predominantly mediated via leptin receptor (Lepr) activity in
the ARC and DMH, respectively (Cowley et al., 2001; Balthasar
et al., 2004; Gropp et al., 2005; Luquet et al., 2005; Enriori
et al., 2011; Fischer et al., 2016). Activation of Lepr-expressing
POA neurons decreases food intake, thermogenesis, and energy
expenditure, even at thermoneutrality, but local application of
leptin into the POA does not alter energy expenditure and
only modestly reduces acute food intake (Yu et al., 2016, 2018).
Counterintuitively, local deletion of the leptin receptor does not
change food intake or energy expenditure when fed; however, a
difference in energy expenditure emerges when mice are fasted
or given a high fat diet (Yu et al., 2018). Thus, most of the central
functions ascribed to leptin can be sufficiently explained via Lepr-
expressing neurons in the DMH and ARC, though roles for leptin
signaling within the POA are emerging.

Interestingly, in the proposed QPLOT neuron, Lepr is
functionally positioned to explain several observations. First,
following food restriction at subthermoneutral temperatures
(a state that would normally induce torpor), leptin treatment
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prevents decreases in body temperature (Fischer et al., 2016).
Second, mice deficient in leptin spontaneously enter torpor in
the absence of fasting or cold exposure (Swoap, 2008). Third,
the PGE2-induced fever response is attenuated in fasted mice
(Inoue et al., 2008). Since fasting is a state that results in a marked
decline in leptin, QPLOT neurons may respond to this drop
in hormone level by modulating the thermogenic response to
other stimuli. In this manner, the internal metabolic state could
directly influence energy utilization when thermoregulation must
otherwise be upregulated via integration through a single cellular
population. In these examples, the response to the lack of leptin
during times of fasting may be the interpreted signal, rather than
to increases in leptin.

Violet Light and Opn5
Opn5 encodes the violet light-sensitive atypical opsin, neuropsin,
and serves as one of the most specific markers for QPLOT
neurons (Figure 1A). In birds, neuropsin is known to be
expressed in hypothalamic tanycytes, where it regulates seasonal
physiology and behavior, although it is not detected in
mammalian tanycytes (Tarttelin et al., 2003; Nakane et al., 2010;
Yoo et al., 2019). Stimulation of the POA with violet light
activates Opn5-cre labeled neurons and results in a suppression
of metabolism and thermogenesis. This response is absent from
Opn5-deficient mice. In the absence of Opn5, mice have an
elevated metabolic rate and body temperature, similar to effects
seen following inhibition of putative QPLOT neurons (Song et al.,
2016; Zhang K.X. et al., 2020). Despite expression in different cell
types between birds and mammals, the functions of hypothalamic
Opn5 in migration, reproduction, metabolism, and torpor suggest
a conserved role for Opn5 in regulating seasonal physiology.

Estrogen Receptor
Through a variety of peripheral and central mechanisms,
estrogen promotes heat loss and reduced thermogenesis.
Estrogen receptor alpha (ERα, Esr1 gene) is expressed in several
POA neuronal populations, including in the QPLOT cluster
(Figure 1A). Sensitivity to both temperature and estrogen
has been noted in a proportion of POA neurons, consistent
with Esr1-expression in temperature-sensitive QPLOT neurons
(Silva and Boulant, 1986; Zhang Z. et al., 2020). Additionally,
chemogenetic activation of Esr1-cre neurons of the POA leads
to a suppression of body temperature and metabolism (Zhang Z.
et al., 2020). γ-synuclein, encoded by the warm-induced gene
Sncg, is known to modulate estrogen signaling, indicating that
signaling through ERα may be differentially modulated according
to body temperature (Jiang et al., 2004; Moffitt et al., 2018). Taken
together, QPLOT neurons appear to be sensitive to estrogen,
although how this highly dynamic signaling integrates with other
stimuli at the level of the POA remains unclear.

Neurokinin B and NK3R
Kisspeptin-Neurokinin B-Dynorphin-expressing (KNDy)
neurons of the arcuate nucleus are another population
of estrogen-sensitive neurons that function, in part, in
thermoregulation (Rance et al., 2013). These neurons are
believed to function in hot flashes. Activation of KNDy

projections to the preoptic are sufficient to evoke superficial
vasodilation, a decrease in core body temperature, and induction
of c-Fos in the POA (Padilla et al., 2018). The thermoregulatory
response to KNDy neuron activation is blocked via preoptic
inhibition of neurokinin signaling. Since Tacr3 encode NK3R, the
receptor for NKB, and Tacr3 is enriched in the QPLOT neuronal
cluster, it is likely that activation of QPLOT neurons is necessary
for KNDy neuron-mediated vasodilation and suppression of
body temperature.

ACTIVATION OF QPLOT NEURONS AND
THEIR EFFERENT TARGETS

The main thermoregulatory efferents of POA neurons project
to the DMH and raphe pallidus (RPa). These projections are
excitatory although the targets of these neurons are believed to
be inhibitory, a view that has changed in recent years (Saper
and Machado, 2020). Activation of QPLOT neurons through
various cre lines, either optogenetic or chemogenetic, results in
a decrease in body temperature and energy expenditure (Song
et al., 2016; Tan et al., 2016; Yu et al., 2016; Hrvatin et al., 2020;
Takahashi et al., 2020; Zhang K.X. et al., 2020; Zhang Z. et al.,
2020). This effect is likely due to a combination of cutaneous
vasodilation, reduced food intake, and a suppression of non-
shivering thermogenesis (Abbott and Saper, 2017). Projections
from the POA to the DMH convey thermogenic information,
as optogenetic activation of Qrfp-cre projections to the DMH is
sufficient to drive a sustained suppression of BAT thermogenesis.
By contrast, activation of Qrfp-cre projections directly to the
RPa has only a transient suppression of BAT thermogenesis
(Takahashi et al., 2020). Similarly, inhibition of the DMH
attenuates PGE2 evoked thermogenesis but has no effect on
cutaneous vasoconstriction (Rathner et al., 2008). Inhibition of
the RPa also inhibits PGE2 evoked thermogenesis, although
this could be due to inhibition of direct POA-RPa projections
or the POA-DMH-RPa pathway (Yoshida et al., 2009; Zhang
et al., 2011). While these two parallel pathways result in similar
effects on body temperature, individual neurons in the POA
largely project to only one of these efferents, as simultaneous
retrograde tracing from the DMH and RPa identifies very few
co-labeled neurons (Nakamura et al., 2009). Thus, a subset
of QPLOT neurons likely project to the DMH, to regulate
thermogenesis, while another subset of QPLOT neurons may
project directly to the RPa to regulate vasodilation and potentially
additional regulation of thermogenesis. Despite evidence of at
least two anatomically distinct populations, there is currently
only evidence for one molecularly-defined cellular population.
Whether these differences in projection arise from cellular
identity/fate decisions or are a result of developmental cues
regulating axon guidance remains to be determined. Both the
direct and indirect projections reconvene at the RPa, where
descending neurons of the RPa project to the preganglionic
sympathetic neurons of the IML (intermediolateral cell column)
(Nakamura et al., 2004). From the IML, sympathetic neurons
innervate BAT and cutaneous blood vessels (Figure 2). In
addition to these targets of QPLOT neurons, they also project
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to the PVN, VMH, and ARC where they likely exert additional
influence. These informative studies will need to be revisited with
specific markers of the QPLOT neuron population to validate and
functionally expand this metabolic circuitry.

A separate thermoregulatory population in the ventrolateral
preoptic area (VLPO) is an inhibitory galanin (Gal)-expressing
neuron that when activated, promotes NREM sleep and a
decrease in core body temperature and when ablated, results in
a higher baseline body temperature (Kroeger et al., 2018; Ma
et al., 2019). Gal is noticeably absent from the QPLOT cluster,
although it is expressed in several other clusters (Figure 1A;
Supplementary Figure 1; Guo et al., 2020). Interestingly, VLPO
neurons inhibit shivering induced by PGE2 infused into the
POA and additionally can inhibit RPa-induced thermogenesis
(Conceição et al., 2018). It is conceivable that this VLPOGal

population converges with QPLOT neuron efferents to modulate
body temperature and energy expenditure (Zhao et al., 2017;
Conceição et al., 2018). Alternatively, or additionally, there
may be a local circuit within the anterior hypothalamus
between these two thermoregulatory populations. Consistent
with this hypothesis, viral tracing from Qrfp-cre neurons
indicates connectivity within the VLPO and axons from the POA
form excitatory synapses with Gal-expressing neurons in the
VLPO (Walter et al., 2019; Takahashi et al., 2020). More work
with precise genetic markers will be needed to further understand
how these separate neuronal populations may function together
to regulate body temperature and arousal.

CONCLUSION

Currently available single cell/nucleus sequencing datasets of
the POA suggest that there is a unified cellular population
known as QPLOT neurons that express Qrfp, Ptger3, Lepr,
Opn5, Tacr3, Trpm2, Esr1, Sncg, Adcyap1, and Bdnf, that
when activated, results in a decrease in core body temperature
and energy expenditure. QPLOT neurons are a key cellular
population that regulate energy expenditure and thermogenesis
by integrating ascending temperature stimuli, local hypothalamic
temperature, the internal metabolic state via adipocyte-derived
leptin, inflammatory-mediated prostaglandin signaling, ambient
violet light, estrogen, and neurokinin signaling. Together, these
stimuli modify the activity of QPLOT neurons which function
with other neurons in a thermoregulatory circuit to appropriately
balance energy utilization and body temperature, keeping an
organism within a tightly regulated physiologic range.
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Supplementary Figure 1 | Heatmaps of excitatory, inhibitory, and hybrid POA
neurons from (A) Moffitt et al. (2018) and (B) Hrvatin et al. (2020) Known marker
genes for thermoregulatory POA neurons, prostaglandin-associated genes, and
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excitatory cluster 10 (e10) from Hrvatin et al. (2020) are provided as well as marker
genes for the indicated cluster representing QPLOT neurons when the datasets
are merged. Clusters identified in Torpor-TRAP experiments (Hrvatin et al., 2020
clusters only) are indicated. Data is represented as relative expression of each
gene within the cluster, averaged over all neuronal clusters.

Supplementary Figure 2 | Uniform manifold approximation and projection of
integrated single cell/single nucleus RNA-sequencing datasets. Moffitt et al. (2018)
and Hrvatin et al. (2020) datasets were integrated in Seurat v3 using 3,000
integration features. UMAP with cells colored based on (A) dataset of origin, (B)
original classification as excitatory, inhibitory, or cholinergic, and (C) integrated
cluster ID using a resolution of 2.0.

Supplementary Table 1 | QPLOT Neuron Conserved Markers. Marker genes for
the QPLOT neuron cluster from integrated POA single cell/nucleus
sequencing datasets.
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Background: Obesity has been reported to lead to increased incidence of depression.
Glycerol-3-phosphate acyltransferases 4 (GPAT4) is involved in triacylglycerol synthesis
and plays an important role in the occurrence of obesity. GPAT4 is the only one of GPAT
family expressed in the brain. The aim of this study is to investigate if central GPAT4 is
associated with obesity-related depression and its underlying mechanism.

Results: A high-fat diet resulted in increased body weight and blood lipid. HFD induced
depression like behavior in the force swimming test, tail suspension test and sucrose
preference test. HFD significantly up-regulated the expression of GPAT4 in hippocampus,
IL-1b, IL-6, TNF-a and NF-kB, accompanied with down-regulation of BDNF expression in
hippocampus and ventromedical hypothalamus, which was attributed to AMP-activated
protein kinase (AMPK) and cAMP-response element binding protein (CREB).

Conclusion: Our findings suggest that hippocampal GPAT4 may participate in HFD
induced depression through AMPK/CREB/BDNF pathway, which provides insights into a
clinical target for obesity-associated depression intervention.

Keywords: glycerol-3-phosphate acyltransferases 4, depression, high fat diet, hippocampus, ventromedical
hypothalamus, inflammation
INTRODUCTION

Obesity is a metabolic disorder caused by excessive accumulation of fat due to increased energy
intake. Both environmental factors and genetic factors are responsible for the development of
obesity (1, 2). With the development of social economy and lifestyle changes, the incidence of
obesity is increasing over years, and it has become a serious public health problem. The main clinical
consequences of obesity include diabetes, cardiovascular disease, respiratory distress syndrome,
sleep disorders, asthma, and tumors, as well as various mental and psychological diseases (3, 4).

Both epidemiological and clinical studies have shown that there is a positive correlation between
obesity and depression. Obese people have a significantly increased risk of depression (5, 6). Body
mass index (BMI) is positively correlated with the degree of clinical depressive symptoms (7).
n.org May 2021 | Volume 12 | Article 667773159
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However, although high-energy food can alleviate negative
emotions and bad moods in a short period of time, the weight
gain caused by long-term consumption will aggravate the
depressive symptoms in patients (8, 9). Some scholars have
also discovered that depression and obesity have the same
candidate genes from the perspective of genetics. Depression
and obesity have a high incidence of comorbidities, which
seriously endanger the health of patients, but the mechanism is
still unclear.

Obesity is related to a high-risk of depression. Both clinical
studies and animal experiments have showed that there is a
positive relationship between the two. However, the
neuropathophysiological mechanism of depression caused by
obesity remains unclear. Based on previous studies,
neuroinflammation have been implicated in the development
of depression. Inflammation, especially neuroinflammation, is an
important link between obesity and depression. A high-fat diet
activates the inflammatory response in the animal’s brain.
Animal experiments have shown that IL-1b in the brain can
mediate chronic stress-induced depression-like behaviors, while
IL-1b receptor knockout mice will not show depression-like
behaviors after stress (10).

Glycerol-3-Phosphate Acyltransferases 4 (GPAT4) is the key
rate-limiting enzyme in the synthesis of triacylglycerols in the
glycerophosphate pathway. Gene overexpression and gene
knockout experiments (11, 12) confirmed that GPAT4 plays an
important role in the development of obesity, liver steatosis and
insulin resistance. Compared with wild-type mice, GPAT4-/-
(gene knockout) mice lose weight, have subcutaneous
lipodystrophy, reduce triacylglycerol (TAG) content in adipose
tissue and liver, and improve insulin resistance (13). And a
recent study (14) found that overexpression of GPAT4 in the
liver of mice resulted in liver insulin resistance and thus impairs
liver glucose metabolism, leading to increased liver
gluconeogenesis and reduced glycogen synthesis, and
ultimately destroys glucose homeostasis, indicating that
GPAT4 may be a new drug target for potential prevention and
treatment of obesity, insulin resistance and type 2 diabetes (15).
GPAT4 is important in the development of obesity. Besides,
GPAT4 is the only one in the GPAT family that is expressed in
the brain (16, 17). However, whether central GPAT4 is involved
in the development of depression remains unclear.

Brain-derived neurotrophic factor (BDNF) is mainly
expressed in the central nervous system, especially in
hippocampus and cortex. BDNF has been found to regulate
food intake and energy metabolism in the central nervous
system, promote body movement, suppress appetite, and
improve the leptin resistance and insulin resistance (18).
Besides, BDNF is also the main regulator of synaptic plasticity
and memory formation (19). It is the major regulator of
maintaining neuronal function, regeneration and repair, and
preventing neuronal degeneration (20). Obese mice
experienced a decline in cognitive function after a long-term
high-fat diet, accompanied by corresponding pathological
changes in hippocampal neurons, which are closely related to
the decline of BDNF levels in hippocampus. Recent studies have
Frontiers in Endocrinology | www.frontiersin.org 260
found that obesity can induce hippocampal inflammation and
impairs emotion related to the hippocampus (21).

High-fat-induced obese mice can lead to the inflammatory
state in hippocampus of the mouse and the decrease of BDNF.
Studies showed that GPAT4 is also highly expressed in the
hippocampus, and GPAT4 is the key rate-limiting enzyme for
the synthesis of triacylglycerols in the glycerophosphate pathway.
Therefore, this study aims to investigate whether central GPAT4
is associated with obesity-related depression and its
underlying mechanism.
MATERIALS AND METHODS

Laboratory Animals and Reagents
Twenty-four 5-week-old male C57BL/6 mice were purchased
from the Animal Experimental Center of Fujian Medical
University. All mice were housed under standard conditions
(constant temperature, constant humidity conditions, and a 12-h
light/dark cycle), with free access to food and water. The study
followed the National Guidelines for Laboratory Animal Welfare
and was approved by the Experimental Animal Ethics
Committee of the Second Affiliated Hospital of Fujian Medical
University (2020-388).

Establishment of Mice Model
The twenty-four mice were acclimatized for 1 week before
conducting the experiments. Then, they were randomized to
two groups: normal diet group (ND group, n = 12) and high fat
diet group (HFD group, n = 12). The ND group was fed a normal
diet (Research Diets, D12450h), and the HFD group were fed a
high-fat diet (Research Diets, D12451) for 8 weeks. Six mice in
each group were subjected to brain tissue isolation for
subsequent qPCR, and the remaining six mice were subjected
to perfusion to make frozen sections of brain tissue for
in situ hybridization.

Behavior Tests
Forced Swimming Test (FST)
The mice were forced to swim for 6 min in a transparent
cylindrical container (40cm in height and 20cm in diameter)
containing clean water (24°C, 20cm in depth). The duration of
immobility state was measured (22).

Tail Suspension Test (TST)
In brief, the mice were suspended approximately 28 ± 2 cm off
the floor by fixing its tail (2 cm from the tip of the tail) on the
hook. During the experiment immobility time of the mice were
automatically recorded for 6 mins (22, 23).

Sucrose Preference
Before starting the experiment, the mice were singly housed and
trained to freely drink water and sucrose water in two bottles (the
positions of the two water bottles were switched every day) and
the daily intake of sucrose water and regular water was recorded
for 1 week. The experiment was started after a stable sucrose
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water consumption was evident. After 21 days, the sucrose
preference test was performed. The detailed test protocol was
as follows: after a 12 h period of water fasting, the animals were
allowed free access to two bottles respectively containing water
and 1% sucrose solution. This test lasted for two hours. Sucrose
preference was calculated as the ratio of sucrose water intake to
the total volume of liquid intake (24, 25).

Lipid Measurement
Fasting lipid levels including total cholesterol, low density
lipoprotein and triglyceride were measured with an automatic
biochemistry analyzer.

In Situ Hybridization (ISH) by RNAscope Technology
to Determine the mRNA Expression of BDNF in the
Hippocampus and Ventromedical Hypothalamus
The animals were perfused with phosphate buffered solution (PBS)
at a pH of 7.4 by a cannula inserted in the left ventricle after
anesthesia, followed by 4% paraformaldehyde. After perfusion, the
brains were immediately removed and were fixed in 4%
paraformaldehyde in PBS at 4°C for 12 h and passed through 20
and 30% sucrose gradients prior to embedding in optimum cutting
temperature compound(OCT). 20mmtissue sectionswere air-dried
at−20°C andmoved to−80°C for long-term storage. Commercially
available RNAscope brown reagent kit and RNAscope probes
(Advanced Cell Diagnostics, Hayward, CA, Cat No. 322300) were
used for transcript detection. ISH was performed according to the
manufacturer’s instructions for fixed-frozen tissue. The detection
was operated in a hybridization oven (HybEZ™, ACD) with
RNAscope Probe-Mm-BDNF (ACD 518751). Each set of probes
contained a tag that enabled target transcription to bevisualized in a
brown color. To compare the expression differences between the
two groups, we quantified the integral optical density (IOD) of
positive BDNF staining using ImageJ and normalized it by stained
area. Themean intensities from three randomareas of the same size
in target areas were measured for each probe.
Frontiers in Endocrinology | www.frontiersin.org 361
Quantitative RT-PCR (qRT-PCR)
At the end of each experiment, a microdissection procedure was
used to isolate hippocampus. Total RNA was extracted with
TRIzol (RNAiso Plus) method (Takara, Japan). RNA was
reversed transcribed into cDNA using the two-step method
with PrimeScript™ RT reagent Kit with gDNA Eraser (Takara,
Japan), according to the manufacturer’s instructions. mRNA
qRT-PCR was performed with the TB Green™ Premix Ex
Taq™ (TliRNaseH Plus) (Takara, Japan) according to the
manufacturer’s instruction. The procedure was 95°C for 1 min;
95°C for 15 s and 60°C for 34 s, for 40 cycles; 95°C for 15 s, 60°C
for 1 min and 95°C for 15 s. The primers were shown in
(Table 1).

Statistical Analyses
All statistical analyses were performed using the SPSS Statistics
20 software. Data have been expressed in terms of mean ±
standard deviation. Statistical significances between two groups
of data were determined using unpaired, two-tailed Student’s
t-test. A P value >0.05 was not considered significant, P value
<0.05 was labeled as (*), P value <0.01 was labeled as (**),
P value <0.001 was labeled as (***).
RESULTS

Metabolic Phenotype in Dietary-Induced
Obesity Mice
To determine the metabolic phenotype of mice after a fat-
dense diet, we measure the body weight of mice every week.
Besides, at the end the of experiment, blood lipid level was
measured. We found that 8 weeks of high-fat diet caused
increased body weight (Figures 1A, B), and blood lipid level
including total cholesterol (Figure 1C), low density lipoprotein
(Figure 1D), and triglyceride (Figure 1E), compared with
ND group.

Depression-Like Phenotype in Dietary-
Induced Obesity Mice
To determine whether the consumption of a fat-dense diet plays
a causative role in the development of depression, we examined
depression-related behaviors among mice fed a ND or HFD.
After 8 weeks of high-fat diet (HFD), we examined depression-
related behaviors including forced swimming test, tail suspension
test and sucrose preference test. Increased immobilization time
was observed during forced swim tests (Figure 2A) and tail
suspension tests (Figure 2B) in HFD mice. Also, consumption of
sucrose solution (Figure 2C) was less in HFD mice compared
with control mice on a normal diet.

GPAT4 Expression in Hippocampus Was
Decreased After High Fat Diet
GPAT4 is the key rate-limiting enzyme in the synthesis of
triacylglycerols in the glycerophosphate pathway and plays an
important role in the development of obesity. Besides, GPAT4 is
the only one in the GPAT family that is expressed in the brain.
TABLE 1 | Primers of qRT-PCR.

Gene Primers sequence

b-actin Forward 5’ CTACCTCATGAAGATCCTGACC 3’
Reverse 5’ CACAGCTTCTCTTTGATGTCAC 3’

GPAT4 Forward 5’ AACCTCCTGGGTATCTCCCTG3’
Reverse 5’ CCGTTGGTGTAGGGCTTGT3’

IL-1b Forward 5’ GAAATGCCACCTTTTGACAGTG3’
Reverse 5’ TGGATGCTCTCATCAGGACAG3’

IL-6 Forward 5’ CTCCCAACAGACCTGTCTATAC 3’
Reverse 5’ CCATTGCACAACTCTTTTCTCA 3’

TNF-a Forward 5’ ATGTCTCAGCCTCTTCTCATTC 3’
Reverse 5’ GCTTGTCACTCGAATTTTGAGA 3’

NF-кB Forward 5’ CAAAGACAAAGAGGAAGTGCAA 3’
Reverse 5’ ACTTGATGATCCTCGAGATGTC 3’

AMPK Forward 5’ GTCAAAGCCGACCCAATGATA3’
Reverse 5’ CGTACACGCAAATAATAGGGGTT3’

CREB Forward 5’ AGCAGCTCATGCAACATCATC3’
Reverse 5’ AGTCCTTACAGGAAGACTGAACT3’
b-actin was used as mRNA reference gene, with the 2−DDCt method used for
quantitation. Triplicate experiments were performed and repeated at least 3 times.
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To investigate whether central GPAT4 is involved in the
development of obesity-related depression, GPAT4 mRNA
expression in hippocampus was measured after 8 weeks of
high-fat diet (HFD). We found that compared with ND group,
GPAT4 mRNA expression in hippocampus was significantly up-
regulated in HFD group (Figure 3A). We further investigated the
correlation between GPAT4 and body weight, we found that the
GPAT4 was positive correlated with body weight (p<0.05)
(Figure 3B)

High Fat Diet Induced Inflammation in
Hippocampus
Inflammation, especially neuroinflammation, is an important
link between obesity and depression. To measure the
inflammation in the central nervous system, we examined
inflammation markers between HFD mice and normal diet
Frontiers in Endocrinology | www.frontiersin.org 462
(ND) mice after 8 weeks of high-fat diet (HFD). We found
that HFD significantly up-regulated the expression of IL-1b
(Figure 4A), IL-6 (Figure 4B), TNF- a (Figure 4C) and NF-
kB (Figure 4D) in hippocampus.

BDNF Expression in Hippocampus and
Ventromedical Hypothalamus Were
Decreased After High Fat Diet
BDNF plays a role in emotion regulation, memory function and
energy homeostasis as well. To evaluate the role of central BDNF
in obesity-related depression, after 8 weeks of high-fat diet
(HFD), we examined BDNF expression in hippocampus and
ventromedical hypothalamus (VMH). Compared with ND
group, BDNF mRNA expression in hippocampus (Figure 5),
and VMH (Figure 6) were significantly down-regulated in
HFD group.
A B

C

E

D

FIGURE 1 | Body weight and blood lipid level after 8 weeks of HFD and ND. (A) body weight changes during the 8 weeks; (B) Body weight after 8 weeks; (C) total
cholesterol; (D) low density lipoprotein; (E) triglyceride. Results are mean ± standard deviation, *P value < 0.05, **P value < 0.01, comparison between the mice fed
HFD and ND. (n=6).
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AMPK/CREB Pathway Might Participate in
High Fat Diet Induced Depression
To further understand the molecular events underlying the high-
fat diet induced depression-like behavior, q-RT PCR was carried
out to measure the expression of AMPK and CREB mRNA
expression. Our study showed that AMPK and CREB mRNA
expression were decreased in HFD group compared with ND
group (Figure 7).
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DISCUSSION

The main findings in our present study include (1) high-fat diet
can lead to the development of depression through the use of
behavioral paradigms; (2) its mechanism is related to the up-
regulation of hippocampal GPAT4 expression and hippocampal
inflammation; (3) in situ hybridization shows BDNF mRNA
expression level, down-regulated in hippocampus and VMH; (4)
A

A

C

B

FIGURE 2 | Depression-like phenotype in dietary-induced obesity mice. (A) forced swim tests; (B) tail suspension tests; (C) Sucrose preference test.
*P value < 0.05, **P value < 0.01, comparison between the mice fed HFD and ND. (n=6).
A B

FIGURE 3 | (A) GPAT4 expression in hippocampus was decreased after high fat diet. **P value < 0.01, comparison between the mice fed HFD and ND.
(B) Correlation between GPAT4 expression and body weight. (n=6).
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Real-time quantitative PCR detects the down-regulation of
hippocampal AMPK and CREB expression levels in the HFD
fed mice.

Depression and obesity are closely related, interact, and are
supported by a large amount of epidemiological evidence (26). A
systematic review and meta-analysis of the longitudinal
relationship between depression, overweight, and obesity
discovered that obesity increases the risk of depression (27).
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Vagena et al. (28) discovered that a high-fat diet can promote the
development of depression-like behavior in both groups of mice
fed with a high-fat diet for 3 weeks and 8 weeks. In this study, we
found that a high-fat diet for 8 weeks induces depression-like
behavior, which is consistent with previous studies.

However, the specific mechanism of depression caused by
obesity needs to be further explored. The hippocampus is a key
area that controls emotions and cognitive behavior in the brain.
A B

C D

FIGURE 4 | High fat diet induced inflammation in hippocampus. (A) IL-1b; (B) IL-6; (C) TNF- a; (D) NF-kB. *P value < 0.05, **P value < 0.01, comparison between
the mice fed HFD and ND. (n=6).
FIGURE 5 | (A) BDNF expression in hippocampus in ND group; (B) BDNF expression in hippocampus in HFD group; (C) percentage of positive area between ND
and HFD group; (D) higher magnification of (A); (E) higher magnification of (B); (F) hippocampus area in the brain. ***P value < 0.001, comparison between the mice
fed HFD and ND. (n=6).
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In obese animal models, high levels of hippocampal and cortical
cytokines are expressed in this area (29–31).

GPAT catalyze the first step of synthesis of TAG, which also
acts as the rate-limiting enzyme in the de novo pathway of
glycerophospholipid synthesis. Besides, GPAT4 is the only one in
the GPAT family that is expressed in the brain including the
hippocampus and the cerebellum. The present study reveals that
high fat diet induced GPAT4 overexpression in hippocampus,
suggesting that GPAT4 in the hippocampus might play a role in
diet-induced depression.

Studies have shown that neurotrophins including BDNF have
been documented to play a crucial role in depression. BDNF
plays a role in emotion regulation and memory function,
especially in the hippocampus area (32). The down-regulation
of hippocampal BDNF levels is associated with impaired
Frontiers in Endocrinology | www.frontiersin.org 765
emotion-related behaviors (33). Many kinds of antidepressants
and electroconvulsive therapies significantly increase the
expression of BDNF in the hippocampus and prefrontal cortex
(34). In addition, direct injection of BDNF into the hippocampus
can also show antidepressant effects (35). BDNF plays an
important regulatory role in the plasticity of hippocampal
structure, and mediate protective effects by enhancing neuron
survival (36). What’s more, the expression and signal
transduction of hippocampal BDNF mRNA negatively
regu la ted by pro inflammatory cy tok ines (37–39) .
Dexamethasone can reduce the level of pro-inflammatory
cytokines, increase the level of anti-inflammatory cytokines,
and prevent the decline of BDNF level caused by inflammation
(40). The expression of low levels of BDNF in the nervous system
may trigger energy homeostasis, thereby developing obesity and
A B

FIGURE 7 | (A) AMPK expression; (B) CREB expression. *P value < 0.05, comparison between the mice fed HFD and ND. (n=6).
FIGURE 6 | (A) BDNF expression in VMH in ND group; (B) BDNF expression in VMH in HFD group; (C) percentage of positive area between ND group and HFD
group; (D) higher magnification of (A); (E) higher magnification of (B); (F) VMH area in the brain. ***P value < 0.001, comparison between the mice fed HFD and ND.
(n=6).
May 2021 | Volume 12 | Article 667773

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Huang et al. Hippocampal GPAT4 and Depression
glucose intolerance, and metabolic disorders. BDNF is an
important part of the central nervous circuit and participates
in regulating energy homeostasis (41). Integrate hippocampus
BDNF signal affect the efficacy of antidepressants and the
anxiety-like behavior (33).

Obviously, BDNF is related to depression. Previous studies
found that the expression of BDNF in hippocampus decreased in
depressed mice. However, it is not clear how high-fat diet affect
BDNF expression in the central nervous system. In this study, we
found that HFD simultaneously induced the down-regulation of
BDNFmRNA in hippocampus and VMH, suggesting that BDNF
may play a role in depression induced by high-fat diet.

VMH is the satiety center in the brain that regulates food
intake, glucose and energy metabolism via different downstream
targets. A recent research discovers the inhibition of peripheral
5-HT synthesis lead to resistance to HFD-induced obesity and
can attenuate HFD-induced depression-like behavior (42).VMH
is an important center that integrate peripheral metabolic signal
(43). Our previous study found that high fat diet-fed mice with
impaired glucose tolerance expressed lower level of BDNF
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mRNA in VMH. HFD leads to changes of BDNF in VMH by
affecting the central insulin signaling pathway (44).

Obesity is linked with chronic low-grade inflammation,
which actives the peripheral immunity, transform the
inflammation in the central nervous system by the humoral,
neural and cellular pathways (45). Central inflammation affects
the pathophysiological process of depression, including
monoaminergic neurotransmission. There were plenty of
evidence justify the role of immune inflammatory disorders. A
meta-analysis reported that the level of inflammation markers in
depressed patientswere higher than those in the control group (46–
48). For patients with major depression with elevated plasma
inflammatory markers, they respond poorly to antidepressant
drugs (49). Higher IL-6 and CRP can predict the development of
depression (50). Prospective researches also show that depression
can predict the later level changes of IL-6 and CRP (51). A meta-
analysis including14 randomized placebo controlled trials showed
that anti-inflammatory treatments effectively reduce symptoms in
patients with depression (52). Higher levels of peripheral IL-6 were
related to brain inflammation (53, 54). IL-6 was negatively
FIGURE 8 | HFD resulted in obesity and depression like behavior. After 8 weeks of HFD, hippocampus GPAT4 and inflammation increased, which was attributed to
down-regulation of BDNF, AMP-activated protein kinase (AMPK) and cAMP-response element binding protein (CREB) expression in hippocampus. (n=6).
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correlated with hippocampal gray matter volume in healthy adults
(53), suggesting that inflammation was a contributing factor to the
reduction of hippocampal gray matter. Peripheral inflammation
affected hippocampal plasticity, which was due to the activation of
microglia and the effects of IL-6 and TNF-a (55, 56). Brain
inflammation may negatively affect emotion, study and memory
through processes related to neurodegeneration and structural
remodeling (57, 58), andmainly affected the hippocampus (59, 60).

5-AMP activated protein kinase (AMPK) is an enzyme
involved in energy balance and glucose, and adipose
metabolism to help maintain body homeostasis (61, 62). The
activation of AMPK can increase the expression of BDNF and
active CREB pathway (63). Depression model rats showed
overexpression of miR-124 and down-regulation of CREB1
and BDNF in the hippocampus. While knocking down miR-
124 improved depression-like behavior in depression rats, which
might be related to the increased expression of CREB1 and
BDNF in the hippocampus (64). Our study found out
downregulation of AMPK and CREB in high-fat fed mice.
Depression might be triggered by HFD through AMPK/CREB/
BDNF pathway.

There are some limitations in our study. The connection
between GPAT4 and BDNF still need to be further confirmed. In
our future studies, we will use specific hippocampal GPAT4
knockout mice to further confirm the role of GPAT4 in the
hippocampus in the development of depression.

In conclusion, we demonstrate that hippocampal GPAT4
might participate in HFD induced depression by activating
AMPK, CREB and BDNF pathways, which provides insights
into a clinical target for obesity-associated depression
intervention (Figure 8).
Frontiers in Endocrinology | www.frontiersin.org 967
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Polycystic ovary syndrome (PCOS) is a common reproductive endocrine disease. PCOS
patients are characterized by hyperandrogenemia, anovulation, and metabolic
dysfunction. Hypothalamus–pituitary–ovary axis imbalance is considered as an
important pathophysiology underlying PCOS, indicating that central modulation,
especially the abnormal activation of hypothalamic GnRH neurons plays a vital role in
PCOS development. Increased GnRH pulse frequency can promote LH secretion, leading
to ovarian dysfunction and abnormal sex steroids synthesis. By contrast, peripheral sex
steroids can modulate the action of GnRH neurons through a feedback effect, which is
impaired in PCOS, thus forming a vicious cycle. Additionally, hypothalamic GnRH neurons
not only serve as the final output pathway of central control of reproductive axis, but also
as the central connection point where reproductive function and metabolic state inter-
regulate with each other. Metabolic factors, such as insulin resistance and obesity in
PCOS patients can regulate GnRH neurons activity, and ultimately regulate reproductive
function. Besides, gut hormones act on both brain and peripheral organs to modify
metabolic state. Gut microbiota disturbance is also related to many metabolic diseases
and has been reported to play an essential part in PCOS development. This review
concludes with the mechanism of central modulation and the interaction between
neuroendocrine factors and reproductive or metabolic disorders in PCOS development.
Furthermore, the role of the gut microenvironment as an important part involved in the
abnormal neuronal–reproductive–metabolic circuits that contribute to PCOS is discussed,
thus offering possible central and peripheral therapeutic targets for PCOS patients.

Keywords: polycystic ovary syndrome, hypothalamus–pituitary–ovary axis, ovarian dysfunction, metabolic
disorders, gut microbiota
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is a common reproductive
and endocrine disorder, affecting 6–10% women of reproductive
age worldwide (1). It is often characterized by menstrual disorder
and infertility, abnormal elevated androgen levels, as well as
polycystic ovary morphology (2). Metabolic disorders including
IR, obesity, and abnormal lipid metabolism are represented in a
considerably large part of PCOS patients. Besides, the long-term
risk of type 2 diabetes, cardiovascular diseases, obstetrical
complications, and endometrial cancer is significantly
increased in women with PCOS than in control (2). The
present therapy of PCOS mainly focuses on management of
symptoms and prevention of long-term complications, including
lifestyle modification, ovulation induction, anti-androgen
therapy, and treatment of metabolic disorders (3); etiological
treatment is still lacking.

Although it has been a long time since PCOS was discovered,
the pathophysiology of PCOS remains unclear. Familial
clustering and twin studies indicate the pivotal role genetic
factor played in the etiology of PCOS; GWAS also identified
PCOS’ candidate loci, which provide the studying bases for
mechanism research (4, 5). Follicle growth is a complicated
process which needs the coordination of LH and FSH,
androgen, estrogen, AMH, and other possible factors; follicle
growth is impaired in PCOS, leading to follicular arrest,
ovulatory dysfunction, and PCOM (6). Induced by inhibition
of aromatase activity, hyperandrogenemia and hyperinsulinemia
usually impact and facilitate each other and then promote PCOS
development (7). Rising pieces of evidence suggest the
correlation between gut microbiota and PCOS (8, 9); our
studies demonstrated that the gut microbiota–bile acid–IL-22
axis is involved in PCOS development via the crosstalk of gut
innate immune system and ovary function (9, 10), providing
strong evidence for the contribution of the gut microbiota in
PCOS pathogenesis, while other possible pathways involved in
gut microbiota need to be further explored.

In addition, HPO axis imbalance is considered as an
important pathophysiology underlying PCOS. Hypothalamic
GnRH neurons act as a central regulator of LH synthesis
because of abnormally increased GnRH pulse, LH pulse
frequency, and amplitude in women with PCOS, which further
enhance androgen synthesis in ovarian theca cell and promote
Abbreviations: PCOS, Polycystic ovary syndrome; GnRH, Gonadotropin-
releasing hormone; LH, Luteinizing hormone; PCOM, Polycystic ovary
morphology; IR, Insulin resistance; GWAS, Genome-wide association studies;
FSH, Follicle stimulating hormone; AMH, AntiMüllerian hormone; IL-22,
Interleukin-22; HPO axis, Hypothalamus–pituitary–ovary axis; CNS, Central
nervous system; IGF-1, Insulin-like growth factor 1; ARC, Arcuate nucleus;
AVPV/PeN, Anteroventral periventricular nucleus/periventricular nucleus
continuum; NKB, Neurokinin B; KNDy, Kisspeptin/NKB/dynorphin A; POMC,
Pro-opiomelanocortin; GABA, g-aminobutyric acid; E2, Estradiol; T,
Testosterone; AR, Androgen receptor; PNA, Prenatal androgen treated; ARKO,
AR knockout; PAMH, Prenatal AMH treated; SHBG, Sex hormone-binding
globulin; PVN, Paraventricular nucleus of hypothalamus; GLP-1, Glucagon-like
peptide-1; GLP-1R, GLP-1 receptor; SCFAs, Short-chain fatty Acids; PYY, Peptide
YY ; GF , Ge rm- f r ee ; GDCA, G ly codeoxycho l i c ac id ; TUDCA,
Tauroursodeoxycholic acid; ILC3s, Group 3 innate lymphoid cells.
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hyperandrogenemia, ovarian dysfunction, and metabolic
disorders in women with PCOS (3, 11). GnRH neurons also
mediate the effect of peripheral signals on CNS in PCOS
development. Here we summarize the mechanism that
abnormal neuronal–reproductive–metabolic circuits
contributes to PCOS pathogenesis and shed light on central
regulation of GnRH neurons mediated by gut microenvironment
via the gut–brain axis, thus providing new insights into PCOS
pathogenesis and treatment.
THE EFFECT OF GnRH IN PCOS
PATHOPHYSIOLOGY

A mounting body of evidence supports that increased GnRH
pulse frequency and amplitude can promote LH synthesis over
FSH synthesis, leading to a high LH/FSH ratio in women with
PCOS (12). Elevating LH levels plays a vital role in the
development of reproductive and metabolic disorders, based
on the evidence listed below. First, LH promotes the synthesis
of androgen in ovarian theca cells , which leads to
hyperandrogenemia and arrested follicle development (11).
Second, increased LH pulse frequency impairs estrogen and
FSH synthesis, thus inhibiting follicle growth and ovulation.
Third, LH promotes ovarian secretion of IGF-1 which can
further promote LH binding and androgen synthesis in theca
cell, and finally contributes to the formation of polycystic ovaries
in PCOS patients (13). However, it’s still unclear whether the
abnormal GnRH function is primary dysfunction of
hypothalamus and pituitary or secondary to the complicated
effect of reproductive and metabolic disorder, as well as
unbalanced immune system and intestinal microenvironment
in PCOS patients.

Neuropeptide
Kisspeptin
Located in the hypothalamus, GnRH neurons serve as the final
output pathway of central control of the reproductive axis and
play a vital role in the control of puberty onset and gonadal
function (14). Kisspeptin is the key upstream regulator in GnRH
pulse formation: kisspeptin acts through G-protein-coupled
receptors GRP54, also known as Kiss1R, to activate
hypothalamic GnRH secretion (15); besides, they also transmit
peripheral steroid hormone information to the hypothalamus
and mediate the steroid feedback control of GnRH secretion (16,
17). Kisspeptin neurons are primarily located in the ARC and the
AVPV/PeN of the hypothalamus, while these two clusters of
kisspeptin neurons have different effects on the activation of
GnRH neurons. Co-expressed with NKB and dynorphin,
kisspeptin neurons in the ARC are usually described as one
member of the KNDy system that regulates GnRH pulse and LH
secretion, as kisspeptin can excite GnRH neurons and NKB work
as stimulatory factor and dynorphin as inhibitory factor of
kisspeptin production, then modulate downstream GnRH
secretion (18). Furthermore, KNDy neurons are involved in
the negative feedback regulation of estrogen to the HPO axis
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through estrogen receptor (19). On the contrary, kisspeptin
neurons in AVPV/PeN are implicated in the formation of
estradiol-induced LH surge before ovulation (20). In summary,
kisspeptin is an important regulator in the circular regulation
from brain to gonads.

It has long been reported that hypothalamic kisspeptin levels
are increased in PCOS patients and PCOS animal models, which
is the master contributor to increased LH pulse secretion (19,
21). While Panidis et al. found that serum kisspeptin level in
PCOS patients was not significantly increased, and even
decreased when compared to control (22). As kisspeptin
mainly takes effect in the hypothalamus, so serum kisspeptin
may be less related to the activation of GnRH neurons and LH
pulse synthesis. Apart from NKB and dynorphin, a number of
metabolic regulators also contribute to the modulation of
kisspeptin neurons. Mice lacking both insulin and leptin
receptors in POMC neurons displayed PCOS phenotype,
including insulin resistance, elevated testosterone levels and
reduced fertility (23); besides, hypothalamic POMC neurons
send projections to kisspeptin neurons, indicating the possible
role of POMC–kisspeptin pathway in PCOS pathogenesis.

Kisspeptin may also take effect in the ovaries. Gaytán et al.
identified the expression of kisspeptin–GPR54 system genes in
the human and rat ovary for the first time (24), and ovarian
kisspeptin expression was positively regulated by gonadotropins
for the fact that KISS1 gene expression increased after puberty
onset. Furthermore, it seems that local kisspeptin system may
directly modulate ovarian function (25). Recently, Blasco et al.
compared the gene expression levels of KISS1/KISS1R, as well as
TAC3 and TACR3 (encoding NKB and its G-protein coupled
receptor NK3R respectively) in infertile patients and healthy
control and found that defected fertility may be associated with
the alteration of local KISS1/KISS1R expression in the ovaries
(26). Besides, the kisspeptin/KISS1R and NKB/NK3R systems
are decreased in PCOS mural granulosa cells and cumulus cells,
indicating that abnormal ovarian kisspeptin and NKB may
contribute to aberrant follicle development in PCOS patients
(27). However, the specific molecular mechanism underlying the
local effect of kisspeptin on PCOS ovarian function still needs to
be discovered.

Galanin
Found in 1983, neuropeptide galanin is widely distributed in the
brain and peripheral organs. Galanin signals through G-protein
coupled receptor GAL1-3 which is expressed by ARC GnRH
neurons, indicating that galanin is implicated in the modulation
of GnRH. Besides, galanin is also implicated in the regulation of
glucose metabolism and thermogenesis (28, 29), which makes it a
molecular motif integrating metabolism and neuroendocrine-
reproduction axis. However, the role galanin played in PCOS
development remains unclear. Recently, Azin et al. explored the
effect of galanin on estradiol valerate-induced PCOS rat.
Intraperitoneal injection of galanin induced increased FSH
levels and decreased LH and insulin levels, thus alleviating the
metabolic disorders in PCOS rat. Furthermore, serum TNF-a
and IL-6 levels were significantly increased in PCOS group,
which was reversed with galanin treatment (29). Altinkaya
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compared serum galanin levels in 44 women with PCOS and
44 age-matched controls and found that women with PCOS were
characterized by lower galanin levels than controls (30),
indicating that supplementation of galanin may be a new
therapeutic approach for PCOS, which still needs more
evidence to support.

Neurotransmitters
Neurotransmitters, especially GnRH-regulatory neurotransmitters
can be important in the pathogenesis of PCOS (31). Although
GABA is usually considered as an inhibitory neurotransmitter in
the brain, compelling evidence suggests its stimulatory effect on
GnRH neurons (32). It is reported that the number of GABAergic
synapses onto KNDy neurons increased significantly in prenatal
testosterone exposed ewes, which means that GABA can activate
KNDy neurons as well as GnRH neurons, thus elevating the pulse
frequency of GnRH and LH in PCOS (33). Furthermore, higher
cerebrospinal fluid GABA levels are observed in women with
PCOS, along with increased circulating levels of E2 and T (34).
Silva et al. investigated the effect of acute stimulation and chronic
activation of GABA neurons on LH synthesis and found that both
ways can increase LH levels. Besides, chronic activation of GABA
neurons induces PCOS-like phenotypes in mice, including high
circulating testosterone levels, irregular estrous cycle, and
decreased corpora lutea number (32). In addition, the
hypothalamic GABA neurons showed less expression of
progesterone receptor in PCOS mice, which impairs GABA-
mediated feedback effect of progesterone on GnRH neurons (35).
OVARIAN HORMONES MODULATE THE
ACTION OF GnRH NEURONS

PCOS patients are characterized by aberrant sex hormone levels;
hyperandrogenemia is the most consistent characterization
observed in women with PCOS. Besides, aromatase is inhibited
in PCOS granulosa cell, leading to aberrant estrogen levels.
Abnormally increased AMH levels are also observed in PCOS
patients (36); all these sex hormones substantially affect neuronal
activity in the brain, which forms a vicious circle, thus promoting
ovarian dysfunction and reproductive disorders in women
with PCOS.

Androgen
Acting via AR, androgen is involved in both intra- and extra-
ovarian mechanisms of PCOS pathogenesis. It is reported that
AR is hyperactivated in the hypothalamus, ovary, skeletal
muscle, and adipose cells in women with PCOS (37), which
means the action of androgen in those tissues may mediate
PCOS development. Mounting evidence identifies that androgen
is implicated in manipulating hypothalamic GnRH neuron
activity, as increased LH pulse frequency and amplitude are
observed in both PCOS patients and PCOS animal models. In
addition, DHT treatment in ovariectomized and estradiol-
treated mice increased the connectivity of GABAergic neurons
and GnRH neurons, which was inhibited by progesterone
treatment (38), indicating the possible role of androgen in
May 2021 | Volume 12 | Article 667422

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Liao et al. Central Regulation of PCOS
modulating the negative feedback regulation of progesterone on
GnRH neurons, and then increasing GnRH pulse frequency
and amplitude.

In addition, Kiss1 gene expression and LH pulse frequency
are increased in PNA mice, which means that KNDy neurons
can be another central target of androgen. ARKO mice exhibit
impaired GnRH synthesis pattern and decreased Kiss1 gene
expression in anteroventral periventricular nucleus, leading to
deficient preovulatory estrogen and LH surge, which is consistent
with the reduction of ovarian corpora lutea numbers in ARKO
mice (39). To investigate the precise mechanism of AR-mediated
androgen action on GnRH synthesis, Cheng et al. generated
neuron-specific AR knockout mice (NeurARKO) and found
similar neuroendocrine feature to ARKO mice. In terms of
ovarian follicle dynamics, increased follicle atresia and reduced
ovulation were found in NeurARKO mice (40). Although the
effect of androgen on peripheral tissue and organs is implicated
in PCOS pathogenesis, the effect of androgen on central nervous
system plays a pivotal role in PCOS development, because there
is little difference in GnRH synthesis pattern and ovarian follicle
dynamics between ARKO mice and NeurARKO mice.

On the other hand, prenatal androgen treated animal models
are more often used for research investigating neuroendocrinal
pathogenesis in PCOS, considering the high intrauterine
androgen environment during pregnancy in women with
PCOS, indicating that androgen and androgen activated GnRH
synthesis may drive PCOS development since embryo, and this
effect consistently exists till adulthood, leading to PCOS in
offspring. So, the modulation of androgen on GnRH neurons
during pregnancy can be quite important in PCOS development.

Anti-Müllerian Hormone
It is well known that AMH facilitates the modulation of ovarian
follicle growth and now is widely used as a predictor of ovarian
reserve in clinical work. In women with PCOS, AMH levels are
increased due to accumulation of small antral follicles in the
ovary (41). On the other hand, AMH can decrease FSH receptor
and aromatase expression in granulosa cells (42), which impairs
follicle growth and leads to follicular arrest, thus forming a
vicious cycle. Apart from the effect on ovary, AMH also takes
effect on HPO axis. AMH has high affinity to AMH receptor
AMHR2, both AMH and AMHR2 are expressed in GnRH
neurons (43, 44). Cimino et al. found that AMH can induce
LH secretion via stimulating hypothalamic GnRH neurons
directly, which needs further research to confirm in PCOS.
Recently, Tata et al. found that serum AMH levels are
significantly elevated in pregnant women with PCOS than in
control women, and they use PAMH mice to investigate the
effect of elevated intrauterine AMH levels on neuroendocrine
and reproductive function in offspring. It turns out that PAMH
mice have significantly higher LH pulse frequency and
circulating testosterone levels, as well as longer ano-genital
distance which reflects androgenic impregnation, while
prenatal GnRH antagonist treatment can reverse the
neuroendocrine and reproductive abnormalities in PAMH
mice. Besides, GnRH antagonist treatment can normalize the
neuroendocrine and reproductive disorders in adult PAMHmice
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(45), which further confirmed the stimulatory effect of AMH on
GnRH neurons.

In conclusion, acting as a stimulator of hypothalamic GnRH
neurons, AMH treatment, both pre- and postnatal treatments,
can increase LH pulse frequency and induce reproductive
disorder like PCOS, and this provides new evidence for the
therapeutic effect of GnRH antagonist in women with PCOS.
METABOLIC REGULATION OF GnRH
SYNTHESIS IN PCOS

Insulin Resistance
Insulin resistance plays a pivotal role in the pathogenesis of
PCOS, the direct consequence of which is abnormally elevated
insulin levels. According to human and animal studies
concerning the effect of insulin in PCOS development, insulin
is considered as a co-effector of gonadotropins. Insulin can
promote testosterone biosynthesis in human ovarian theca cell
and reduce SHBG production (46), thus contributing to
hyperandrogenism in women with PCOS. In addition, insulin
can stimulate LH secretion directly (47), leading to aberrant
reproductive function in PCOS. As mentioned before,
hypothalamic POMC neurons express both insulin receptor
and leptin receptor, and knock-out of insulin receptor and
leptin receptor in POMC neurons induced PCOS phenotype,
indicating the insulin and leptin can be powerful regulators of
both kisspeptin and POMC neurons, which further promote
PCOS development (23).

Leptin plays a vital role in the central regulation of food intake
and energy expenditure, as well as glucose metabolism, which
makes leptin an important adipose-derived hormone in
promoting insulin resistance. Besides, leptin may contribute to
the effect of central and peripheral insulin resistance on obesity;
these two pathophysiological changes often work together to
promote metabolic disorders in metabolic diseases (48, 49).
PCOS patients can be described as leptin resistance, as
circulating leptin levels are higher in PCOS patients than in
control, which is related to IR in PCOS patients (50, 51),
suggesting that leptin may be implicated in the pathogenesis of
PCOS. However, down-regulated hypothalamic leptin receptor
expression is observed in PNA mice; additionally, leptin receptor
is co-localized with kisspeptin and NKB in the ARC of PNA
mice, indicating the possible interaction between leptin and
kisspeptin/NKB. Further studies show that central
administration of leptin can significantly stimulate
hypothalamic Kiss1 gene expression, as well as LH secretion,
which can be suppressed by pretreatment with kisspeptin
antagonist Kp-234 (52). This study provides a new insight into
PCOS pathogenesis by shedding lights on the stimulatory effect
of increased leptin levels on KNDy neurons and LH secretion.

Obesity
Obesity is another manifestation of metabolic syndrome in
PCOS, while the relationship between obesity and PCOS is
much more complex. Firstly, the vicious circle of mutual
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reinforcing relationship between obesity and insulin and leptin
resistance plays an important role in PCOS pathogenesis (49, 53).
Hypothalamic leptin resistance has been identified to increase
weight gain; at the same time, enhanced leptin secretion by
adipocytes further contributes to induce leptin resistance, thus
promoting PCOS development (54). In addition, growing piece
of evidence show that kisspeptin also mediate obesity-related
effect on reproductive function. To figure out the effect of
bariatric surgery (a kind of treatment for PCOS patients to lose
weight) on hypothalamic kisspeptin expression, Wen et al.
performed sleeve gastrectomy (SG) for PCOS rat. After SG,
metabolic disorders in PCOS rat including impaired glucose
tolerance, decreased insulin sensitivity, and adiponectin levels
are reversed, which is accompanied by decreased KISS1 gene
expression in ARC, indicating that over-activated kisspeptin
neurons can mediate metabolic regulation of central nervous
system, then contribute to metabolic induced reproductive
dysfunction in PCOS (55). Interestingly, Wen et al. also found
that after SG, there is no significant loss of body weight in PCOS
rat, which means that body weight may not implicate in the
regulation of KISS1 gene expression. A recent study further
confirmed this hypothesis, for the difference of kisspeptin
levels between normal-weight PCOS patients and over-weight
PCOS patients is insignificant (56). Thus, alternative obesity-
related pathway mediating central control of reproductive
function needs to be explored.

Growing pieces of evidence suggest that activated sympathetic
nervous system takes part in PCOS and obesity pathogenesis (57,
58). Interaction between sympathetic nervous activation and
obesity also implicates in PCOS pathogenesis, while the
underlying mechanism remains unclear. Adiponectin is an
adipocytokine known to play a pivotal role in the regulation of
insulin sensitivity, as well as the control of ovarian follicle growth
and early embryo development (34, 59). A systemic review
identified the lower circulating adiponectin levels in women with
PCOS, which are related to IR but not to BMI (60), indicating that
there is little correlation between obesity and adiponectin levels in
PCOS patients. Instead of the relationship with IR, Shorakae et al.
mainly focus on adiponectin’s regulation of sympathetic function
(61). Muscle sympathetic nerve activity is increased in women with
PCOS, along with decreased high molecular weight adiponectin
levels. That is to say, similar to other diseases, sympathetic
stimulation can reduce adiponectin levels in PCOS. Adiponectin
may contribute to PCOS development via regulation of insulin
resistance and sympathetic nerve activity. Recently, Heras et al.
found that increased hypothalamic ceramide levels were involved
in an alternative PVN-ovarian sympathetic innervation pathway,
rather than the classical GnRH dependent pathway, thus
promoting obesity-induced precious puberty (62), which
provided new insights for the effect of obesity and sympathetic
nervous system activation in PCOS pathogenesis.

Overall, obesity is common in PCOS patient, and lifestyle
modifications including weight reduction are the primary
treatment to improve metabolic dysfunction and infertility in
women with PCOS. While the exact role of obesity or obesity
related sympathetic activation in PCOS development still needs
to be explored.
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IMPACT OF INTESTINAL MICROBIOME
ON PCOS PATHOPHYSIOLOGY

The imbalance of gut microenvironment is closely related to the
pathogenesis of different kinds of diseases (63). In addition, the
crosstalk between gut and brain has long been appreciated (64).
This part mainly focuses on the possible mechanism of gut
hormones and gut microbiota disturbance affecting the
pathogenesis of PCOS through the gut–brain axis.

Gut Hormone
Gut hormones are vital mediators in bidirectional
communication of the gut–brain axis and are implicated in
different kinds of metabolic diseases. GLP-1 is mainly
synthesized by intestinal L cells and acts through G protein-
coupled GLP-1R which is found in many tissues in the human
body, including brain and reproductive system. A growing body
of evidence shows that GLP-1 is now widely used in women
suffering PCOS, and the clinical effects of GLP-1 include
improvement of ovulation, elevation of menstrual frequency,
and promotion of pregnancy rate in women with PCOS (65–67).
In terms of sex hormone, liraglutide decreased free testosterone
and androstenedione levels and increased SHBG levels in women
with PCOS (66). Besides, GLP-1 is recommended as a
therapeutic option for obese women with PCOS for its
significant weight loss effect. Although GLP-1 has been widely
recognized in PCOS treatment, the underlying mechanism
remains vague now.

The interaction between GLP-1 and hypothalamic GnRH
neurons has long been discovered. Outeiriño-Iglesias et al.
investigated the effect of GLP-1 on LH synthesis and found
that acute administration of GLP-1significantly increases the
amplitude of LH surge before ovulation in adult rats, while
GLP-1R agonist Exendin-4 can block the stimulatory effect of
GLP-1 on LH synthesis (68). Interestingly, liraglutide, a GLP-1R
agonist, is able to depolarize ARC kisspeptin neurons directly but
cannot reverse the inhibition of ARC kisspeptin neurons after
48 h fast (69), which means that GLP-1 cannot maintain LH
synthesis alone. In addition, GLP-1 can activate GnRH neurons
directly via GLP-1R, as well as modulation of stimulatory
presynaptic GABAergic inputs to GnRH neurons (70). Overall,
GLP-1 is identified as a stimulator of GnRH neurons via
modulation of kisspeptin neurons and GABAergic neurons,
indicating that GLP-1 may take part in the modulation of
GnRH and LH synthesis, thus contributing to PCOS development.

Except for the regulation of metabolism and LH synthesis,
GLP-1 is also a vital mediator of the influence of gut microbiota
on host. Gut microbiota fragmentation of non-digestible
carbohydrates is known to promote glucose metabolism,
increase satiety, and reduce food intake, thus maintaining
energy balance (71, 72). Additionally, GLP-1 secretion was
augmented by supplementation of dietary fibers, and this
process was mediated by SCFAs: as the metabolites of dietary
fibers, SCFAs promoted GLP-1 secretion via receptors (GPR-41/
43) expressed by intestinal enteroendocrine L cells (73–75). So
GLP-1 may play an important role in gut microbiota dysbiosis
related diseases. Hwang et al. found that antibiotics-induced
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reduction of Firmicutes and Bacteroidetes significantly
augmented serum GLP-1 levels and GLP-1 expression, thus
improving insulin resistance in diet-induced-obesity mice (76).
Overall, GLP-1 participated in PCOS pathogenesis through
multiple ways; therapeutics targeting GLP-1 secretion can be
promising for PCOS treatment.

Gut Microbiota Dysbiosis
Considering the close relationship between gut microbiota and
host diseases, the relationship between gut microbiota and PCOS
is now attracting more and more attention. It is reported that
alpha diversity in PCOS patient is decreased, which may be
related to reproductive dysfunction and metabolic dysregulation
(8). On the contrary, aberrant sex hormone in PCOS patients
may have an impact on gut microbiota as well, which makes it
complex to find out the true role of microbiota in
PCOS development.

It has been widely reported that the gut microbiota is capable
of producing neurotransmitters including dopamine,
noradrenaline, serotonin, and GABA (77). As described before,
GABA is a powerful neurotransmitter that activates GnRH
neurons and increases GnRH pulse frequency and amplitude,
thus promoting PCOS development. Furthermore, it’s reported
that high-fat diet leads to reduced levels of Bacteroides, which
reduce GABA levels in rat prefrontal cortex and alleviate
depressive-like behavior (78). This indicates that the gut
microbiota may modulate neurotransmitter levels in the
central nervous system and then change the function of
downstream neurons and the emotional state of host. While
evidence indicating that microbial-derived neurotransmitter act
directly on central neurons is still lacking, the effect of microbial-
derived GABA on PCOS neuroendocrine disorder remains
unclear. Qi et al. found that the abundance of B. vulgatus is
increased in PCOS patients (9), which is associated with aberrant
hormone levels like high androgen, LH levels, and increased LH/
FSH ratio, and this is usually considered as the result of
activating GnRH neurons. The relationship between B.
vulgatus and GABA levels has not been researched; however,
GABA may be a dot that connects B. vulgatus and
neuroendocrine disorders in PCOS. Besides, there are some
kinds of GABA-producing bacteria found to be increased and
positively correlated with serum LH levels and LH/FSH ratio,
which provide a perspective to understand the underlying
mechanism of gut–brain axis in PCOS development (79).

Gut microbial metabolites and microbiota-regulated
metabolic process also play a vital role in the gut–brain axis.
As the most examined gut microbial metabolites, SCFAs have
been implicated in maintaining intestinal barrier integrity and
host immune homeostasis (64, 80). In addition, SCFAs are
involved in gut–brain crosstalk; supplementation of SCFAs can
alleviate increased blood–brain barrier permeability in GF mouse
and modulate histone acetylation in the cortex of GF mouse.
Although it seems like SCFAs play a negative role in the
development of Parkinson’s disease (81), SCFAs are more
thought to be beneficial to host homeostasis. Zhang et al.
found that there is a significant decrease in PCOS patients’
intes t ina l SCFA leve l s , whi le supply ing probiot ic
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Bifidobacterium lactis V9 can rescue the decreased SCFA levels
in PCOS patients (82). Besides, the colonization of
Bifidobacterium lactis V9 is related to decreased LH and LH/
FSH levels. Furthermore, they explored the correlation among
the identified MGS, metabolic parameters, SCFAs, and sex
hormones and found that the colonization of Bifidobacterium
lactis V9 promotes the growth of SCFA-producing microbiotas,
thus promoting PYY and ghrelin secretion, which may act on
hypothalamus GnRH neurons and mediate the beneficial effect
of microbial derived SCFAs in alleviating neuroendocrine
disorders of PCOS patients.

As a class of microbial metabolites, bile acids are attracting
more and more attention for their serious impact on regulating
host immune cell function and modulating host metabolic status,
as well as brain function. PCOS is known as a metabolic
syndrome with reproductive disorder, aberrant bile acid
metabolism may also participate in PCOS development, as
Zhang et al. have reported that increased circulating
conjugated primary bile acid levels are positively correlated
with hyperandrogenemia in women with PCOS (83). On the
other hand, Qi et al. found that serum and intestinal secondary
bile acid GDCA and TUDCA levels are significantly decreased in
PCOS patients (9). Furthermore, GDCA and TUDCA levels were
negatively correlated with B. vulgatus and bile salt hydrolase
(bsh) gene abundance, both of which are increased in women
with PCOS. So abnormal bile acid metabolism induced by gut
microbiota disturbance can be a key segment in PCOS
development. In terms of the underlying mechanism,
microbial-derived bile acids can activate ILC3s and their
secretion of IL-22, thus improving insulin resistance in PCOS
patients. Moreover, supplementation of GDCA can decrease
serum testosterone levels in DHEA-induced PCOS-like mouse,
indicating that bile acid may act through multiple ways to
improve PCOS, so bile acids may act through the
hypothalamus to regulate sex hormone levels directly.
CONCLUSION

PCOS is the most common endocrine disorder in women of
reproductive age, aberrant HPO axis is at the center of PCOS
pathogenesis (Figure 1). Kisspeptin and GABA are involved in
the upstream regulation of GnRH neurons activity, which forms
the final common pathway of central regulation of PCOS
development. The direct stimulatory effect of androgen and
AMH on GnRH neurons is considered as potential key
mechanism involved in the origins of the neuroendocrine
dysfunctions of PCOS. Besides, metabolic disorders including
insulin resistance and leptin resistance also contribute to
abnormalities of GnRH neurons in PCOS. However, obesity is
more likely to be involved in the sympathetic activation in PCOS
development. Gut hormone GLP-1 has long been recommended
as treatment for obese women with PCOS; it is also identified as a
stimulator of GnRH neurons via modulation of kisspeptin
neurons and GABAergic neurons. Moreover, gut microbial
derived neurotransmitter GABA may take effect in
hypothalamic GnRH neurons and thus promoting PCOS
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development. Metabolites of the gut microbiota, including
SCFAs and bile acids, are effective regulators of GnRH
neurons function.

Considering the vital role HPO axis played in PCOS
pathogenesis, therapeutics targeting the HPO axis can be
effective. Kisspeptin peptides kisspeptin-10 and kisspeptin-54 can
increase LH levels in healthy women to promote ovulation (84, 85).
With longer terminal half-life time, MVT-602, a novel KISS1R
agonist, has longer duration of kisspeptin targeted action of
stimulating GnRH synthesis and sustaining peak GnRH levels,
consequently promoting LH synthesis in women with PCOS.
Frontiers in Endocrinology | www.frontiersin.org 776
Besides, estradiol pretreatment before administration of MVT-
602 can increase both LH and FSH peak levels to that observed
in preovulatory follicular phase, which means that supplementation
of estradiol and MVT-602 is a promising treatment for in vitro
fertilization of PCOS women. It seems that this still belongs to
symptomatic treatment; while considering the central role of GnRH
in PCOS pathogenesis, therapeutics targeting GnRH neurons can
improve endocrine disorders, which further improves metabolic
disorders and gut microbiota dysbiosis in PCOS.

Therapeutics improving metabolic disorders including
sensitization of tissues to insulin and bariatric surgery to lose
FIGURE 1 | Central regulation of PCOS. Hypothalamic GnRH pulse mediates regulation of LH and FSH synthesis, which plays an important role in PCOS
pathophysiology. This process is modulated by central regulators including KNDy neurons, POMC neurons, and neurotransmitters. In addition, peripheral factors
including abnormal ovarian hormone levels, metabolic disorders, and gut microbiota dysbiosis also contribute to PCOS development by acting on their receptors
expressed in hypothalamic neurons. Moreover, central regulators and peripheral factors interact with each other and form an abnormal neuronal–reproductive–
metabolic circuit, thus promoting PCOS development. GnRH, Gonadotropin-releasing hormone; KNDy neurons, kisspeptin/NKB/dynorphin A neurons; POMC
neurons, Pro-opiomelanocortin neurons; GABA, g-aminobutyric acid; GLP-1, Glucagon-like peptide-1; IR, Insulin receptor; LepR, Leptin receptor; AR, Androgen
receptor; GLP-1R, Glucagon-like peptide-1 receptor; AMHR, Anti-Müllerian hormone receptor; LH, Luteinizing hormone; FSH, Follicle stimulating hormone; AMH,
Anti-Müllerian hormone; SHBG, Sex hormone-binding globulin; IL-22, Interleukin 22; SCFAs, Short-chain fatty acids.
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weight can in turn influence GnRH and sex hormone secretion,
thus alleviating PCOS. Although the way that peripheral nervous
system is implicated in PCOS pathogenesis remains unclear,
reduced sympathetic activity is observed in heat-treated obese
PCOS women, as well as decreased cardiovascular risk profiles
(86). In addition, acupuncture with electrical stimulation also
reduces endocrine and reproductive dysfunction in women with
PCOS by modulating sympathetic activity (87). However, further
research is needed to clarify the underlying mechanism.

Treatment targeting the gut microbiota is an emerging
therapeutic for metabolic diseases. It is reported that the gut
microbiota A. muciniphila increased thermogenesis of brown
adipocytes and GLP-1 secretion in HFD mice, thus improving
glucose homeostasis (88). High-fiber diet elevated GLP-1 levels
in patients with type 2 diabetes via promoting the growth of
SCFA-producing gut microbiota, and finally improved glucose
regulation (89). Fecal bacteria transplantation shows great
potential for metabolic disease treatment. A double-blind study
was performed to figure out the effect of FMT obese patients.
Patients who received FMT capsules presented bile acid profiles
comparable to those of lean people (90). The gut microbiota-
mediated effect is not just in the gut. Probiotics supplementation
increased colonic GLP-1 levels and cerebral GLP-1 receptor
expression in mice model of Parkinson disease, indicating
that probiotics supplementation could improve cerebral
function through the gut microbiota–gut–brain axis (91). Gut
microbiota related GABA was implicated in the development of
seizure and schizophrenia (92, 93). So, the therapeutic effect of
gut microbial-derived metabolites and probiotics in various
diseases has been confirmed. Although the effect of gut
microbiota-related treatment in women with PCOS still needs
further study, fecal bacteria transplantation and supplementation
of probiotics all show great potential for PCOS treatment.

In conclusion, the mechanism underlying PCOS pathogenesis
is complicated, so is the relationship between neuroendocrine
defects, metabolic disorders, and intestinal microbiota dysbiosis
in PCOS pathophysiology. In terms of the causal relationship
between the central defects and peripheral factors implicated in
PCOS pathogenesis, one supposes that reproductive and
metabolic disorders lead to defects in the brain of PCOS
women, since the effect of exposure to excessive androgen and
insulin during pregnancy cannot be ignored for the fact that
PCOS mouse model can be established only by androgen
injection to pregnant mouse. The other favors the idea that
abnormal activation of GnRH neurons is the causality of
reproductive and metabolic disorders, as increased GABAergic
wiring to hypothalamic GnRH neurons occurred before PCOS
mice exhibited disease phenotypes (87). It seems to make
sense because of the significant therapeutic effect of inhibiting
GnRH neurons in PCOS. But it is still unclear when and how
the over-activation of GnRH neurons is formed in the brain,
which needs further research studies. Actually, it’s more
accurate to say that it is the abnormal neuroendocrine–
reproductive–metabolic circuit that plays an important role in
the pathogenesis of PCOS.

As a rising research field, the gut microbiota is implicated in
the development of various diseases through the gut–brain axis,
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gut-liver axis, etc. While direction of the regulation of these
pathways remains unclear, one takes the view that the change
of the gut microbiota is the cause of metabolic disorders and
neuroendocrine defects, for gut microbiota transplantation can
transfer donor phenotypes to recipients (94). The other takes
the different view that it’s just association rather than causality
because the composition of gut microbiota is closely related to
dietary history, and the gut microbiota transplantation
experiments are mainly applied in germ-free mouse which
exhibit different intestinal function. However, microbial
fingerprinting model was established based on long-term
investigation of the compositional and genomic stability of gut
microbes, indicating that the gut microbiota composition and
metabolites may influence host phenotype in a stable and chronic
way. The debate may continue, and more experiments are
needed (95).

PCOS is a heterogeneous and complex disorder in women
of reproductive age, the pathophysiology of which is not clearly
understood yet. Classic theory presumed that the abnormal
activation of hypothalamus GnRH neurons and excessive
ovarian androgen synthesis are the core of pathogenic
mechanism in PCOS. With research studies are getting deeper,
the important role of metabolic disorders and gut microbiota
dysbiosis in PCOS pathogenesis has been identified. To some
extent, reproductive and metabolic disorders and gut microbiota
dysbiosis contribute to the impairment of local ovarian function,
and their effect on activating GnRH synthesis drives the
development of PCOS. However, it’s hard to define the
accurate onset time and location of this complex syndrome.
Abnormal exposure to AMH, androgen, or insulin during
pregnancy can promote PCOS development, and the
underlying mechanism of which lies in the hyper-secretion of
GnRH. Therefore, primary defects in the brain may be the direct
cause of PCOS; at the same time, metabolic disorders, local
ovarian hormone and gut microbiota dysbiosis can act on GnRH
neurons, thus cooperatively promoting PCOS development.
Overall, these important insights provide us with a new
perspective that the brain plays a key role in the origin of
PCOS and opens new avenues for investigating therapeutic
interventions for women with PCOS.
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Emerging evidence identifies a potent role for aerobic exercise to modulate activity of
neurons involved in regulating appetite; however, these studies produce conflicting
results. These discrepancies may be, in part, due to methodological differences,
including differences in exercise intensity and pre-exercise energy status. Consequently,
the current study utilized a translational, well-controlled, within-subject, treadmill exercise
protocol to investigate the differential effects of energy status and exercise intensity on
post-exercise feeding behavior and appetite-controlling neurons in the hypothalamus.
Mature, untrained male mice were exposed to acute sedentary, low (10m/min), moderate
(14m/min), and high (18m/min) intensity treadmill exercise in a randomized crossover
design. Fed and 10-hour-fasted mice were used, and food intake was monitored 48h.
post-exercise. Immunohistochemical detection of cFOS was performed 1-hour post-
exercise to determine changes in hypothalamic NPY/AgRP, POMC, tyrosine hydroxylase,
and SIM1-expressing neuron activity concurrent with changes in food intake. Additionally,
stains for pSTAT3tyr705 and pERKthr202/tyr204 were performed to detect exercise-mediated
changes in intracellular signaling. Results demonstrated that fasted high intensity exercise
suppressed food intake compared to sedentary trials, which was concurrent with
increased anorexigenic POMC neuron activity. Conversely, fed mice experienced
augmented post-exercise food intake, with no effects on POMC neuron activity.
Regardless of pre-exercise energy status, tyrosine hydroxylase and SIM1 neuron
activity in the paraventricular nucleus was elevated, as well as NPY/AgRP neuron
activity in the arcuate nucleus. Notably, these neuronal changes were independent from
changes in pSTAT3tyr705 and pERKthr202/tyr204 signaling. Overall, these results suggest
fasted high intensity exercise may be beneficial for suppressing food intake, possibly due
to hypothalamic POMC neuron excitation. Furthermore, this study identifies a novel role
for pre-exercise energy status to differentially modify post-exercise feeding behavior and
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hypothalamic neuron activity, which may explain the inconsistent results from studies
investigating exercise as a weight loss intervention.
Keywords: exercise, food intake, hypothalamus, POMC neuron, NPY/AgRP neuron, tyrosine hydroxylase (th), SIM1
neurons, energy balance
INTRODUCTION

The hypothalamus is a critical nexus of neuron populations that
interpret peripheral signals of energy status and deliver diverse
efferent outputs to metabolically active tissues (1, 2). These
neurons are critical to maintaining metabolic homeostasis, and
disruption of their complex neurocircuitry is associated with
disordered substrate metabolism and feeding behavior (1, 2).
Additionally, emerging evidence identifies a potent role for
aerobic exercise to modulate activity and synaptic organization
of hypothalamic neurons, especially in the arcuate nucleus
(ARC) (3–5). This hypothalamic region contains diverse
neuron populations involved in regulating appetite; thus, the
ARC presents an attractive target to investigate the regulation of
post-exercise feeding behavior.

Identified ARC neurons modulated by acute treadmill
exercise include the neuropeptide Y/agouti-related peptide
(NPY/AgRPARC) and pro-opiomelanocortin (POMCARC)
-expressing neuron populations (3–7). POMCARC neurons
suppress food intake by releasing a-melanocyte-stimulating
hormone (aMSH), which binds to melanocortin 4 receptors
(MC4R’s) to excite satiety-inducing neurons in the paraventricular
nucleus of the hypothalamus (PVN) (1, 8). NPY/AgRPARC

neurons have opposite effects on MC4R-expressing neuron
activity and feeding via co-release of gamma aminobutyric acid
(GABA), NPY, and AgRP (1, 2, 9). NPY/AgRP neurons may also
directly antagonize POMC neurons via GABAergic connections,
but the relevance of this phenomenon in physiological conditions
is unclear (10).

Both NPY/AGRPARC and POMCARC neurons are subject to
intricate regulation by appetite-stimulating tyrosine hydroxylase
neurons in the ARC (THARC) (11). TH is the rate-limiting enzyme
in dopamine synthesis (12), and the effects of exercise on THARC

neurons have yet to be investigated. THARC neurons exhibit direct
excitatory dopaminergic innervation on NPY/AgRPARC neurons,
as well as direct inhibitory dopaminergic and GABAergic
innervation on POMCARC neurons (11). Moreover, another
subpopulation of TH-expressing neurons resides in the PVN
(THPVN) and receives presynaptic inputs from NPY/AgRPARC

neurons to stimulate thermogenesis in brown adipose tissue (13).
To date, the potential role of THPVN neurons in appetite regulation
is unknown.

ARC neurons are located adjacent to the third ventricle and
the median eminence, which provides convenient access to the
cerebrospinal fluid (CSF) and a less selective blood-brain barrier,
respectively, and allows for fine responsiveness to changes in
energy status. For example, to promote feeding in response to
fasting, ghrelin concentrations increase (14), while leptin and
insulin levels decrease (15, 16), directly resulting in receptor-
n.org 282
mediated increases in NPY/AgRP neuron activity and decreases
in POMC neuron activity (17–20). Reduced glucose levels have
similar effects on NPY/AgRP and POMC neurons; during which,
glucose uptake by glucose transporters is reduced and activity of
ATP-sensitive potassium channels is altered (21, 22). Glucose,
insulin, leptin, and ghrelin concentrations also differentially
fluctuate in response to exercise, depending on intensity and
duration (4, 23–25); thus, insight into exercise-mediated changes
in hypothalamic neuron activity could be beneficial to
understanding of the complex physiological mechanisms
regulating post-exercising feeding behavior.

Studies investigating exercise-mediated remodeling of
hypothalamic neurocircuits produce conflicting results. For
example, Bunner et al. (4) observed acute moderate intensity
treadmill exercise (MIE) to increase NPY/AgRPARC neuron
activity and subsequent food intake in fed mice, while He et al.
(5) demonstrated opposite effects after fed high intensity interval
training (HIIT). Results in POMCARC neurons are equally
equivocal, with one report observing no changes in response to
fasted MIE (4) and others observing increased activity after fasted
high intensity exercise (HIE) (3) and fed HIIT (5). Notably, all
these studies analyzed neuronal activity at a single timepoint
immediately after exercise, and exercise-mediated changes in
neuronal activity in the hypothalamus can be rapid and transient
(5–7). The reported effects may reflect neuroendocrine responses
during exercise, rather than changes after exercise, and may also
miss critical changes in neuronal activity in the hours after exercise.
Moreover, the studies observing appetite-suppressing, NPY/AgRP
neuron inhibiting, and/or POMC activating effects after treadmill
exercise used electric shock to motivate mice to run, which was not
controlled for in sedentary trials (3, 5). This may be a confounding
factor, since studies have demonstrated electric shock activates
satiety-inducing neurons in the PVN and acute stress stimulates
POMCARC-mediated hypophagia (26–28). Alternatively, He et al.
(5) may have identified a unique appetite-suppressing effect specific
to HIIT. Supporting this hypothesis, other studies have also
observed decreased food intake in response to voluntary wheel
running in rodents (29, 30), which typically is a more intermittent
exercise model (31).

Another potential explanation for variability in investigations
into exercise-mediated changes in hypothalamic neuron activity
is that these studies contain methodological differences in
exercise intensity and pre-exercise feeding (3–5). Considering
glucose and metabolic hormone concentrations fluctuate with
energy status and exercise intensity (19, 20, 22, 32), it is plausible
that post-exercise changes in hypothalamic neuron activity vary
depending on energy status and exercise intensity as well. For
example, a recent report demonstrates that NPY/AgRP neurons
are activated during fed HIIT, but exhibit opposite effects during
June 2021 | Volume 12 | Article 705267
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fasted HIIT (6). Furthermore, the magnitude of these changes in
neuronal activity is directly correlated with exercise intensity (6).
Notably, these observations were made during exercise and it
remains to be determined if post-exercise changes in hypothalamic
neuron activity are similarly dynamic depending on energy status or
exercise intensity. This potential phenomenon may explain why the
effects of exercise on feeding behavior are inconsistent in the
literature and why the success rates of exercise as a weight loss
intervention are equally unpredictable (33–44). Overall, the potential
confounding factors and methodological differences in studies
investigating exercise-mediated modulation of hypothalamic
neurons make drawing conclusions challenging; thus, the current
study aimed to utilize a translational, well-controlled, within-subject,
treadmill exercise protocol to determine the differential effects of fed
vs. fasted exercise and exercise intensity on subsequent feeding
behavior and hypothalamic neuron activity.
MATERIALS AND METHODS

Animals
Male B6.Tg(NPY-hrGFP)1Lowl/J (NPY-GFP reporter) mice
were cared for in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and
experimental protocols were approved by Institutional Animal
Care and Use Committee of East Carolina University. Mice were
fed standard chow ad libitum (3.2kcal/g) and housed at 20–22°C
with a 12-h light-dark cycle.

High-Fat Diet-Induced Obesity
5-6-week-old NPY-GFP reporter mice were given ad libitum
access to a high-fat diet (5.56kcal/g) with a kilocalorie
composition of 58%, 25%, and 17% of fat, carbohydrate, and
protein, respectively, for 10 weeks (D12331; Research Diets, New
Brunswick, NJ) before undergoing exercise trials.

Acute Treadmill Exercise
Exercise protocols were adapted from a previous study in our lab
(4) and all mice were able to successfully complete all exercise
trials. Briefly, using a randomized crossover design and
commonly used treadmill speeds, untrained mice performed
1-hour sedentary, low (10m/min) (45), moderate (14m/min)
(46), and high intensity (18m/min) (3) exercise with one week
between bouts. On the day before experiments, mice were
familiarized by running for 5 min at 5m/min followed by
5 min at 10m/min. On the day of exercise trials, mice ran at
5m/min for two minutes, 10m/min for two minutes, and then,
when applicable, sped up 4m/min every 2 min until the target
speed was reached. To minimize stress, a soft bristle brush or
gentle puff of air was used to motivate mice, when needed.
During sedentary trials, mice were placed in empty cages on top
of the running treadmill for 1-hour to simulate stress during
exercise bouts. For fasting exercise experiments, food was
removed from cages 10-hours before exercise. All sedentary
and exercise bouts were performed between 6:30 and 7:30pm.,
immediately before the dark-phase.
Frontiers in Endocrinology | www.frontiersin.org 383
Food Intake and Body
Weight Measurements
Food was weighed and added to individually-housed cages
immediately after sedentary and exercise bouts (14-15g).
Measurements were made 1, 2, 3, 6, 12, 24, and 48-hours post-
exercise by subtracting from the total food. Bedding was
inspected thoroughly for residual bits of food, which were
included in measurements. All food intakes were normalized to
body weight, which was measured immediately before sedentary
and exercise bouts.

Immunohistochemistry
1-hour post-exercise, when differences in food intake were first
observed, mice were intracardially perfused with PBS followed by
10% formalin before immunohistochemistry was performed as
described previously (47). Briefly, brains were sliced into 20-mm
coronal sections using a freezing microtome (VT1000 S; Leica,
Wetzlar, Germany) and incubated overnight in antibody to
cFOS (1:250; Santa Cruz Biotechnology, Santa Cruz, CA), POMC
(1:6000; Phoenix Pharmaceuticals), tyrosine hydroxylase (TH)
(1:100000; Millipore), and SIM1 (1:250; Millipore) followed by
incubation with Alexa-fluorophore secondary antibody for 1 h
(Abcam). To probe for two proteins with same-source antibodies
DAB (3,3′-Diaminobenzidine) staining was performed prior to the
immunohistochemistry protocols described above (4). Briefly,
brain sections were incubated overnight in antibody to
phosphorylated STAT3tyr705 (1:500; Cell Signaling Technology)
or phosphorylated ERKthr202/tyr204 (1:500; Cell Signaling
Technology) followed by biotinylated donkey anti-rabbit IgG
(Vector; 1:1000) for 2 hours. Sections were then incubated in the
avidin–biotin complex (ABC; Vector Elite Kit; 1:500) and
incubated in 0.04% DAB, 0.02% cobalt chloride (Fisher
Scientific), and 0.01% hydrogen peroxide. Note, pSTAT3tyr705

images were inverted (to white) for colocalization. All stains were
photographed using an optical microscope (DM6000; Leica),
followed by blind analysis using ImageJ. At least three
anatomically matched images per mouse were quantified.

Statistical Analysis
For time course food intake experiments, differences among
sedentary or exercise bouts were determined using 2-Way-
ANOVA with Repeated Measures for time and treatment
(n=11/group). Bonferroni corrections were used for multiple
comparisons. For comparisons in neuronal activity between
sedentary and high intensity exercise, Student’s T-tests were
used (n=5-7/group for POMCARC neurons, 4-6/group for
SIM1PVN neurons, 5-6/group for THARC neurons, 3-5/group for
THPVN neurons, and 4-6/group for NPY/AgRPARC neurons). All
analyses were performed using GraphPad Prism statistics
software, and p<0.05 was considered statistically significant.
DATA AVAILABILITY STATEMENT

The data sets generated during the current study are available
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RESULTS

Acute High Intensity Treadmill Exercise
Suppresses Food Intake in Fasted Mice
To investigate the effects of varying aerobic exercise intensities
on post-exercise food intake, 11 fasted male mice underwent
acute sedentary, low intensity (LIE), MIE, and HIE bouts for
1-hour on the treadmill. Cumulative 24-hour food intake was
unchanged after LIE and MIE; however, mice ate significantly
less after HIE compared to sedentary bouts (5.3%), which
persisted for at least 48 hours (6.7%) (Figures 1A, B). Further
examination of food intake at specific time intervals revealed
Frontiers in Endocrinology | www.frontiersin.org 484
HIE-mediated appetite suppression occurred 1-2 hours post-
exercise, followed by a compensatory increase in food intake at 6-
12 hours, and another period of significantly reduced food intake
at 12-24 hours (Figure 1C). MIE also elicited trends toward
reduced food intake 1-2 hours post-exercise, but these effects
were not statistically significant (p=0.16), and all exercise
intensities elicited increases in food intake at 6-12 hours.
Taken together, these data suggest HIE uniquely results in a
suppression in appetite 1-2 and 12-24-hours post-exercise,
resulting in reduced cumulative food intake for at least 48 hours.

Surprisingly LIE and HIE had no effects on food intake in
DIO mice, but MIE significantly reduced 24-hour food intake
8.5% (Supplemental Figure 1A) and trended to decrease
cumulative food intake at 48 hours (p=0.10; Supplemental
Figure 1B). Specifically, the reductions in food intake in
response to MIE were predominantly observed 2-3 hours post-
exercise (Supplemental Figure 1C). In summary, these findings
suggest, even in overweight mice, fasted aerobic exercise can have
an appetite-suppressing effect.
High Intensity Exercise Increases Activity
of POMCARC and SIM1PVN Neurons in
Fasted Mice
Since HIE was the only bout that elicited effects on food intake,
brains were removed 1-hour after HIE and immunohistochemical
detection for cFOS (a marker of neuronal activity) was performed
in the hypothalamus to investigate the associated changes in
neuronal activity. Compared to sedentary controls, HIE
significantly increased cFOS expression in the dorsomedial
hypothalamus (1.8-fold) and ARC (4.4-fold), while trending to
increase cFOS in the ventromedial hypothalamus (1.4-fold;
p=0.08) (Figures 2A, B). Double-staining for cFOS and POMC-
expressing neurons revealed that the robust increase in ARC cFOS
post-exercise is, in part, due to POMCARC neuron excitation (2-
fold) (Figures 2C–E), which are well-documented appetite-
suppressing neurons (8). Additionally, HIE increased cFOS
colocalization with SIM1PVN-expressing neurons 2.1-fold, which
are also satiety-inducing neurons with presynaptic input from
POMC neurons (Figures 2F–H) (2, 48). These data suggest that
the POMCARC! SIM1PVN neurocircuit may be activated by HIE.
High Intensity Exercise Also Increases
Activity of NPY/AgRPARC and THPVN

Neurons in Fasted Mice
We also investigated the effects of HIE on activity of appetite-
inducing NPY/AgRPARC and THARC neurons. Surprisingly,
cFOS colocalization with NPY/AgRPARC neurons was elevated
1.7-fold 1-hour post-HIE (Figures 3A–C). While these data are
conflicting with the appetite-suppressing effects of HIE, previous
reports suggest exercise-mediated increases in NPY/AgRP
neuron activity may be critical to ensuring adequate post-
exercise refueling and recovery (4). Moreover, HIE had no effects
on cFOS colocalization with THARC neurons (Figures 3D–F);
however, cFOS expression in THPVN neurons was increased 8.6-
fold (Figures 3G–I).
A

B

C

FIGURE 1 | Acute high intensity treadmill exercise suppresses food intake
in fasted male mice. (A) Timeline of cumulative food intake, (B) 48-hour
cumulative food intake, and (C) food intake by time intervals in fasted male
mice in response to different acute treadmill exercise intensities (n = 11).
Data represented as mean ± SEM. *indicates p < 0.05 high intensity vs.
sedentary; $indicates p < 0.05 moderate intensity vs. sedentary; #indicates
p < 0.05 low intensity vs. sedentary.
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The diverse changes in neuronal activity in response to HIE
occurred independent from changes in ARC pSTAT3tyr705 and
pERKthr202/tyr204 intracellular signaling 1-hour post-exercise
(Supplemental Figure 2). pSTAT3tyr705 and pERKthr202/tyr204

are downstream mediators of the anorexigenic hormone leptin
to activate POMC neurons and inhibit NPY/AgRP neurons (17,
49); therefore, the appetite suppressing effects of HIE may be
independent from leptin activity.
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Aerobic Exercise in the Fed State
Increases Post-Exercise Food Intake
While our data in fasted mice suggests HIE would be beneficial to
creating a caloric deficit by increasing energy expenditure and
decreasing food intake, recent studies investigating the effects of
aerobic exercise on feeding behavior and appetite-controlling
neurons produce conflicting results (3–5). Since the hypothalamic
neurons affected by aerobic exercise are sensitive to changes in
A
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FIGURE 2 | POMCARC and SIM1PVN neuron activity is elevated 1 hour after acute high intensity treadmill exercise in fasted male mice. (A) Representative images of
cFOS (green) in the hypothalamus of fasted male mice 1 hour after sedentary trials or high intensity treadmill exercise (DAPI in blue). (B) Total cFOS-expressing cells
in each region of the hypothalamus (n=10/group) DMH=dorsomedial hypothalamus; VMH=ventromedial hypothalamus; ARC=arcuate nucleus. (C) Representative
images of cFOS (green) colocalized with POMCARC neurons (red) in fasted male mice 1 hour after sedentary trials or high intensity treadmill exercise. (D) Total and
cFOS-expressing POMCARC neurons and (E) Percent active POMCARC neurons (n = 7/group). (F) Representative images of cFOS (red) colocalized with SIM1PVN

neurons (green) in fasted male mice 1 hour after sedentary trials or high intensity treadmill exercise. (G) Total and cFOS-expressing SIM1PVN neurons and (H) Percent
active SIM1PVN neurons (n = 4/group). 3V = Third ventricle; Scale bar = 50um. Data represented as mean ± SEM. *indicates p < 0.05 vs. sedentary trials.
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glucose and metabolic hormones (19, 20, 22, 32), we hypothesized
that changes in pre-exercise energy status may differentially
modulate the post-exercise feeding response. Compared to 10-
hour-fasted sedentary mice, a separate cohort of ad libitum fed
sedentary mice exhibited significantly elevated cFOS
colocalization with POMCARC neurons (3.3-fold) (Supplemental
Figure 3A) and trends toward decreased cFOS colocalization with
NPY/AgRPARC neurons (p=0.08; 0.6-fold) (Supplemental
Frontiers in Endocrinology | www.frontiersin.org 686
Figure 3B). Moreover, both 1-hour and 24-hour cumulative
food intake was decreased in fed mice, overall validating
significant differences in pre-exercise energy status between
fasted and fed mice (Supplemental Figure 3C).

Supporting the hypothesis that pre-exercise energy status dictates
post-exercise feeding behavior, all exercise intensities resulted in 8-
10% increases in 24-hour food intake compared to the sedentary
bout (Figure 4A). Notably, these differences were no longer evident
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C

FIGURE 3 | NPY/AgRPARC and THPVN neuron activity is elevated 1 hour after acute high intensity treadmill exercise in fasted male mice. (A) Representative images
of cFOS (red) colocalized with NPY/AgRPARC neurons (green) in fasted male mice 1 hour after sedentary trials or high intensity treadmill exercise. (B) Total and
cFOS-expressing NPY/AgRPARC neurons and (C) Percent active NPY/AgRPARC neurons (n = 4-6/group). (D) Representative images of cFOS (green) colocalized with
THARC neurons (red) in fasted male mice 1 hour after sedentary trials or high intensity treadmill exercise. (E) Total and cFOS-expressing THARC neurons and
(F) Percent active THARC neurons (n = 5-6/group). (G) Representative images of cFOS (green) colocalized with THPVN neurons (red) in fasted male mice 1 hour after
sedentary trials or high intensity treadmill exercise. (H) Total and cFOS-expressing THPVN neurons and (I) Percent active THPVN neurons (n = 3-5/group). 3V = Third
ventricle; Scale bar = 50um. Data represented as mean ± SEM. *indicates p < 0.05 vs. sedentary trials.
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after 48 hours (Figure 4B). Analysis of specific time intervals
revealed that LIE specifically elicited increased food intake
between 12 and 24 hours post-exercise; however, there were no
significant differences at any specific time intervals in response to
MIE andHIE (Figure 4C). Overall, while time interval data suggests
heterogeneity in the specific post-exercise feeding timelines among
fed mice, these findings highlight drastic differences in post-exercise
feeding behavior depending on energy status.

POMCARC Neuron Excitation Is Specific to
High Intensity Exercise in the Fasted Status
We next aimed to compare changes in hypothalamic neuron
activity between exercise in the fasted and fed statuses to better
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understand the neuron populations responsible for energy
status-dependent feeding behavior. Similar to HIE in the fasted
status, HIE in fed mice resulted in increased cFOS expression in
NPY/AgRPARC (1.8-fold; Figures 5A–C), THPVN (11.4-fold;
Figures 5D–F), and SIM1PVN (2.2-fold; Figures 5G–I)
neurons, with no effects in THARC neurons (Supplemental
Figure 4). The similarities in hypothalamic NPY/AgRP, TH,
and SIM1 neuron responses between fed and fasted exercise
indicate these neuron populations may not be responsible for
energy status-dependent effects of exercise on feeding behavior.
Interestingly, unlike in fasted mice, fed HIE had no effects on
cFOS colocalization with POMCARC neurons (Figure 6),
suggesting POMC excitation may be, in part, responsible for
energy status-dependent variations in post-exercise feeding.
DISCUSSION

Recent studies identifying a potent ability for aerobic exercise to
modulate hypothalamic neurons involved in appetite regulation
produce conflicting results (3–5). These discrepancies may be
explained by differences in methods utilized, including exercise
intensity, pre-exercise energy status, and stimulus to promote the
exercise. Considering this, the current study used a translational,
within-subject, acute treadmill exercise protocol to determine
that pre-exercise energy status and exercise intensity drastically
modify post-exercise feeding behavior and concurrent
hypothalamic neuron activity.

The current study identified a beneficial role of fasted aerobic
exercise to suppress food intake in mice, which is consistent with
some previous reports in rodents and humans (3, 35, 40, 50, 51).
Interestingly, reduced food intake occurred only after HIE in lean
mice, whereas in DIO mice, this effect was limited to the MIE
bout. At first glance, this suggests DIO mice have a lower
intensity threshold to elicit exercise-mediated reductions in
food intake; however, intensities used in the current study are
based on absolute treadmill speeds and do not account for
intrinsic aerobic capacities or differences in body weight.
Considering DIO mice have lower aerobic capacities compared
to lean mice (52), and greater body mass requires more work to
perform the same treadmill exercise, the relative intensity at
which DIO mice are exercising is higher at any given absolute
treadmill speed. Therefore, it is plausible that the HIE and MIE
are eliciting similar relative intensities for the lean and DIOmice,
respectively. Consequently, these findings suggest fasted aerobic
exercise at higher intensities can reduce food intake regardless of
obesity, and, coupled with the associated energy expenditure,
may be optimal for creating a caloric deficit and inducing
weight loss.

Despite our encouraging evidence suggesting higher intensity
exercise can suppress appetite, the literature regarding post-
exercise feeding produces inconsistent results (35, 36, 39–44,
50, 51, 53–55). The current study demonstrated a novel
phenomenon in which post-exercise feeding behavior is
dependent on pre-exercise energy status, which may explain
these discrepancies. For example, fasted HIE suppressed food
A
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FIGURE 4 | Regardless of intensity, acute treadmill exercise increases food
intake in fed male mice. (A) Timeline of cumulative food intake, (B) 48-hour
cumulative food intake, and (C) food intake by time intervals in fed male mice
in response to different acute treadmill exercise intensities (n = 11). Data
represented as mean ± SEM. *indicates p < 0.05 high intensity vs. sedentary;
$indicates p < 0.05 moderate intensity vs. sedentary; #indicates p < 0.05 low
intensity vs. sedentary.
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intake in lean mice, but fed exercise increased food intake
regardless of intensity. While the reasons for these energy
status-dependent differences in feeding behavior are unclear,
glucose and metabolic hormone concentrations also fluctuate
with energy status, modulating activity of neuron populations
involved in regulating feeding behavior (19, 20, 22, 32).
Consequently, recent studies have investigated the potential
role for exercise to modulate activity of hypothalamic neurons
involved in regulating appetite (3–7).
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To elucidate the neuronal mechanisms underlying energy
status-dependent post-exercise feeding, we compared the
changes in hypothalamic neuron activity after fasted vs. fed
HIE. The primary difference observed was an increase in
anorexigenic POMCARC neuron activity 1-hour after fasted,
but not fed, HIE. Since POMCARC neurons suppress food intake
through excitatory synaptic connections with MC4RPVN-
expressing neurons (1, 8), these results may suggest POMCARC

neurons are a mediating factor in fasted HIE-mediated appetite
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FIGURE 5 | Regardless of energy status, high intensity treadmill exercise increases NPY/AgRPARC, THPVN, and SIM1PVN neuron activity. (A) Representative images
of cFOS (red) colocalized with NPY/AgRPARC neurons (green) in male mice 1 hour after sedentary trials or high intensity treadmill exercise. (B) Total and cFOS-
expressing NPY/AgRPARC neurons and (C) Percent active NPY/AgRPARC neurons (n=4/group). (D) Representative images of cFOS (green) colocalized with THPVN

neurons (red) in fed male mice 1 hour after sedentary trials or high intensity treadmill exercise. (E) Total and cFOS-expressing THPVN neurons and (F) Percent active
THPVN neurons (n = 3-4/group). (G) Representative images of cFOS (red) colocalized with SIM1PVN neurons (green) in fed male mice 1 hour after sedentary trials or
high intensity treadmill exercise. (H) Total and cFOS-expressing SIM1PVN neurons and (I) Percent active SIM1PVN neurons (n = 4-6/group). 3V, Third ventricle; Scale
bar = 50um. Data represented as mean ± SEM. *indicates p < 0.05 vs. sedentary trials.
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suppression; although at this time it is unclear what is driving
these energy status dependent changes. Feeding increases
POMCARC neuron activity (1, 56); therefore it’s possible
POMCARC neuron activity has plateaued before fed exercise,
resulting in no additive effects of exercise on these neurons.
Mechanistically, exercise has been shown to increase sensitivity to
the POMCARC-stimulating hormone leptin (24, 57); however our
data revealed no changes in the ARC in pSTAT3tyr705 or pERKthr202/

tyr204, which are key mediators of leptin activity. Ropelle et al. (57)
also observed no effects of exercise on hypothalamic pSTAT3tyr705

in lean mice, despite observing augmented appetite suppression
in response to intracerebroventricular (ICV) leptin infusion.
Since higher intensity exercise can decrease leptin levels (24),
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the absence of changes in downstream leptin signaling in the
hypothalamus post-exercise may suggest compensatory increases
in leptin sensitivity. Alternatively, exercise elevates IL-6
concentrations (58), improves insulin sensitivity (57), increases
core temperature (3), and decreases ghrelin levels (59), which all
can increase POMCARC neuron activity. Future studies investigating
differential modulation of hormones and core temperature by fasted
vs. fed exercise may provide further explanation into energy-status
dependent POMCARC activation.

While our POMCARC results are consistent with past reports
observing fasting HIE increases POMCARC neuron activity (3)
and no effects of MIE in fed mice (4), one study discovered HIIT
has excitatory effects on POMCARC neurons, even in the fed state
(5). It is possible HIIT elicits additional appetite-suppressing
benefits compared to steady-state HIE, independent from energy
status. This hypothesis is supported by studies observing
voluntary wheel running, which is a more intermittent model
of exercise (31), to also suppress food intake (29, 30).
Alternatively, He et al. (5) utilized electric shock as a stimulus
to motivate mice during exercise, which may have been a
confounding factor. Electric shock has been shown to activate
satiety-inducing neurons in the hypothalamus (28), and acute
stress in mice promotes POMCARC-mediated hypophagia (26,
27). These confounding factors highlight the importance of
minimizing and controlling for stress in these studies.

Increased activity of many other neuron populations in the
hypothalamus was observed in the present study in response to
HIE. For example, NPY/AgRPARC and SIM1PVN neuron activity
was elevated regardless of pre-exercise energy status, suggesting
these neuron populations are not driving energy status-
dependent feeding behavior after exercise. Activation of the
orexigenic NPY/AgRPARC neuron population was surprising,
although a previous study demonstrated NPY/AgRPARC

activation post-exercise was essential to refeeding (4).
Therefore, exercise-mediated NPY/AgRPARC neuron activation
may be an evolutionarily preserved mechanism to ensure
adequate refueling and recovery. Conversely, He et al., 2018 (5)
observed inhibitory effects of HIIT on NPY/AgRPARC neurons,
however, as previously mentioned, these effects may be unique to
HIIT or a biproduct of electric shock-induced stress. While the
importance of exercise-mediated increases in SIM1PVN neuron
activity to feeding behavior is unclear, these findings were
consistent with a previous study (4). Past reports using
chemogenetic approaches determined exercise-induced
SIM1PVN activity is independent from presynaptic NPY/
AgRPARC neurons (4); however, recently a subpopulation of
SIM1PVN neurons that exhibit excitatory synapses on NPY/
AgRPARC neurons was identified (60). It is possible that
aerobic exercise stimulates a SIM1PVN!NPY/AgRPARC

neurocircuit to promote adequate refeeding, and future studies
using chemogenetic inhibition of SIM1PVN neurons before
aerobic exercise could help verify this hypothesis.

To our knowledge, the present study was the first to
investigate the effects of HIE on hypothalamic TH-expressing
neurons. THARC neurons stimulate food intake by releasing
GABA and dopamine (11); however, no effects of exercise on
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FIGURE 6 | Exercise-mediated POMCARC activation is specific to the fasted
status. Representative images of cFOS (green) colocalized with POMCARC

neurons (red) in (A) fasted or (B) fed male mice 1 hour after sedentary trials or
high intensity treadmill exercise. (C) cFOS-expressing POMCARC neurons and
(D) Percent active POMCARC neurons (n = 5-7/group). 3V = Third ventricle;
Scale bar = 50um. Data represented as mean ± SEM. *indicates p < 0.05 vs.
sedentary trials.
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THARC neuron activity were observed. Interestingly, a striking
increase in THPVN neuron activity was observed in response to
both fed and fasted exercise. THPVN neurons have been
implicated in the regulation of brown adipose tissue
thermogenesis (13), and they exhibit downstream synaptic
connections in various areas of the hypothalamus (61), but
their role in appetite regulation is unknown. Regardless,
elevated THPVN neuron activity in response to both fed and
fasted exercise suggests these neurons are also not driving factors
in energy status-dependent feeding behavior post-exercise.

To summarize the neuronal phenotype in response to acute
HIE, NPY/AgRPARC, THPVN, and SIM1PVN neuron activity are
elevated 1-hour post-exercise, regardless of energy status, with
no effects on THARC neurons. Surprisingly, POMCARC activity is
only increased after fasted exercise, suggesting these neurons
may possibly mediate suppression of food intake in response to
fasted HIE (Figure 7). Notably, the current study only examined
neuronal changes 1-hour post-exercise, the time point
immediately before changes in food intake were first observed,
Frontiers in Endocrinology | www.frontiersin.org 1090
and changes in neuronal activity after exercise are rapid and
transient (5–7). For example, it is unclear what is driving
compensatory increases in food intake 6-12-hours after fasted
exercise. To better understand the driving factors in post-exercise
feeding, future studies into the time course of neuronal activity
changes would be valuable.

Overall, our results identify a novel role for pre-exercise
energy status to differentially modify post-exercise feeding
behavior and hypothalamic neuron activity, which may explain
the significant variability in results from studies investigating
exercise as a weight loss intervention. Many other factors are also
likely involved in mediating differences in post-exercise feeding,
such as sex, training status, exercise volume, time of day, and
type of exercise. For example, while our study utilized only male
mice, female mice exhibit different regulatory mechanisms
governing energy balance, including higher POMC expression
(62), lower NPY expression (63), and a critical role for estrogen
receptors in CNS control of feeding (64). Furthermore, since we
investigated acute aerobic exercise, it is unclear if repeated
A

B

FIGURE 7 | Energy status differentially modifies post-exercise neuronal activity in the hypothalamus. Changes in hypothalamic neuron activity 1-hour after HIE in the
(A) fasted or (B) fed status. Regardless of energy status HIE increases NPY/AgRPARC, SIM1PVN, and TH PVN neuron activity, with no effects on THARC neurons.
POMCARC neuron activity is only elevated 1-hour after fasted HIE.
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aerobic exercise training or resistance training also have
differential effects on CNS control of food intake. Lastly, to
investigate the effects of exercise intensities on food intake, the
current study did not control for total exercise volume or energy
expenditure. It is possible that the observed effects of fasted HIE
to decrease food intake and increase POMCARC neuron activity
are due to increased exercise volume rather than intensity.

The effect of exercise on hypothalamic neuron activity is a
relatively new focus of research and CNS control of feeding
behavior is dynamic and complex. While many factors are likely
involved, the current study identifies pre-exercise energy status
as a novel variable that drastically modifies post-exercise food
intake and appetite-controlling neurons. These findings could
have implications when tailoring exercise programs to individual
goals; for example, in clinical populations, fasted HIE may be
beneficial to decreasing food intake and maximizing
caloric deficit.
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Supplementary Figure 1 | Acute moderate intensity treadmill exercise
suppresses food intake in fasted DIO male mice. (A) Timeline of cumulative food
intake, (B) 48 hour cumulative food intake, and (C) food intake by time intervals in
fasted male mice in response to different acute treadmill exercise intensities (n=11).
Data represented as mean ± SEM. $ indicates p<0.05 moderate intensity vs.
sedentary.

Supplementary Figure 2 | ARC pSTAT3tyr705 and pERKthr202/tyr204 are
unchanged 1 hour after high intensity treadmill exercise in fasted male mice. (A)
Representative inverted DAB images of pSTAT3tyr705 (white) colocalized with NPY/
AgRPARC (green) and POMCARC neurons (red) in fasted male mice 1 hour after
sedentary trials or high intensity treadmill exercise. (B) Colocalization with NPY/
AgRPARC neurons and (C) Colocalization with POMC neurons. (D) Representative
DAB images of pERKthr202/tyr204 (black) in the ARC. (E) Total ARC pERKthr202/tyr204

(n=4-5/group). 3V = Third ventricle; Scale bar = 50um. Data represented as mean ±
SEM.

Supplementary Figure 3 | Fed mice exhibit elevated POMCARC neuron activity
and reduced food intake. (A) Comparison of cFOS colocalized with POMCARC

neurons in sedentary fasted mice vs. sedentary fed mice (original data presented in
Figure 6). (B) Comparison of cFOS colocalized with NPY/AgRPARC neurons in
sedentary fasted mice vs. sedentary fed mice (original data presented in Figures 3
and 6). (C) Comparison of cumulative food intake in sedentary fasted mice vs.
sedentary fed mice (original data presented in Figures 1 and 4).

Supplementary Figure 4 | High intensity treadmill exercise has no effects on
THARC neuron activity. (A) Representative images of cFOS (green) colocalized with
THARC neurons (red) in fed male mice 1 hour after sedentary trials or high intensity
treadmill exercise. (B) Total and cFOS-expressing THARC neurons and (C) Percent
active THARC neurons (n=5-6/group).
REFERENCES
1. Andermann ML, Lowell BB. Toward a Wiring Diagram Understanding of

Appetite Control. Neuron (2017) 95:757–78. doi: 10.1016/j.neuron.2017.06.014
2. Atasoy D, Nicholas Betley J, Su HH, Sternson SM. Deconstruction of a Neural

Circuit for Hunger. Nature (2012) 488:172–7. doi: 10.1038/nature11270
3. Jeong JH, Lee DK, Liu SM, Chua SC, Schwartz GJ, Jo YH. Activation of

Temperature-Sensitive TRPV1-Like Receptors in ARCPOMCNeurons Reduces
Food Intake. PloS Biol (2018) 16:e2004399. doi: 10.1371/journal.pbio.2004399

4. Bunner W, Landry T, Laing BT, Li P, Rao Z, Yuan Y, et al. Arcagrp/NPY
Neuron Activity Is Required for Acute Exercise-Induced Food Intake in Un-
Trained Mice. Front Physiol (2020) 11:411. doi: 10.3389/fphys.2020.00411
5. He Z, Gao Y, Alhadeff AL, Castorena CM, Huang Y, Lieu L, et al. Cellular and
Synaptic Reorganization of Arcuate NPY/AgRP and POMC Neurons After
Exercise. Mol Metab (2018) 18:107–19. doi: 10.1016/j.molmet.2018.08.011

6. Lieu L, Chau D, Afrin S, Dong Y, Alhadeff AL, Betley JN, et al. Effects of
Metabolic State on the Regulation of Melanocortin Circuits. Physiol Behav
(2020) 224:113039. doi: 10.1016/j.physbeh.2020.113039

7. Miletta MC, Iyilikci O, Shanabrough M, Šestan-Pesǎ M, Cammisa A, Zeiss CJ,
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Proximal Disruption of Brain Energy
Supply Raises Systemic Blood
Glucose: A Systematic Review
Marie Sprengell †, Britta Kubera † and Achim Peters*

Medical Clinic 1, Center of Brain, Behavior and Metabolism (CBBM), University of Lübeck, Lübeck, Germany

This work joins a series that methodically tests the predictions of the Selfish-Brain

theory. The theory postulates a vital ability of the mammalian brain, namely to give

priority to its own energy metabolism. The brain behaves “selfishly” in this respect. For

the cerebral artery occlusion studied here, the theory predicts an increase in blood

glucose concentration, what becomes the hypothesis to be tested. We conducted a

systematic review of cerebral-artery-occlusion papers to test whether or not the included

studies could confirm this hypothesis. We identified 239 records, screened 231 works

by title or abstract, and analyzed 89 by full text. According to strict selection criteria (set

out in our PROSPERO preregistration, complying with PRISMA guidelines), 7 papers

provided enough information to decide on the hypothesis. Our hypothesis could be fully

confirmed for the 3 to 24 h after the onset of a transient 2 h or permanent occlusion.

As for the mechanism, the theory predicts that the energy-deprived brain suppresses

insulin secretion via the sympathoadrenal system, thereby preventing insulin-mediated

glucose uptake into muscle and fat and, as a result, enhancing insulin-independent

glucose uptake via the blood-brain barrier. Evidence from our included studies actually

demonstrated cerebral insulin suppression. In all, the current work confirms the second

major prediction of the Selfish-Brain theory that relates to a proximal bottleneck of the

cerebral supply chain, cerebral artery occlusion. Its first major prediction relates to a

distal supply bottleneck, caloric restriction, and is fulfilled as shown by our previous

work, whereas the prediction of the long held gluco-lipostatic theory, which sees the

brain as only passively supplied, is violated (Sprengell et al., 2021). The crucial point was

that caloric restriction elicits smaller changes in mass (energy) in the brain than in the

body. Taken together, the evidence from the current and previous work clearly shows

that the most accurate predictions are possible with a theory that views the brain as

an independently self-regulating energy compartment occupying a primary position in

energy metabolism.

Keywords: brain energy metabolism, cerebral artery occlusion, blood glucose, cerebral insulin suppression,

selfish-brain theory, systematic review
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Sprengell et al. Cerebral Occlusion Raises Blood Glucose

INTRODUCTION

This work is based on the concept of the “cerebral supply chain”
where the brain is the end consumer (Peters and Langemann,
2009) (Figure 1). The key principle of supply chains is on-
demand procurement, which makes the delivery process more
economical and less susceptible to disturbances (Slack et al.,
2004). We performed a systematic review on the most critical
disturbance of the cerebral supply chain: a proximal supply
bottleneck caused by cerebral arterial occlusion. It is known that
disruption of cerebral fuel supply results in an intraneuronal
adenosine triphosphate (ATP) depletion that ultimately leads
to ischemic stroke (Wagner et al., 1992). It is also known
that patients with acute ischemic stroke often present with
hyperglycemia (Bravata et al., 2003), but it remains unclear to
what extent this is due to the stroke or undiagnosed diabetes
mellitus. What exactly a proximal bottleneck does to the more
distal parts of the cerebral supply chain has not yet been
studied systematically.

This is our second systematic review on the cerebral supply
chain; our first examined the effect of a more distal bottleneck
in the supply chain, i.e. caloric restriction (Figure 2A). We
found that with caloric restriction, the mass (energy) changes in
the brain were particularly small (Sprengell et al., 2021). Thus,
peripheral energetic intervention has little effect on the central
nervous system. In the current systematic review, we examine the
reverse case, namely, what effect central energetic interventions
have on peripheral energy metabolism. More precisely, we
examined what effect the interruption of the brain’s energy supply
has on the systemic blood glucose concentration.We hypothesize
that disruption of brain arterial supply causes a marked rise in
blood glucose concentration.

Our hypothesis is a prediction of the Selfish-Brain theory
(Peters et al., 2004). This theory deals with the energy allocation
within the mammalian organism. It postulates that in case of
energy shortage there is a vital ability of the brain, namely to give
priority to its own energy metabolism. Rival positions include the
long-held gluco-lipostatic theory (Kennedy, 1953; Mayer, 1953)
and its modern variants (Chaput and Tremblay, 2009; Schwartz
et al., 2017), which all view the brain as only passively supplied.

FIGURE 1 | The cerebral supply chain. Energy is transferred from the

environment through the body to the brain, the end consumer of the supply

chain. The characteristic of supply chains is the procurement on demand, also

called pull principle. When the brain needs energy, the brain-pull demands it

from the body. When the body needs energy, the body-pull demands it from

the environment.

Our first systematic review showed that caloric restriction causes
only minor mass (energy) changes in the brain [of the order of
−4%] as opposed to major changes in the body [of about −30%]
(Sprengell et al., 2021). This finding completely fulfilled the
predictions of the Selfish-Brain theory, while those of the gluco-
lipostatic theory and its variants were violated. Themost accurate
predictions are therefore possible with a theory that views the

FIGURE 2 | The branched cerebral supply chain. The branching originates

from the blood, transmitting energy either to the brain or to muscle or fat

tissue. (A) Systematic reviews on two different bottlenecks in the cerebral

supply chain. The first one deals with a distal bottleneck, i.e. caloric restriction,

and is already published (Sprengell et al., 2021); the second one, the current

work, deals with a proximal bottleneck, i.e. cerebral artery occlusion. (B)

Cerebral insulin suppression induced by cerebral artery occlusion.

Intraneuronal ATP depletion activates the sympathetic nervous system and the

hypothalamic-pituitary-adrenal axis, which both rigorously suppress pancreatic

ß-cell secretion, and in so doing block insulin-dependent glucose uptake in

muscle and fat tissue. The portion of glucose that is prevented from entering

muscle and fat tissue accumulates in the blood, facilitating transfer across the

blood-brain barrier via the insulin-independent pathway, allowing partial

compensation when brain supply is compromised.
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brain as an independently self-regulating energy compartment
that occupies a primary position in a hierarchically organized
metabolism. Our second systematic review, the current one, aims
to examine evidence of this vital ability of the brain. That is, if the
hypothesis formulated here can be confirmed by our systematic
literature search, an important prediction of the Selfish-Brain
theory is fulfilled.

To illustrate how our hypothesis can be deduced from
theory, we refer to the cerebral supply chain. It is a
mathematical representation of the Selfish-Brain theory (Peters
and Langemann, 2009). Logistic supply chains have played an
important role in the economy for 80 years, e.g. in automobile
production. The mathematical principles of these supply chains
could be directly applied to energy metabolism. A general rule
for all supply chains is that the flow of goods or energy is
composed of two components, one determined by the supplier
(push component) and the other by the subsequent recipient
(pull component) (Slack et al., 2004). In the cerebral supply chain,
energy is transferred from the environment, through the blood, to
the end consumer – the brain. As this supply chain is branched, a
portion of the energy is transferred from the blood to the muscle
and fat tissue. In addition to the antegrade flow of energy toward
the brain as the end consumer, there is also a retrograde flow of
information consisting of the pull commands.

Brain-pull refers to the brain’s ability to procure itself with
energy on demand (Figure 1). The energy content of the brain
(intraneuronal ATP) determines how much energy is demanded
from the body. In contrast, the body-pull demands energy from
the environment for the body. Both the energy content of
the blood (glucose) and that of the body stores (triglycerides)
determine how much energy is pulled from the environment.
To date, several redundant brain-pull mechanisms have been
identified (Peters and McEwen, 2015). These are neuroendocrine
in nature and provide the brain with additional energy sources
as needed.

Among brain-pull mechanisms, “cerebral insulin
suppression” (CIS) is one of the most important (Woods
and Porte, 1974; Hitze et al., 2010). Energy sensors in brain
regions such as the amygdala (Zhou et al., 2010) and VMH
(Spanswick et al., 1997; Routh et al., 2014; Toda et al., 2016)
detect even the slightest drop in neuronal ATP and set brain-
pull mechanisms in action. VMH activation lowers insulin
concentrations and increases blood glucose concentrations
(Meek et al., 2016; Stanley et al., 2016). In detail, the VMH
activates the sympathoadrenal system, which strongly suppresses
insulin secretion from pancreatic ß-cells (Ahren, 2000). Insulin-
dependent glucose uptake (GLUT4) in muscle and fat tissue is
suppressed, while the remaining circulating glucose is almost
completely available to insulin-independent glucose transport
(GLUT1) across the blood-brain barrier. For the brain needs
virtually no insulin to take up glucose (Hom et al., 1984;
Hasselbalch et al., 1999; Seaquist et al., 2001). In summary,
GLUT1 glucose uptake safeguards basal energy supply of vital
organs, like brain and immune cells (Deng et al., 2014), while
GLUT4 allows the storage of surplus energy in muscle and
fat cells (Shepherd and Kahn, 1999). Thus, CIS allocates more
energy to the brain when needed.

In the case of cerebral artery occlusion, our theory-based
prediction is as follows (Figure 2B). Occlusion of a cerebral
artery restricts the energy flow to the brain, which in the supply
chain model corresponds to a reduced blood-push component.
Reduced supply (i.e. decreased blood-push) leads to cerebral
ATP depletion, resulting in enhanced CIS (i.e. increased brain-
pull), which prevents glucose uptake in muscle and fat tissue,
and eventually causes glucose accumulation in the blood. While
a portion of the circulating glucose cannot enter muscle or
fat tissue, this is instead made available to the energy-depleted
brain. In this way, the cerebral supply chain model generates a
prediction that becomes the hypothesis to be tested here: Cerebral
artery occlusion increases glucose concentration in the blood.

To this end, we performed a systematic review to examine
whether or not the experimental studies found on cerebral artery
occlusion can actually confirm this hypothesis.

MATERIALS AND METHODS

The protocol for this systematic review was pre-registered on
PROSPERO on 30th of January 2020, and updated versions were
published on 28th of September 2020 and 14th of December
2020 (International prospective register of systematic reviews;
CRD42020156816). We complied with the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-analyses)
guidelines for systematic reviews of interventions (Moher et al.,
2009). Furthermore, the Cochrane Handbook for systematic
reviews of interventions was used (Higgins and Thomas, 2019).

Search Strategies
We conducted a systematic search of the literature to identify
studies in mammals that focused on how the experimental
cerebral artery occlusion affects blood glucose concentration.
One reviewer developed the search strategies, which were then
discussed with two other reviewers. The databases of MEDLINE
and BIOSIS Previews were searched from their inception to 20th
December 2020, using a combination of key words and in case of
the first database MeSH terms. The full MEDLINE and BIOSIS
search strategies are provided in the Supplementary Material.
Briefly, the search strategies included terms relating to the
intervention (cerebral ischemia), to the outcome (blood glucose
concentration) and to the methodical approach (experimental
study), combined by the Boolean operator AND. Synonyms for
terms were combined with the operator OR.

Study Selection
We used the following criteria to include or exclude articles
for our systematic review. Only original full research papers
published in English or German were included. We included
studies that examined mammals of any species or sex. We
included only interventional studies that were standardized
laboratory experiments or clinical trials and that examined
two groups, an interventional group undergoing cerebral artery
occlusion and a non-exposed, sham-operated control group.
Since we had included clinical trials in our first systematic review
(Sprengell et al., 2021), we did the same here for the sake of
consistency, but of course did not expect to identify clinical
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FIGURE 3 | Flowchart through different phases of the systematic review modified according to Moher’s publication (Moher et al., 2009).

trials, since cerebral artery occlusion in humans is not ethically
defensible. We only included studies that measured blood
glucose concentration. We did not include studies that measured
outcomes in the intervention and control groups at different time
points. We did not include studies, that occluded the vertebral
arteries, as cerebral control centers of energy metabolism could
have been affected. We did not include studies, in which clots
were injected in the aorta, because of unpredictable consequences
for other parts of the body. We did not include studies with

combined interventions such as cerebral artery occlusion and
systemic hypotension. We did not include studies in which the
individuals had diseases or were on medication that had been
shown to affect energy metabolism; for more details see Sprengell
et al. (2021). We did not include trials in pregnant individuals or
fetuses, nor in ovariectomized or genetically modified mammals
with altered energy metabolism.

The selection of the articles was performed in two steps. We
have indicated the reasons for exclusion at each step (Figure 3).
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First, one reviewer screened the article titles or abstracts against
the inclusion and exclusion criteria. This first step of article
selection was checked by another reviewer. When a discrepancy
occurred regarding the inclusion or exclusion of an article,
the two reviewers discussed it until agreement was reached.
Otherwise, disagreements were resolved by consulting the third
reviewer. Second, two reviewers independently selected the
remaining articles by analyzing the full text. Again, disagreements
regarding the inclusion or exclusion of an article were resolved
by discussion among each other or, if necessary, by consultation
with the third reviewer.

Data Extraction
Data from all of the 7 included studies were extracted by one
reviewer, independently checked by two other reviewers, and
tabulated alphabetically. We recorded the population, sample
size, kind of intervention and duration, study design, statistical
test applied, baseline blood glucose concentrations as well as
blood glucose concentrations after onset of cerebral artery
occlusion and secondary outcomes.

Risk of Bias Assessment
To assess the risk of bias of non-human studies the SYRCLE‘s tool
was used (Hooijmans et al., 2014). One reviewer assessed the risk
of bias of the 7 included studies. The results were independently
checked by two other reviewers. All differences were clarified
by discussion.

Hypothesis Decision
Based on the respective statistical test, we decided whether the
hypothesis could be confirmed (p < 0.05) or not (p ≥ 0.05).

RESULTS

The systematic search of the literature generated 239 articles,
which were processed as summarized in Figure 3. Two hundred
and thirty one works were screened by title or abstract, and 89
articles were analyzed by full text. We identified seven studies
that met all inclusion criteria and focused on how cerebral artery
occlusion affects blood glucose concentrations (Harada et al.,
2009; Yamazaki et al., 2012, 2014;Wang et al., 2013, 2014; Li et al.,
2016; Boujon et al., 2019).

Data Extraction
Table 1 provides details of the 7 included studies. Four studies
investigated mice (Harada et al., 2009; Yamazaki et al., 2012,
2014; Boujon et al., 2019) and 3 studies investigated rats (Wang
et al., 2013, 2014; Li et al., 2016). The sample sizes varied between
9 and 53.

All included studies provided details on how cerebral artery
occlusion was implemented. In 2 studies, the left middle cerebral
artery was occluded by insertion of a nylon monofilament
(Yamazaki et al., 2012, 2014). Harada and colleagues also
occluded the left middle cerebral artery and additionally ligated
the left common carotid artery and external carotid artery
(Harada et al., 2009). Two other studies performed occlusion

by clamping the two common carotid arteries and right middle
cerebral artery (Wang et al., 2013, 2014). In one study, the
left middle cerebral artery and anterior choroidal arteries were
occluded by insertion of a nylon monofilament (Boujon et al.,
2019). In a further study, the middle cerebral artery was occluded
with nylon suture (Li et al., 2016). The duration of cerebral
artery occlusion ranged from 30min (Boujon et al., 2019) and 2 h
(Harada et al., 2009; Yamazaki et al., 2012, 2014; Li et al., 2016) to
permanent (Wang et al., 2013, 2014).

Blood glucose concentrations were measured during three
phases, where we distinguished the early phase lasting less than
3 h after occlusion onset, the intermediate phase 3 to 24 h after
occlusion onset, and the late phase lasting more than 7 days after
reperfusion. Work examining the intermediate phase included,
firstly, a paper by Wang and coworkers, which reported hourly
measurements over 24 h of permanent ischemia, finding that
as early as 1 h after the onset of occlusion, the blood glucose
profile was elevated and remained elevated above that of controls
(all p < 0.05) (Wang et al., 2013); secondly, another paper by
Wang and coworkers, which reported measurements of blood
glucose concentrations at baseline and after 24 h of permanent
ischemia, finding that 24 h after the onset of occlusion, blood
glucose was higher than in controls (p< 0.05) (Wang et al., 2014);
thirdly, 2 papers by Yamazaki and coworkers, each reporting in
2 experiments the change in blood glucose concentration 24 h
after the onset of a transient 2 h cerebral artery occlusion, finding
that blood glucose increased more than in controls (all p < 0.05)
(Yamazaki et al., 2012, 2014); and finally the work by Harada
and coworkers that examined not only the intermediate phase,
but also early and late phase, reporting changes in blood glucose
concentration at baseline and 1, 3, 6, 12, and 24 h, 3 and 5 days
after the onset of transient 2 h cerebral artery occlusion, finding
that the blood glucose increase was more pronounced than in
controls at 12 and 24 h (p < 0.01), while no increase could be
detected within the first 6 h or on day 3 or 5 (Harada et al., 2009).

Work examining only the late phase was that of Boujon
and co-workers, which reported measurements of blood glucose
concentration at baseline and on days 3 and 7 after the onset
of transient 30min cerebral artery occlusion, and found that
no increase could be detected on either day 3 or 7 (Boujon
et al., 2019). Work examining only the early phase was that of
Li and coworkers, who could not demonstrate a difference in
blood glucose levels between the intervention and sham-operated
groups either during the 2 h occlusion or right afterward (Li et al.,
2016).

Secondary outcomes relevant to our research question were
provided by (Harada et al., 2009) (insulin concentrations
and insulin after glucose load), (Wang et al., 2013) (cortisol,
glucagon, fasting insulin concentrations) and (Wang et al.,
2014) (fasting insulin, blood norepinephrine, blood epinephrine
concentrations, and body weight).

Risk of Bias Assessment
Table 2 provides the risk of bias assessments for all 7
included studies.
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TABLE 1 | Characteristics and results of included studies.

References Popula-

tion

Sample

size

Intervention Design Statistical test Blood glucose [mg/dL] Secondary

outcomes of

energy

metabolism

Baseline Early Phase

< 3h after occlusion

onset

Intermediate Ph.

≥ 3 and ≤ 24h

after occl. onset

Late Phase

> 24h after

occl. onset

Boujon

et al. (2019)

129S6/

SvEv mice,

∼ 10 weeks

old, male

Exp: 5a

Con: 4

30-min transient

occlusion of left middle

cerebral artery and ant.

choroidal arteries by

inserting nylon

monofilament

BG was measured at

baseline, on day 3,

and on day 7

Two-way ANOVA

followed by Turkey’s

multiple comp. test.

Mean ±S.E.M.

Exp: 110±3b

Con: 120

±4ns,b

Day 3

Exp: 76±4b

Con: 84±6ns,b

Day 7

Exp: 117±14b

Con: 128±9ns,b

Harada

et al. (2009)

ddY mice, 5

weeks old,

male

Exp: 8-17c

Con: 9-16

2-h transient occlusion

of the left middle

cerebral artery through

insertion of nylon

monofilament; ligation of

the left common carotid

artery and external

carotid artery

BG was measured at

baseline and

afterwards at 1h, 3h,

6h, 12h, on day 1, 3

and 5. Increment of

BG was calculated.d

One-way ANOVA

followed by paired

student’s t-test. Data

are shown as mean ±
S.E.M.e

Exp:

0±sns,b,d,e

Con: 0±sb,d,e

1h Exp: 28±sb,d,e

Con: 38±5 ns,b,d

(increment)

3h Exp: 20±sb,d,e

Con: 25±s ns,b,d,e

6h Exp: 9±sb,d,e

Con: 16±s ns,b,d,e

12h Exp: 63±5b,d

Con: 14±s**b,d,e

D1 Exp: 74±16b,d

Con: 22±s**b,d,e

(increment)

Day 3

Exp: 22b,d,f

Con: 22ns,b,d,f

Day 5

Exp:

−13±14b,d

Con: 16±sns,b,d,e

(increment)

Insulin, insulin

after glucose

load

Li et al.

(2016)

Sprague-

Dawley rats,

male

Exp: 23g

Con: 17

2-h transient occlusion

of the left middle

cerebral artery with

nylon suture

BG was measured

before, during, and

after 2h occlusion

One-way ANOVA Data not

shown

Data not shown. Q:

“no significant

changes of ….

glucose levels…

between different

groups”; test statistics

not shown.

Body weight

(data not

shown)

Wang et al.

(2013)

Sprague-

Dawley rats,

adult, male

Exp: 6

Con: 6

Permanent occlusion

through clamping of the

2 common carotid

arteries and right middle

cerebral artery

BG was measured

hourly over 24h

Student‘s t-test. Data

are shown in the

original paper as mean

± S.D. They were

converted by the

present reviewers to

S.E.M.h

Exp: 83b,f

Con: 83b,f
1h Exp: 100±2b,h

Con: 82±2**b,h

2h Exp: 103±2 b,h

Con: 77±1**b,h

3h Exp: 93±3 b,h

Con: 86±2*b,h

4h Exp: 97±4 b,h

Con: 83±2**b,h

5h Exp: 97±3 b,h

Con: 86±2*b,h

6h Exp: 98±3b,h

Con: 78±2**b,h

7h Exp: 102±3b,h

Con: 79±2**b,h

8h Exp: 104±4b,h

Con: 77±1**b,h

9h Exp:106±5b,h

Con: 79±4**b,h

10h Exp: 108±4b,h

Con: 78±2**b,h

11h Exp: 104±5b,h

Con: 81±2**b,h

12h Exp: 116±5b,h

Con: 82±2**b,h

24h Exp:98±4b,h

Con: 73±2**b,h

Cortisol,

glucagon,

fasting insulin

(Continued)
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TABLE 1 | Continued

References Popula-

tion

Sample

size

Intervention Design Statistical test Blood glucose [mg/dL] Secondary

outcomes of

energy

metabolism

Baseline Early Phase

< 3h after occlusion

onset

Intermediate Ph.

≥ 3 and ≤ 24h

after occl. onset

Late Phase

> 24h after

occl. onset

Wang et al.

(2014)

Sprague-

Dawley rats,

adult, male

Exp: 8

Con: 8

Permanent occlusion

by clamping the 2

common carotid arteries

and right middle

cerebral artery

BG was measured at

baseline and on day 1

Student’s unpaired

t-test. Data are shown

as mean ± S.E.M.

Exp:

81.1±5.4ns,i

Con:

79.3±7.2i

Day 1

Exp: 106.3±5.4i

Con: 81.1±7.2*i

Body weight,

fasting insulin,

epinephrine,

norepi-

nephrine

Yamazaki

et al. (2012)

ddY mice, 5

weeks old,

male

Exp1: 17

Con1: 12

Exp2: 16

Con2: 8

2-h transient occlusion

of the left middle

cerebral artery through

insertion of nylon

mono-filament

BG was measured at

baseline and on day 1.

Increment of BG was

calculatedd

One-way ANOVA

followed by Scheffe’s

test. Mean ±S.E.M.

Not shown Day 1

Exp1: 65±5b,d

Con1: 14±7**b,d

(increment)

Day 1

Exp2: 60±3b,d

Con2: 28±5**b,d

(increment)

Yamazaki

et al. (2014)

ddY mice, 5

weeks old,

male

Exp1: 7

Con1: 9

Exp2: 6

Con2: 7

2-h transient occlusion

of the left middle

cerebral artery through

insertion of nylon

mono-filament

BG was measured at

baseline and on day 1.

Increment of BG was

calculatedd

One-way ANOVA

followed by the

Scheffe’s post-hoc

test. Mean ±S.E.M.

Not shown Day 1

Exp1: 44±6b,d

Con1: 13±5*b,d

(increment)

Day 1

Exp2.: 43±3b,d

Con2: 13±5**b,d

(increment)

Only information from study arms meeting our inclusion criteria is presented. The sample sizes refer to the number of animals that survived the intervention and the observation period and whose outcomes were measured. Secondary

outcomes relevant to our research question are shown in the last column. For time data, onset of ischemia is considered timepoint 0. Data are presented as means ± S.E.M. Abbreviations: Exp: experimental group; Con, Control group;

BG, blood glucose; ns, not significant; Q.:Quote; S.D.: Standard deviation; S.E.M.: Standard error of the mean *p < 0.05, **p < 0.01. aOne mouse out of six of the interventional group died. bValue taken from graph. Some of the values

could only be estimated. cFor the time course experiments, the authors used independent 8–17 mice in every indicated period; that is, they euthanized different numbers of animals at 6 h after the occlusion onset, 12 h, 1 day, 3 day,

or 5 day and obtained the respective measurements. d Increment of blood glucose was determined by authors using the following formula: increment of BG = BG after occlusion – BG before occlusion. eCertain data points within the

graphic were displayed so large that they concealed the S.E.M. markers. We estimate the radius of these graphically displayed points to be 5. The variable s stands accordingly for a S.E.M. of ≤ 5mg/dL. fEstimation of variances from

the figures is not possible if the graphically represented data points of the intervention and control groups overlap. gFour out of 27 rats of the interventional group died. hThe standard deviation was presented in the original paper. It was

converted by the present reviewers to the standard error of the mean using the following formula: S.E.M. = Standard Deviation√
Sample Size

. The S.E.M. values have been rounded to whole numbers and are presented in the above table. iGlucose

concentration is expressed in the unit mM in the original paper. The present reviewers have multiplied the concentration value by the conversion factor 18.02.

F
ro
n
tie
rs

in
N
e
u
ro
sc
ie
n
c
e
|
w
w
w
.fro

n
tie
rsin

.o
rg

Ju
n
e
2
0
2
1
|
V
o
lu
m
e
1
5
|A

rtic
le
6
8
5
0
3
1

100

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Sprengell et al. Cerebral Occlusion Raises Blood Glucose

TABLE 2 | Risk of bias assessment.

References Random sequence

generation

Baseline

characteristics

Addressing of

Incomplete outcome

data

Selective outcome

reporting

Other sources of bias

Boujon et al. (2019) + +a –b + ?c

Harada et al. (2009) ? +d + –e +f

Li et al. (2016) + -g –h –h +f

Wang et al. (2013) +i +a +j + +f

Wang et al. (2014) +i +a ?k + +f

Yamazaki et al. (2012) ? +d +j + +f

Yamazaki et al. (2014) ? +d +j + +f

The SYRCLE‘s tool (Hooijmans et al., 2014) was used and slightly modified to assess the risk of bias of non-human studies. “+” indicates a low risk of bias, “–” indicates a high risk

of bias and “?” indicates that not enough information has been provided on this point. For five items of the SRYCLE tool, i.e. allocation concealment, random housing, blinding of

personnel, random outcome assessment and blinding of the outcome assessors, not enough information was available for any of the studies examined here, so that all of them were

rated “?”. Boujon and coworkers reported, that “experiments were carried out in a blinded fashion”, but it remains unclear which procedures this refers to. The item “Selective outcome

reporting” refers to data that is related to our research question. aSimilar baseline characteristics in blood glucose concentration. bAttrition bias: 1 out of 6 mice (17%) in the MCAO

group died; 1 out of 4 mice (25%) in the sham-operated group was excluded because of poor baseline rotarod performance. cFirst, the study was supported by Roche; Quote: “Roche

did not play a role in the conduct of the experiments reported here, nor in the collection, analysis, or interpretation of the data, nor in the preparation of this manuscript.” Second, the

anesthetics chloral hydrate and isoflurane used in all included studies may increase blood glucose. All included papers described that they used the same anesthesia in the sham control

group, Boujon and coworkers probably did the same, but did not mention it explicitly. dThe increment of blood glucose was presented and analyzed. eQuote “We eliminated mice

with brain hemorrhage”; effect on results unclear. fNo evidence for unequal housing conditions, conflict of interests or problems of the study design. gNeither baseline blood glucose

concentrations nor any other blood glucose concentrations shown. hAttrition bias: 4 out of 27 (15%) mice of the intervention group died and were excluded from the analysis, whereas

no rat died in the sham-operated control group. Without specifying any test statistics, Li and coworkers reported that they were unable to detect a statistical difference in blood glucose

concentration between rats subjected to cerebral ischemia and sham-operated rats. Thus, it cannot be ruled out that the deceased and surviving rats differed in infarct size and blood

glucose profile. In this uncertain situation, one would have liked to see the original blood glucose data. iRandom allocation into study groups; randomization of subgroup allocation not

explicitly mentioned. jNo evidence for dropouts. k Initially there were 8 rats per subgroup, the result table mentions 6–8 rats per subgroup; reason remains unclear.

FIGURE 4 | Blood glucose changes 24 h after occlusion onset. (Left) Comparison of how experimental and sham-operated groups differ in their blood glucose

changes from before to 24 h after the onset of transient 2 h cerebral artery occlusion. (Right) Comparison of how experimental and sham-operated groups differ in

blood glucose concentrations at 24 h after onset of permanent occlusion. *P < 0.05, **P < 0.01, significant difference in blood glucose concentrations or their

changes between experimental and sham-operated groups.

Hypothesis Decision
All papers which examined the intermediate phase 3 to 24 h
after occlusion onset could confirm our hypothesis (Harada
et al., 2009; Yamazaki et al., 2012, 2014; Wang et al., 2013,
2014) (Figure 4). All of these intermediate phase studies showed
that blood glucose concentrations were significantly higher
or had changed more in the intervention group than in the

sham-operated group (Table 3). One work could confirm the
hypothesis already for the early phase 1 h after occlusion onset
(Wang et al., 2013).

However, the papers that examined the late phase 3 to 7 days
after reperfusion onset failed to confirm the hypothesis for the
phase (Harada et al., 2009; Boujon et al., 2019). Two papers that
examined the early phase could not confirm the hypothesis for
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TABLE 3 | Hypothesis decision in the different ischemia phases.

References Early Phase

< 3h after

onset of occlusion

Intermediate

Phase

≥ 3 and ≤ 24h

after onset of

occlusion

Late Phase

> 24h after

onset

of occlusion

Boujon et al. (2019) –

Harada et al. (2009) – + –

Li et al. (2016) –

Wang et al. (2013) + +

Wang et al. (2014) +

Yamazaki et al. (2012) ++a

Yamazaki et al. (2014) ++a

“+” indicates “hypothesis could be confirmed”, “–” indicates “hypothesis could not be

confirmed”, blank table field indicates that no test has been performed on the hypothesis.

Clear evidence for the hypothesis is found for the intermediate phase. Reasons why the

hypothesis could not be confirmed may include the measurements not being taken at the

optimal time. The pattern of “+” and “–” suggests that it was too early in the early phase
to detect an effect on blood glucose, and already too late in the late phase. aHypothesis

could be confirmed by two independent experiments in one single paper.

this phase (Harada et al., 2009; Li et al., 2016), in contrast to
Wang and coworkers who, as noted, could confirm it (Wang
et al., 2013).

DISCUSSION

A total of 231 works was screened by title and abstract, and
89 were analyzed in full text. According to strict selection
criteria defined in our PROSPERO pre-announcement and
complying with PRISMA guidelines, 7 studies met all inclusion
criteria. Of the 7 papers, all 5 that examined the intermediate
phase 3 to 24 h after occlusion onset could confirm the
hypothesis (Harada et al., 2009; Yamazaki et al., 2012, 2014;
Wang et al., 2013, 2014) (Figure 4). For the late phase 3 to
7 days after reperfusion onset, the hypothesis could not be
confirmed (Harada et al., 2009; Boujon et al., 2019). This
evidence suggests that blood glucose elevation during and
after cerebral artery occlusion is a temporary phenomenon. In
all, our hypothesis could be fully confirmed for the period
3 to 24 h after the onset of a transient 2 h or permanent
occlusion, so it holds that cerebral artery occlusion increases
blood glucose concentration.

The 7 included studies represent a spectrum of diverse
experiments which can be summarized as follows. All studies
were published between 2009 and 2019, were performed on mice
or rats, and the cerebral artery occlusion was either transient
(ranging from 30min to 2 h) or permanent (Harada et al., 2009;
Yamazaki et al., 2012, 2014; Wang et al., 2013, 2014; Li et al.,
2016; Boujon et al., 2019). Blood glucose was monitored with
varying frequency over a period of about 2 h to 7 days. The papers
that examined the intermediate phase reported that blood glucose
concentrations 24 h after occlusion onset were 25 to 52 mg/dl
higher than those of the control group (all p < 0.05). The papers
that examined the late phase could no longer demonstrate the

blood glucose increase seen in the intermediate phase (Harada
et al., 2009; Boujon et al., 2019).

The mechanisms underlying stroke hyperglycemia are
unknown, as some authors point out (Arnberg et al., 2015), while
others hold overly complex beliefs (Dungan et al., 2009). Given
that the Selfish-Brain theory makes accurate predictions in cases
where the predictions of conventional theories failed (Sprengell
et al., 2021), there is reason to believe that the neuroendocrine
mechanisms as assigned by the Selfish-Brain theory provide a
reliable explanation for the development of hyperglycemia in
stroke. Typically, the Selfish-Brain theory covers topics such as
psychosocial stress, depression, anorexia nervosa, obesity, and
the development of atherosclerosis, myocardial infarction and
stroke (Peters and McEwen, 2015). What is new here is that the
theory addresses the consequences of stroke.

In terms of mechanisms, the Selfish-Brain theory refers
to the principle of supply chains stating that when “push”
fails, “pull” takes over. For the cerebral supply chain, this
means that a reduction in the blood-push component (e.g.
cerebral artery occlusion) is at least partially compensated by an
enhanced brain-pull component. Brain-pull function is exerted
by the sympathetic nervous system (SNS) and the hypothalamic-
pituitary-adrenal (HPA) axis, which provide additional energy
substrates for brain supply when needed. Among the studies
found in our current systematic review, 2 studies measured blood
concentrations of epinephrine, norepinephrine, and cortisol and
showed that the concentrations of these stress hormones 24 h
after occlusion onset were two times higher than those of the
control group (Wang et al., 2013, 2014).

As mentioned above, several redundant brain-pull
mechanisms are at work when the brain needs energy. Here
we name three of them: The first brain-pull mechanism is
that the SNS and HPA axis cause insulin suppression, which
results in more glucose being delivered to the brain (Woods
and Porte, 1974; Ahren, 2000). In fact, among the included
studies was one that focused on insulin changes, showing that
on day 1 after cerebral artery occlusion, an oral glucose load
failed to increase plasma insulin concentrations, whereas in the
sham-operated control group, the same load caused a 6-fold
increase in plasma insulin concentrations (Harada et al., 2009).
Thus, Harada and coworkers were able to confirm cerebral artery
occlusion to induce CIS. CIS can be diagnosed on the basis of
an inappropriately low insulin concentration at a given blood
glucose concentration (Hitze et al., 2010). Importantly, CIS also
occurs in many other critical situations, where brain energy
homeostasis is challenged, including myocardial infarction
(Taylor et al., 1969), psychosocial stress (Hitze et al., 2010),
mental stress during anticipation of electric shock (Mason et al.,
1968), acute hypoxia (Baum and Porte, 1969), deep hypothermia
(Baum and Porte, 1971), caloric restriction (Peters et al., 2011)
and sleep debt (Spiegel et al., 1999).

The second brain-pull mechanism is that SNS and HPA
increase muscular proteolysis and hepatic gluconeogenesis,
procuring the brain with even more glucose (Zhang et al.,
2018). The third brain-pull mechanism is that SNS and HPA
axis increase visceral lipolysis and hepatic ketogenesis, providing
ketones as alternative brain substrate (Kubera et al., 2014).
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Indeed, it has been shown that brain ischemia via SNS activation
induces the formation of ß-hydroxybutyrate (ketogenesis) in
the liver and the consumption of ß-hydroxybutyrate in the
brain (Koch et al., 2017). Ketones were also shown to exert
beneficial effects on pathological and functional outcomes after
experimental stroke (Gibson et al., 2012). Overall, brain-pull
mechanisms cause the body stores to take in less energy and
deliver more.

Replenishing the brain at the expense of body stores is
what the supply chain model predicts will lead to weight
loss (Figure 2B). One of the studies we included showed
that compared to sham-operated controls, rats that underwent
cerebral ischemia lost 9% of their body weight within 24 h (Wang
et al., 2014). This is only a single experiment, and moreover, body
weight was only a secondary endpoint. Nevertheless, these results
match the prediction that weight loss in cerebral ischemia is
caused by energy transfer from the periphery to the brain. Taken
together, occlusion of the central cerebral arteries profoundly
affects peripheral energy metabolism, with the strongest evidence
for an increase in blood glucose concentration.

Hyperglycemia persists even after reperfusion, for which we
here provide evidence of both cause and mechanism. In 3
of our included studies, hyperglycemia is still detectable 22 h
after reperfusion (Harada et al., 2009; Yamazaki et al., 2012,
2014). While it is clear that impaired cerebral supply during
occlusion leads to cerebral ATP deficiency (Wagner et al.,
1992), the persistence of this deficiency state after reperfusion
seems surprising at first glance. Regarding the cause of such
a prolonged hyperglycemia there is evidence demonstrating
that cerebral energy consumption increases from the onset of
ischemia, particularly in the penumbra, but also in the core
ischemic brain regions that undergo infarction (Arnberg et al.,
2015). Cerebral energy consumption does not decrease until most
ischemic brain regions have succumbed to infarction. As long as
the penumbra exhibits increased energy consumption, cerebral
ATP concentration as monitored in the VMH can recover only
slowly. Thus, even after reperfusion, a prolonged hyperglycemic
course seems plausible.

Regarding the mechanism accounting for increased energy
consumption in undersupplied brain regions, the Selfish-Brain
theory made the following predictions (Peters et al., 2004).
ATP binds to low- and high-affinity ATP-sensitive-potassium
channels localized on presynaptic GABAergic and postsynaptic
glutamatergic neurons, respectively. This type of multi-site
neuronal ensemble leads to biphasic responses when neuronal
ATP concentrations fall. Mild ATP deficiency hyperpolarizes
GABAergic neurons, disinhibits postsynaptic glutamatergic
neurons, and thus increases glutamatergic activity and energy
expenditure, whereas severe ATP deficiency hyperpolarizes
glutamatergic neurons and thus suspends glutamatergic activity.
Such a theory-predicted biphasic response to falling ATP levels
could indeed be confirmed experimentally (Steinkamp et al.,
2007). The clinical correlate of this biphasic course becomes
evident when seizure susceptibility increases in moderate
hypoglycemia due to facilitated glutamatergic activity, and coma
develops in profound hypoglycemia due to ubiquitous silencing
of glutamatergic activity (Arieff et al., 1974; Mobbs et al., 2001).

Post-stroke hyperglycemia has long been controversial, with
either its deleterious-toxic, its beneficial neuroenergetic, or its
Janus-faced dual aspect being held. The deleterious-toxic aspect
was supported by the observation that higher blood glucose
concentrations were associated with more severe ischemic
strokes (Capes et al., 2001). On this basis, it was hypothesized
that using insulin to normalize post-stroke hyperglycemia
would improve infarct outcome. Several randomized controlled
trials were conducted on this issue. Just as diabetologists and
intensivists were disappointed with intensified insulin therapy
because it caused more deaths in their type 2 diabetic and
critically ill patients (Gerstein et al., 2008; The-NICE-SUGAR-
Study-Investigators, 2009), so too were neurologists disappointed
with intensified insulin treatment of post-stroke hyperglycemia.
Specifically, a Cochrane review and the more recent SHINE
trial showed that in ischemic stroke, intensified insulin therapy
did not improve the outcomes of death, neurological deficit or
dependency, but increased risk of symptomatic hypoglycemia
(Bellolio et al., 2014; Johnston et al., 2019). While these
findings from human studies challenged the deleterious-toxic
aspect of post-stroke hyperglycemia, animal studies could indeed
demonstrate glucotoxic mechanisms (Kruyt et al., 2010; Khan
et al., 2016). This contradiction can be resolved with the Janus-
faced dual aspect of post-stroke hyperglycemia, which allows for
both deleterious-toxic and beneficial effects (Endres et al., 2008).

The beneficial neuroenergetic aspect of post-stoke
hyperglycemia is also advocated (Arnberg et al., 2015). This
position was supported by one of the larger randomized
controlled trials on intensified insulin therapy, which showed
that normalization of post-stroke hyperglycemia led to a 2.5-fold
increase in infarct growth (Rosso et al., 2012). In line with this
finding, Ginsberg and coworkers could show that rats rendered
hyperglycemic by dextrose injection prior to infarct induction
developed higher brain glucose concentrations and also smaller
infarct volumes than normoglycemic controls (Ginsberg et al.,
1987). At this point, a look at the evidence from diabetology and
intensive medicine may provide further insight. Hypoglycemia
and hypovolemia are among the situations critical for brain
supply, in which CIS is essential for increasing blood glucose
concentrations (Jarhult and Holst, 1978; Corrall and Frier,
1981). Presumably, neuroenergetic mechanisms such as CIS
evolved under evolutionary pressure to survive periods of
starvation or injury with blood loss, rather than to survive stroke.
Nevertheless, hypoglycemia, hypovolemia, and ischemic stroke
display the same neuroenergetic pattern: CIS with increase
in blood glucose. This commonality supports the notion that
infarct-related systemic hyperglycemia, despite its toxic aspect,
is manifestation of an adaptive process that replenishes the
energy-depleted brain.

Our systematic review has weaknesses and strengths. The
weakness is that our search does not completely represent all
relevant studies. However, no systematic review can claim to
be complete unless the authors have viewed every paper in
full text from all databases – which is not feasible. Authors of
systematic reviews must therefore accept a certain degree of
incompleteness due to the constraints imposed by their search
algorithm. They need to find an optimal trade-off between
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sensitivity and specificity for their search. It became clear that our
systematic review was not complete either when we had finished
the data extraction of all papers. To our surprise, the work of
Chen et al. (2016) surfaced. This work would have met all of
our inclusion criteria, yet our search algorithm did not detect
it. The reason for this was that the search term “ligation” did
not appear in this paper, as Chen et al. referred to their previous
work regarding their methods, nor was the term indexed for this
paper in PubMed. We did not expect such a case when designing
our search algorithm. We nevertheless adhered to the protocol
and refrained from revising our search algorithm and performing
a second search run, as such an approach risks biasing and
undermining hypothesis testing.

One of the strengths of our systematic review is the
neutrality of its search. We designed our search algorithm to
the best of our knowledge and after that was set, had no
influence on which studies were found. Even in the case of
an incomplete search, this approach would provide us with an
unbiased, well-defined set of experimental data against which
we could perform hypothesis tests. Basically, compared to hand
searching, systematic database searching is much less susceptible
to researcher bias in paper selection. Now that we knew the
results of Chen’s study (Chen et al., 2016), a freedom of choice to
either rerun a modified search or to stick with the existing search
results would have provided us with an opportunity to influence
hypothesis testing. To avoid such bias, we strictly followed our
pre-registered PROSPERO protocol and stuck to our original
search results. Nevertheless, and for the sake of completeness, we
believe it is important to show whether Chen’s results, had they
been taken into account, would have affected the statement of
our work. This was not the case (see Supplementary Material C).
These considerations point out that when testing a scientific
hypothesis in a systematic review it is the degree of completeness
that matters, but even more so the neutrality of the search.

In conclusion, our systematic review confirms a major
prediction of the Selfish-Brain theory, namely that cerebral artery
occlusion elevates blood glucose concentrations. For the causes
and effects involved in this blood glucose elevation, the theory
makes further predictions such as increase in stress hormones
epinephrine, norepinephrine and cortisol, suppression of insulin
secretion, and acute body weight loss (Peters andMcEwen, 2015),
all of which could be fulfilled by findings from our included
papers. This is the second major prediction of the Selfish-Brain
theory that has been confirmed and that relates to a proximal

bottleneck of the cerebral supply chain, the occlusion of the
cerebral arteries. The first major prediction, which had also been
confirmed, related to a distal supply bottleneck of the cerebral
supply chain, caloric restriction (Sprengell et al., 2021). We did
not only systematically search the literature databases, but also
followed a systematic plan to capture the potential bottlenecks
of the cerebral supply chain and predict their impact on cerebral
and peripheral energy states. By passing this second test, centered
on cerebral ischemia, the Selfish-Brain theory continues to
demonstrate the accuracy of its predictions.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

MS developed the search strategies that BK and AP approved.
MS screened the article titles or abstracts against the inclusion
and exclusion criteria. BK checked this step, and disagreements
were resolved where necessary by consulting the third reviewer
AP. MS and BK independently analyzed the full text, and
disagreements were resolved where necessary by consultation
with the third reviewer AP. MS extracted the data, which BK and
AP independently checked. MS assessed the risk of bias, which
BK and AP independently checked and approved. BK and AP
wrote the manuscript. All authors have read and approved the
submitted version.

ACKNOWLEDGMENTS

Our special thanks go to Professor Markus Schwaninger, Chair
of the Institute of Experimental and Clinical Pharmacology
and Toxicology, University of Luebeck, for his criticism and
invaluable comments on this work. We also thank Sabine
Wittnebel for expert assistance in the retrieval and acquisition of
full text articles.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.685031/full#supplementary-material

REFERENCES

Ahren, B. (2000). Autonomic regulation of islet hormone secretion-implications

for health and disease. Diabetologia 43, 393–410. doi: 10.1007/s001250051322

Arieff, A. I., Doerner, T., Zelig, H., and Massry, S. G. (1974). Mechanisms

of seizures and coma in hypoglycemia. Evidence for a direct effect of

insulin on electrolyte transport in brain. J. Clin. Invest. 54, 654–663.

doi: 10.1172/JCI107803

Arnberg, F., Grafstrom, J., Lundberg, J., Nikkhou-Aski, S., Little, P.,

Damberg, P., et al. (2015). Imaging of a clinically relevant stroke

model: glucose hypermetabolism revisited. Stroke 46, 835–842.

doi: 10.1161/STROKEAHA.114.008407

Baum, D., and Porte, D. (1969). Adrenergic regulation of hyperglycemia in acute

hypoxia. Diabetes 18:346.

Baum, D., and Porte, D. Jr. (1971). Alpha-adrenergic inhibition of immunoreactive

insulin release during deep hypothermia. Am. J. Physiol. 221, 303–311.

doi: 10.1152/ajplegacy.1971.221.1.303

Bellolio, M. F., Gilmore, R. M., and Ganti, L. (2014). Insulin for glycaemic

control in acute ischaemic stroke. Cochrane Database Syst. Rev. 23:CD005346.

doi: 10.1002/14651858.CD005346.pub4

Boujon, V., Uhlemann, R., Wegner, S., Wright, M. B., Laufs, U., Endres, M., et al.

(2019). Dual PPARalpha/gamma agonist aleglitazar confers stroke protection

in a model of mild focal brain ischemia in mice. J. Mol. Med. 97, 1127–1138.

doi: 10.1007/s00109-019-01801-0

Frontiers in Neuroscience | www.frontiersin.org 11 June 2021 | Volume 15 | Article 685031104

https://www.frontiersin.org/articles/10.3389/fnins.2021.685031/full#supplementary-material
https://doi.org/10.1007/s001250051322
https://doi.org/10.1172/JCI107803
https://doi.org/10.1161/STROKEAHA.114.008407
https://doi.org/10.1152/ajplegacy.1971.221.1.303
https://doi.org/10.1002/14651858.CD005346.pub4
https://doi.org/10.1007/s00109-019-01801-0
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Sprengell et al. Cerebral Occlusion Raises Blood Glucose

Bravata, D. M., Kim, N., Concato, J., and Brass, L. M. (2003). Hyperglycaemia in

patients with acute ischaemic stroke: how often do we screen for undiagnosed

diabetes? QJM 96, 491–497. doi: 10.1093/qjmed/hcg087

Capes, S. E., Hunt, D., Malmberg, K., Pathak, P., and Gerstein, H. C. (2001). Stress

hyperglycemia and prognosis of stroke in non-diabetic and diabetic patients: a

systematic overview. Stroke 32, 2426–2432. doi: 10.1161/hs1001.096194

Chaput, J. P., and Tremblay, A. (2009). The glucostatic theory of appetite

control and the risk of obesity and diabetes. Int. J. Obes. 33, 46–53.

doi: 10.1038/ijo.2008.221

Chen, W. Y., Mao, F. C., Liu, C. H., Kuan, Y. H., Lai, N. W., Wu, C. C., et al.

(2016). Chromium supplementation improved post-stroke brain infarction and

hyperglycemia.Metab. Brain Dis. 31, 289–297. doi: 10.1007/s11011-015-9749-y

Corrall, R. J., and Frier, B. M. (1981). Acute hypoglycemia in man:

neural control of pancreatic islet cell function. Metabolism 30, 160–164.

doi: 10.1016/0026-0495(81)90166-9

Deng, D., Xu, C., Sun, P., Wu, J., Yan, C., Hu, M., et al. (2014). Crystal

structure of the human glucose transporter GLUT1. Nature 510, 121–125.

doi: 10.1038/nature13306

Dungan, K. M., Braithwaite, S. S., and Preiser, J. C. (2009). Stress hyperglycaemia.

Lancet 373, 1798–1807. doi: 10.1016/S0140-6736(09)60553-5

Endres, M., Engelhardt, B., Koistinaho, J., Lindvall, O., Meairs, S., Mohr, J. P.,

et al. (2008). Improving outcome after stroke: overcoming the translational

roadblock. Cerebrovasc. Dis. 25, 268–278. doi: 10.1159/000118039

Gerstein, H. C., Miller, M. E., Byington, R. P., Goff, D. C. Jr., Bigger, J. T., Buse, J.

B., et al. (2008). Effects of intensive glucose lowering in type 2 diabetes.N. Engl.

J. Med. 358, 2545–2559. doi: 10.1056/NEJMoa0802743

Gibson, C. L., Murphy, A. N., and Murphy, S. P. (2012). Stroke outcome in the

ketogenic state–a systematic review of the animal data. J. Neurochem. 123,

52–57. doi: 10.1111/j.1471-4159.2012.07943.x

Ginsberg, M. D., Prado, R., Dietrich, W. D., Busto, R., and Watson, B. D. (1987).

Hyperglycemia reduces the extent of cerebral infarction in rats. Stroke 18,

570–574. doi: 10.1161/01.STR.18.3.570

Harada, S., Fujita, W. H., Shichi, K., and Tokuyama, S. (2009). The development

of glucose intolerance after focal cerebral ischemia participates in subsequent

neuronal damage. Brain Res. 1279, 174–181. doi: 10.1016/j.brainres.2009.05.014

Hasselbalch, S. G., Knudsen, G. M., Videbaek, C., Pinborg, L. H., Schmidt,

J. F., Holm, S., et al. (1999). No effect of insulin on glucose blood-brain

barrier transport and cerebral metabolism in humans. Diabetes 48, 1915–1921.

doi: 10.2337/diabetes.48.10.1915

Higgins, J. P. T., and Thomas, J. M. (2019). Cochrane Handbook for Systematic

Reviews of Interventions, 2nd Edn. Chichester, UK: John Wiley & Sons Ltd.

doi: 10.1002/9781119536604

Hitze, B., Hubold, C., van Dyken, R., Schlichting, K., Lehnert, H., Entringer, S.,

et al. (2010). How the selfish brain organizes its supply and demand. Front.

Neuroenergetics 2. doi: 10.3389/fnene.2010.00007

Hom, F. G., Goodner, C. J., and Berrie, M. A. (1984). A [3H]2-deoxyglucose

method for comparing rates of glucose metabolism and insulin responses

among rat tissues in vivo. Validation of the model and the absence of an insulin

effect on brain. Diabetes 33, 141–152. doi: 10.2337/diab.33.2.141

Hooijmans, C. R., Rovers, M. M., de Vries, R. B., Leenaars, M., Ritskes-Hoitinga,

M., and Langendam, M. W. (2014). SYRCLE’s risk of bias tool for animal

studies. BMCMed. Res. Methodol. 14, 43. doi: 10.1186/1471-2288-14-43

Jarhult, J., and Holst, J. J. (1978). Reflex adrenergic control of endocrine pancreas

evoked by unloading of carotid baroreceptors in cats. Acta Physiol. Scand. 104,

188–202. doi: 10.1111/j.1748-1716.1978.tb06266.x

Johnston, K. C., Bruno, A., Pauls, Q., Hall, C. E., Barrett, K. M., Barsan, W.,

Fansler, A., Van de Bruinhorst, K., Janis, S., Durkalski-Mauldin, V. L., and

Neurological Emergencies Treatment Trials N, the STI (2019). Intensive vs

standard treatment of hyperglycemia and functional outcome in patients

with acute ischemic stroke: the SHINE randomized clinical trial. JAMA 322,

326–335. doi: 10.1001/jama.2019.9346

Kennedy, G. C. (1953). The role of depot fat in the hypothalamic control

of food intake in the rat. Proc. R. Soc. London Ser. 140, 578–592.

doi: 10.1098/rspb.1953.0009

Khan, M. A., Schultz, S., Othman, A., Fleming, T., Lebron-Galan, R.,

Rades, D., et al. (2016). hyperglycemia in stroke impairs polarization

of monocytes/macrophages to a protective non-inflammatory cell type. J.

Neurosci. 36, 9313–9325. doi: 10.1523/JNEUROSCI.0473-16.2016

Koch, K., Berressem, D., Konietzka, J., Thinnes, A., Eckert, G. P., and Klein, J.

(2017). Hepatic ketogenesis induced by middle cerebral artery occlusion in

mice. J. Am. Heart Assoc. 6. doi: 10.1161/JAHA.117.005556

Kruyt, N. D., Biessels, G. J., Devries, J. H., and Roos, Y. B. (2010). Hyperglycemia

in acute ischemic stroke: pathophysiology and clinical management. Nat. Rev.

Neurol. 6, 145–155. doi: 10.1038/nrneurol.2009.231

Kubera, B., Hubold, C., Wischnath, H., Zug, S., and Peters, A. (2014).

Rise of ketone bodies with psychosocial stress in normal weight men.

Psychoneuroendocrinology 45, 43–48. doi: 10.1016/j.psyneuen.2014.03.008

Li, L., Tian, J., Long, M. K., Chen, Y., Lu, J., Zhou, C., et al. (2016).

Protection against experimental stroke by ganglioside GM1 is

associated with the inhibition of autophagy. PLoS One 11:e0144219.

doi: 10.1371/journal.pone.0144219

Mason, J. W., Wherry, F. E., Brady, J. V., Beer, B., Pennington, L.

L., and Goodman, A. C. (1968). Plasma insulin response to 72-hr.

Avoidance sessions in the monkey. Psychosom. Med. 30, 746–759.

doi: 10.1097/00006842-196809000-00030

Mayer, J. (1953). Glucostatic mechanism of regulation of food intake. N. Engl. J.

Med. 249, 13–16. doi: 10.1056/NEJM195307022490104

Meek, T. H., Nelson, J. T., Matsen, M. E., Dorfman, M. D., Guyenet, S.

J., Damian, V., et al. (2016). Functional identification of a neurocircuit

regulating blood glucose. Proc. Natl. Acad. Sci. U. S. A. 113, E2073–E2082.

doi: 10.1073/pnas.1521160113

Mobbs, C. V., Kow, L. M., and Yang, X. J. (2001). Brain glucose-sensing

mechanisms: ubiquitous silencing by aglycemia vs. hypothalamic

neuroendocrine responses. Am. J. Physiol. Endocrinol. Metab. 281, E649–E654.

doi: 10.1152/ajpendo.2001.281.4.E649

Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., and PRISMA-P Group

(2009). Preferred reporting items for systematic reviews and meta-analyses: the

PRISMA statement. PLoS Med 6:e1000097. doi: 10.1371/journal.pmed.1000097

Peters, A., Bosy-Westphal, A., Kubera, B., Langemann, D., Goele, K., Later, W.,

et al. (2011).Why doesn’t the brain lose weight, when obese people diet?Obesity

Facts. 4:151-7.

Peters, A., and Langemann, D. (2009). Build-ups in the supply chain of the brain:

on the neuroenergetic cause of obesity and type 2 diabetes mellitus. Front.

Neuroenergetics 1:2. doi: 10.3389/neuro.14.002.2009

Peters, A., and McEwen, B. S. (2015). Stress habituation, body shape

and cardiovascular mortality. Neurosci. Biobehav. Rev. 56, 139–150.

doi: 10.1016/j.neubiorev.2015.07.001

Peters, A., Schweiger, U., Pellerin, L., Hubold, C., Oltmanns, K. M., Conrad, M.,

et al. (2004). The selfish brain: competition for energy resources. Neurosci.

Biobehav. Rev. 28, 143–180. doi: 10.1016/j.neubiorev.2004.03.002

Rosso, C., Corvol, J. C., Pires, C., Crozier, S., Attal, Y., Jacqueminet, S., et al. (2012).

Intensive versus subcutaneous insulin in patients with hyperacute stroke:

results from the randomized INSULINFARCT trial. Stroke 43, 2343–2349.

doi: 10.1161/STROKEAHA.112.657122

Routh, V. H., Hao, L., Santiago, A. M., Sheng, Z., and Zhou, C. (2014).

Hypothalamic glucose sensing: making ends meet. Front. Syst. Neurosci. 8, 236.

doi: 10.3389/fnsys.2014.00236

Schwartz, M. W., Seeley, R. J., Zeltser, L. M., Drewnowski, A., Ravussin,

E., Redman, L. M., et al. (2017). Obesity pathogenesis: an endocrine

society scientific statement. Endocr. Rev. 38, 267–296. doi: 10.1210/er.2017-

00111

Seaquist, E. R., Damberg, G. S., Tkac, I., and Gruetter, R. (2001). The

effect of insulin on in vivo cerebral glucose concentrations and rates

of glucose transport/metabolism in humans. Diabetes 50, 2203–2209.

doi: 10.2337/diabetes.50.10.2203

Shepherd, P. R., and Kahn, B. B. (1999). Glucose transporters and insulin action-

implications for insulin resistance and diabetes mellitus. N. Engl. J. Med. 341,

248–257. doi: 10.1056/NEJM199907223410406

Slack, N., Chambers, S., and Johnston, R. (2004). Operations Management, 4 Edn.

Harlow: FT Prentice Hall.

Spanswick, D., Smith, M. A., Groppi, V. E., Logan, S. D., and Ashford, M. L. (1997).

Leptin inhibits hypothalamic neurons by activation of ATP-sensitive potassium

channels. Nature 390, 521–525. doi: 10.1038/37379

Spiegel, K., Leproult, R., and Van Cauter, E. (1999). Impact of sleep

debt on metabolic and endocrine function. Lancet 354, 1435–1439.

doi: 10.1016/S0140-6736(99)01376-8

Frontiers in Neuroscience | www.frontiersin.org 12 June 2021 | Volume 15 | Article 685031105

https://doi.org/10.1093/qjmed/hcg087
https://doi.org/10.1161/hs1001.096194
https://doi.org/10.1038/ijo.2008.221
https://doi.org/10.1007/s11011-015-9749-y
https://doi.org/10.1016/0026-0495(81)90166-9
https://doi.org/10.1038/nature13306
https://doi.org/10.1016/S0140-6736(09)60553-5
https://doi.org/10.1159/000118039
https://doi.org/10.1056/NEJMoa0802743
https://doi.org/10.1111/j.1471-4159.2012.07943.x
https://doi.org/10.1161/01.STR.18.3.570
https://doi.org/10.1016/j.brainres.2009.05.014
https://doi.org/10.2337/diabetes.48.10.1915
https://doi.org/10.1002/9781119536604
https://doi.org/10.3389/fnene.2010.00007
https://doi.org/10.2337/diab.33.2.141
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1111/j.1748-1716.1978.tb06266.x
https://doi.org/10.1001/jama.2019.9346
https://doi.org/10.1098/rspb.1953.0009
https://doi.org/10.1523/JNEUROSCI.0473-16.2016
https://doi.org/10.1161/JAHA.117.005556
https://doi.org/10.1038/nrneurol.2009.231
https://doi.org/10.1016/j.psyneuen.2014.03.008
https://doi.org/10.1371/journal.pone.0144219
https://doi.org/10.1097/00006842-196809000-00030
https://doi.org/10.1056/NEJM195307022490104
https://doi.org/10.1073/pnas.1521160113
https://doi.org/10.1152/ajpendo.2001.281.4.E649
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.3389/neuro.14.002.2009
https://doi.org/10.1016/j.neubiorev.2015.07.001
https://doi.org/10.1016/j.neubiorev.2004.03.002
https://doi.org/10.1161/STROKEAHA.112.657122
https://doi.org/10.3389/fnsys.2014.00236
https://doi.org/10.1210/er.2017-00111
https://doi.org/10.2337/diabetes.50.10.2203
https://doi.org/10.1056/NEJM199907223410406
https://doi.org/10.1038/37379
https://doi.org/10.1016/S0140-6736(99)01376-8
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Sprengell et al. Cerebral Occlusion Raises Blood Glucose

Sprengell, M., Kubera, B., and Peters, A. (2021). Brain more resistant to

energy restriction than body: a systematic review. Front. Neurosci. 15:639617.

doi: 10.3389/fnins.2021.639617

Stanley, S. A., Kelly, L., Latcha, K. N., Schmidt, S. F., Yu, X., Nectow, A. R., et al.

(2016). Bidirectional electromagnetic control of the hypothalamus regulates

feeding and metabolism. Nature 531, 647–650. doi: 10.1038/nature17183

Steinkamp, M., Li, T., Fuellgraf, H., and Moser, A. (2007). K(ATP)-dependent

neurotransmitter release in the neuronal network of the rat caudate nucleus.

Neurochem. Int. 50, 159–163. doi: 10.1016/j.neuint.2006.07.011

Taylor, S. H., Saxton, C., Majid, P. A., Dykes, J. R., Ghosh, P., and Stoker, J.

B. (1969). Insulin secretion following myocardial infarction with particular

respect to the pathogenesis of cardiogenic shock. Lancet 2, 1373–1378.

doi: 10.1016/S0140-6736(69)90928-3

The-NICE-SUGAR-Study-Investigators (2009). Intensive versus conventional

glucose control in critically ill patients. N. Engl. J. Med. 360,1283–1297.

doi: 10.1056/NEJMoa0810625

Toda, C., Kim, J. D., Impellizzeri, D., Cuzzocrea, S., Liu, Z. W., and Diano,

S. (2016). UCP2 regulates mitochondrial fission and ventromedial nucleus

control of glucose responsiveness. Cell 164, 872–883. doi: 10.1016/j.cell.2016.

02.010

Wagner, K. R., Kleinholz, M., de Courten-Myers, G. M., and Myers, R. E. (1992).

Hyperglycemic versus normoglycemic stroke: topography of brain metabolites,

intracellular pH, and infarct size. J. Cereb. Blood Flow Metab. 12, 213–222.

doi: 10.1038/jcbfm.1992.31

Wang, Y. Y., Chen, C. J., Lin, S. Y., Chuang, Y. H., Sheu, W. H., and Tung, K.

C. (2013). Hyperglycemia is associated with enhanced gluconeogenesis in a

rat model of permanent cerebral ischemia. Mol. Cell Endocrinol. 367, 50–56.

doi: 10.1016/j.mce.2012.12.016

Wang, Y. Y., Lin, S. Y., Chuang, Y. H., Sheu, W. H., Tung, K. C., and Chen,

C. J. (2014). Activation of hepatic inflammatory pathways by catecholamines

is associated with hepatic insulin resistance in male ischemic stroke rats.

Endocrinology 155, 1235–1246. doi: 10.1210/en.2013-1593

Woods, S. C., and Porte, D. Jr. (1974). Neural control of the endocrine pancreas.

Physiol. Rev. 54, 596–619. doi: 10.1152/physrev.1974.54.3.596

Yamazaki, Y., Harada, S., and Tokuyama, S. (2012). Post-ischemic hyperglycemia

exacerbates the development of cerebral ischemic neuronal damage

through the cerebral sodium-glucose transporter. Brain Res. 1489, 113–120.

doi: 10.1016/j.brainres.2012.10.020

Yamazaki, Y., Harada, S., and Tokuyama, S. (2014). Sodium-glucose transporter

type 3-mediated neuroprotective effect of acetylcholine suppresses the

development of cerebral ischemic neuronal damage. Neuroscience 269,

134–142. doi: 10.1016/j.neuroscience.2014.03.046

Zhang, X., Yang, S., Chen, J., and Su, Z. (2018). Unraveling the regulation of hepatic

gluconeogenesis. Front. Endocrinol. 9:802. doi: 10.3389/fendo.2018.00802

Zhou, L., Podolsky, N., Sang, Z., Ding, Y., Fan, X., Tong, Q., et al. (2010).

The medial amygdalar nucleus: a novel glucose-sensing region that modulates

the counterregulatory response to hypoglycemia. Diabetes 59, 2646–2652.

doi: 10.2337/db09-0995

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Sprengell, Kubera and Peters. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neuroscience | www.frontiersin.org 13 June 2021 | Volume 15 | Article 685031106

https://doi.org/10.3389/fnins.2021.639617
https://doi.org/10.1038/nature17183
https://doi.org/10.1016/j.neuint.2006.07.011
https://doi.org/10.1016/S0140-6736(69)90928-3
https://doi.org/10.1056/NEJMoa0810625
https://doi.org/10.1016/j.cell.2016.02.010
https://doi.org/10.1038/jcbfm.1992.31
https://doi.org/10.1016/j.mce.2012.12.016
https://doi.org/10.1210/en.2013-1593
https://doi.org/10.1152/physrev.1974.54.3.596
https://doi.org/10.1016/j.brainres.2012.10.020
https://doi.org/10.1016/j.neuroscience.2014.03.046
https://doi.org/10.3389/fendo.2018.00802
https://doi.org/10.2337/db09-0995
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Frontiers in Endocrinology | www.frontiersi

Edited by:
Hu Huang,

East Carolina University,
United States

Reviewed by:
Helene Plamondon,
University of Ottawa,

Canada
Brenton T. Laing,

National Institute on Drug
Abuse (NIDA),
United States

*Correspondence:
Roger A. H. Adan

r.a.h.adan@umcutrecht.nl

Specialty section:
This article was submitted to

Neuroendocrine Science,
a section of the journal

Frontiers in Endocrinology

Received: 14 March 2021
Accepted: 10 June 2021
Published: 01 July 2021

Citation:
de Vrind VAJ, van ‘t Sant LJ,

Rozeboom A, Luijendijk-Berg MCM,
Omrani A and Adan RAH (2021)

Leptin Receptor Expressing
Neurons in the Substantia Nigra

Regulate Locomotion, and
in The Ventral Tegmental Area

Motivation and Feeding.
Front. Endocrinol. 12:680494.

doi: 10.3389/fendo.2021.680494

ORIGINAL RESEARCH
published: 01 July 2021

doi: 10.3389/fendo.2021.680494
Leptin Receptor Expressing
Neurons in the Substantia Nigra
Regulate Locomotion, and in
The Ventral Tegmental Area
Motivation and Feeding
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Leptin is an anorexigenic hormone, important in the regulation of body weight. Leptin
plays a role in food reward, feeding, locomotion and anxiety. Leptin receptors (LepR) are
expressed in many brain areas, including the midbrain. In most studies that target the
midbrain, either all LepR neurons of the midbrain or those of the ventral tegmental area
(VTA) were targeted, but the role of substantia nigra (SN) LepR neurons has not been
investigated. These studies have reported contradicting results regarding motivational
behavior for food reward, feeding and locomotion. Since not all midbrain LepR mediated
behaviors can be explained by LepR neurons in the VTA alone, we hypothesized that SN
LepR neurons may provide further insight. We first characterized SN LepR and VTA LepR
expression, which revealed LepR expression mainly on DA neurons. To further
understand the role of midbrain LepR neurons in body weight regulation, we
chemogenetically activated VTA LepR or SN LepR neurons in LepR-cre mice and
tested for motivational behavior, feeding and locomotion. Activation of VTA LepR
neurons in food restricted mice decreased motivation for food reward (p=0.032) and
food intake (p=0.020), but not locomotion. In contrast, activation of SN LepR neurons in
food restricted mice decreased locomotion (p=0.025), but not motivation for food reward
or food intake. Our results provide evidence that VTA LepR and SN LepR neurons serve
different functions, i.e. activation of VTA LepR neurons modulated motivation for food
reward and feeding, while SN LepR neurons modulated locomotor activity.
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INTRODUCTION

The current obesity epidemic is a result of overconsumption that
exceeds energy requirements. With no truly effective treatments,
there is a need for further mechanistic insights into body weight
regulation. Hedonic feeding is characterized by the increased
consumption of palatable foods and implicates increased
motivation for these foods, which ultimately results in obesity
(1). Food deprivation or dieting is known to increase motivation
for food, which counteracts weight loss (2). In light of the obesity
epidemic, it is of interest to gain further knowledge on mechanisms
underlying increased motivation for (palatable) food.

Leptin is an anorexic adipose-tissue derived hormone with a
central role in body weight regulation. Leptin is secreted in levels
proportional to the amount of adipose tissue, i.e. fasting
decreases leptin levels, while weight gain increases leptin levels
(3–5). Leptin is known to regulate body weight by reducing
feeding and increasing energy expenditure (6). Accumulating
evidence shows that leptin is also involved in reducing
motivation for food in both humans and rodents (7–11). The
midbrain, comprising of the ventral tegmental area (VTA) and
substantia nigra (SN), is associated with motivational behavior
and expresses the leptin receptor (LepR), but it is unclear
whether and which of these regions mediate leptin’s effect on
motivational behavior for food reward (12–14).

Since VTA DA neurons are important for motivational
behaviour, VTA DA neurons expressing LepR were proposed
to mediate the effect of leptin on food reward (15–18). However,
there are data that challenge this idea. An important reward
associated pathway are VTA DA neurons projecting to the
nucleus accumbens (NAc), but only few VTA-LepR neurons
project to the NAc (19). Instead, VTA LepR neurons primarily
project to the central amygdala, and these neurons mediate
effects of leptin on central amygdala associated behaviors, such
as anxiety (18). Indeed, leptin infusion into the VTA of mice
decreased anxiety-like behavior (20). Together, these data
suggest that VTA (DA) LepR neurons modulate anxiety-like
and not motivational behavior. Yet, knockdown of LepR in the
whole midbrain increased motivational behavior as assessed by
operant responding (21). This suggests that another population
of midbrain LepR neurons modulate motivation. In the SN, LepR
are almost exclusively expressed on SN DA neurons (18) and SN
DA neurons have been implicated in motivational behavior (22).
Optogenetic activation of either VTA or SN dopamine neurons
demonstrated that dopamine neurons in the VTA and SN
exhibited divergent conditioned motivational functions: VTA,
but not SN dopamine neurons conferred a signal that made cues
attractive and reinforcing; SN dopamine neurons conferred a
more general movement invigoration signal: cues paired with
their activation evoked vigorous movement not directed at the
cue (23). Thus, SN dopamine neurons play a role in motivation
and an involvement of SN LepR neurons in mediating the effect
of leptin on motivational behavior is possible, but has not yet
been determined.

Besides the role of midbrain LepR neurons in motivation for
food reward, this region has also been implicated in other aspects
of leptin’s behavioral effects such as feeding and energy
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expenditure. Leptin injection into the VTA decreased feeding
(15, 24–26) and blocking or decreasing leptin signaling in the
VTA increased feeding (15, 25). However, inhibiting leptin
signaling in the whole midbrain (21) or specifically in DA
neurons of the midbrain (27, 28) did not impact on feeding.
These results suggest that perhaps effects on feeding are mediated
by non-DA neurons in the VTA. In addition, it remains
unknown whether SN LepR neurons contribute to the anorexic
effect of leptin.

Effects of midbrain LepR neurons on locomotor activity are
contradicting. Whereas leptin infusion into the VTA had no
effect on locomotion in ad libitum fed rats (15), RNA
interference knockdown of LepR in VTA LepR neurons or
ablation of STAT3 in midbrain (SN and VTA) DA neurons
increased locomotion (15, 27). One reason for a lack of effect of
leptin infusion on locomotion is that endogenous leptin masked
effects on locomotion in these experiments since intra-VTA
leptin injections were given to ad libitum fed rats that already
have high levels of leptin (15). Alternatively, SN LepR neurons
could mediate effects of leptin on locomotion. Thus, it remains
unclear which midbrain LepR population modulates locomotion.

The aim of the current study was to further insight into the
mechanisms underlying the effect of leptin in the midbrain and
its involvement in body weight regulation. We started with
characterizing the expression of LepR in the midbrain. Next,
two questions were of particular interest for behavioral
experiments: 1) whether SN LepR neurons modulate
motivational, locomotor and feeding behavior and 2) whether
VTA LepR neurons mediate anxiety-like, feeding and locomotor
behavior. To address these questions, we selectively activated
VTA or SN neurons that express leptin receptor, by injecting a
viral vector that expresses the CNO receptor hM3Dq (also
referred to as chemogenetics) in either the VTA or SN of LepR
cre mice. We directly compared behavioral effects of
chemogenetically activating VTA LepR or SN LepR neurons
on motivational behavior for food reward, feeding, locomotion
and anxiety in LepR-cre mice.
MATERIALS AND METHODS

All experiments were approved by the Animal Experimentation
Committee of the University Utrecht and were carried out in
agreement with Dutch Law (Herziene Wet op Dierproeven, Art
10.a2, 2014) and European regulations (Guideline 2010/63/EU).

Subjects
In house bred, adult male homozygote LepRb-Cre transgenic
mice (stock #008320, B6.129-Leprtm2(cre)Rck/J, The Jackson
Laboratory, USA) were used for behavioral experiments. Mice
were housed individually in plastic cages (Type II L,
365x207x140mm, 530cm2, Tecniplast, Italy) in a temperature
(21 ± 2°C) and humidity (60-70%) controlled room on a reversed
day/night (9:00 AM light OFF, 9:00 PM light ON) schedule. We
tested all mice first in ad libitum situations (Figure 1) and then
under food restriction, because leptin levels are correlated with
July 2021 | Volume 12 | Article 680494
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the amount of fat tissue in mice (3, 5) and leptin influences
midbrain DA activity (15, 16, 29). Ad libitum fed mice were
given ad libitum access to chow (3,1Kcal/gr, Standard Diet
Service, UK) and water. Food-restricted mice were given chow
(~3 pieces of standard rodent chow of ±1.3 grams each) after
behavioral tasks were performed and maintained on ~90% of the
original body weight by adapting the amount of chow given per
day. For analysis of DA (determined by staining for TH
immunoreactivity) and LepR co-localization, LepRb-Cre mice
were crossed with a mouse line that expresses robust tdTomato
fluorescence following Cre-mediated recombination (stock #
007914, B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J,
The Jackson Laboratory, USA). Male mice homozygote for the
LepRb-Cre allele and heterozygote for the TdTom allele (“LepR/
tdTomato” mice, n=3) were socially housed on a normal day/
night cycle (7:00AM lights ON) with ad libitum access to chow
and water.
Surgical Procedures
At least 30min prior to anesthetization, mice were given
carprofen (5mg/kg, subcutaneous (s.c.), Carporal, AST Farma
BV). Mice were anesthetized with an intraperitoneal (i.p.)
injection of ketamine (75mg/kg, Narketan, Vetoquinol BV)
and medetomidine (1mg/kg, SedaStart, AST Farma BV). Mice
were given eye cream (CAF, CEVA Sante Animale BW) and
placed in a stereotactic frame (Kopf Instruments, USA). An
incision was made in the skin along the midline of the skull and
additional analgesia was applied by spraying Xylocaine
(lidocaine 100mg/ml, AstraZeneca BV) on the skull.
Microinjections of AAV5-hSyn-DIO-hM3DGq-mCherry
(0.3ul/side, 3.0*109vp/ul, UNC Vector Core, USA) or AAV-
Ef1a-DIO-hChR2-eYFP (“control” mice, 0 .3ul/s ide,
3.0*10^9vp/ul, UNC Vector Core, USA, n=6) were performed
bilaterally in the substantia nigra (-3.3 AP, +1.5 ML, -4.4 DV, 0°
angle, n=6) or the ventral tegmental area (-3.2 AP, +1.5 ML, -4.8
DV, 10° angle, n=6) at a rate of 0.1ul/min per side followed by a
10min period before retracting the needles. For assessment of SN
LepR projection sites mice were injected with AAV-Ef1a-DIO-
ChR2-eYFP (0.3ul/side, 3.0*109vp/ul, UNC Vector Core, USA)
in the SN (n=4). After the operation, mice were given
atipamezole (2.5mg/kg, i.p., SedaStop, AST Farma BV) and
saline for rehydration. The following 2 days, mice were given
carprofen (5mg/kg, s.c.) and were allowed to recover for at least 1
week after operations. To ensure viral expression, testing
commenced 3 weeks after operations were performed. Thus,
Frontiers in Endocrinology | www.frontiersin.org 3109
the mice were exposed to behavioral testing at least four weeks
after surgery.

Drugs
Clozapine N-oxide (CNO 99%, AK Scientific, Inc., USA) was
dissolved in 0.9% saline and injected i.p. with a commonly used
dose of 1.0mg/kg (and 3.0mg/kg for operant testing). For all
experiments, each mouse received saline and CNO injections in a
latin-square design. Mice were injected with saline or CNO 30
minutes prior to the start of a behavioral task.

Behavioral Procedures
All mice were tested in every behavioral experiment. On test days
only one single behavioral experiment was performed (Figure 1).
Furthermore, between two test days on which mice were injected,
there was at least one day on which mice were not injected.

Progressive Ratio Operant Behavior
Mouse operant boxes (ENV-307W, Med Associates Inc., USA)
fitted with 2 levers, a cue light above the active lever (AL), a
house light, a speaker and a liquid receptacle were used.
Throughout all sessions, when the number of AL presses to
complete a ratio was reached, the house light and a tone were
presented for 5sec, after which a sucrose reward was delivered for
2sec (38ul, 20% w/v sugar solution in tap water). During the
training phase, mice were food restricted to ~90% of their
original body weight. The first day, mice were habituated for
15min to an operant box, in which we placed a droplet of sugar
solution (20% w/v) in the receptacle. The next day, operant
training started with a fixed ratio (FR) 1 paradigm for 30min/
session. Once mice learned to press on the active lever >20x and
<10% on the inactive lever, mice were switched to FR3 (30min/
session) and then FR5 (60min/session). Then, once >60 rewards
were earned and <10% of the presses were made on the inactive
lever, training was switched to the progressive ratio (PR, 60min/
session) and mice were returned to ad libitum feeding. PR
schedule was based on the formula: 5*e(x*0.2)-5, rounded to
the nearest integer, where x is the position in the ratio sequence
(30). Testing with saline/CNO started when PR performance
appeared stable, i.e. over 3 days of training no more than ±1
reward from average and no incremental increase or decrease.
Operant training and testing were performed during the first 3
hours of the dark phase. Injections were given 30min prior to the
start of the PR task. With this test we measured the amount of
active lever presses made during 60min of the PR task.
FIGURE 1 | Timeline of experiments.
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Free Access 20% Sucrose Consumption
Mice were trained to lick for 20% (w/v) granulated sugar solution
in an operant box fitted with a spout connected to a pump which
delivered 8ul 20% sugar solution upon every detected lick. Mice
were trained 4 times prior to testing. Training and testing was
performed 3-5h into the dark phase and lasted 30min. On test
days, mice were injected with CNO/saline 30min before the start
of the test. With this test we measured the number of detected
licks during 30 min testing.

Feeding
To simplify finding pieces of chow at measurements, all mice
were habituated twice to a second mouse cage, in which no
bedding, but only 3 tissues and a water bottle were present,
hereafter referred to as ‘feeding cage’. During habituation we also
habituated the mice to the experimenter taking chow out of the
cage with the mice remaining in the cage. Mice were injected
with saline/CNO 30min prior to the onset of the dark phase and
were directly placed in the feeding cage with a pre-weighed
amount of chow on the cage floor. Food intake was measured at
1, 2, 3, 5 and 7h post injection. At these timepoints, we weighed
the pieces of chow with mice still in the feeding cage as they were
used to from habituation to keep stress levels to a minimum.
With this test we measured the amount of chow eaten in grams at
the different timepoints.

Locomotion
All mice were habituated 2x1h to an individual plastic cage (Type
III H, 425x266x185mm, 800cm2, Tecniplast, Italy) prior to
testing on separate days. The cages were surrounded by white
carton to prevent interaction between mice. On the test day, mice
were injected with either saline/CNO and placed in the
behavioral testing room. 30min later, mice were placed in their
own locomotion cage and horizontal movement was tracked
using a camera placed above the cages that was coupled to a
computer running Ethovision 7 (Noldus Information
Technology, the Netherlands). Locomotion tests commenced
4-5h into the dark phase and lasted 1h. With this test we
measured the distance mice had travelled in meters in 1h.

Anxiety
Mice were injected with either saline/CNO 30min prior to testing
and placed in the front room of the behavioral room where tests
would be performed. Mice were lifted by their tails and placed in
the center of the elevated plus maze in a brightly lit room and
tracked using Ethovision (Noldus, Wageningen) for 5min.
Anxiety tests were performed 6-7h into the dark phase. A
previous study reported that longer intervals between anxiety
tests led to reliable retesting of anxiety (31), so we separated 2 test
days by at least 3 weeks. With this test we measured the amount
of time mice spent in the open and dark arms and the amount of
crossings made.

Tissue Preparation and
Immunohistochemical Analysis
Mice were anesthetized with Euthanimal (200mg/ml,
Euthanimal, Alfasan BV, the Netherlands) and transcardially
Frontiers in Endocrinology | www.frontiersin.org 4110
perfused with 1x phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde in 1xPBS (PFA). Brains were dissected and
kept in 4%PFA for 24h at 4°C, after which they were transferred
to 30% sucrose in 1xPBS for at least 48h at 4°C. Using a cryostat,
the brains were then sectioned to 40um slices and stored in
1xPBS with 0.01% sodium azide. Slices were washed 3x10min in
1xPBS and then blocked for 1h in 1xPBS containing 10% normal
goat serum and 0,25% Triton-X100. Slices were then placed in
1xPBS containing the primary antibodies (Rabbit anti-dsRed
1:500, #632496, Clontech, Takara Bio USA Inc, USA; Mouse
anti-Th 1:500, MAB318, Milipore) and 2% normal goat serum
overnight at 4°C. At room temperature, slices were washed
3x10min in 1xPBS and placed in 1xPBS containing the
secondary antibodies (Goat anti-Rabbit 568, 1:500, #ab175471,
Abcam plc, UK; Goat anti-Mouse 488 1:500, ab150113, Abcam
plc, UK) and 2% normal goat serum for 2h. Finally, slices were
washed in 1xPBS and mounted onto slides, dried and covered
using Fluorsave (EMD Millipore Corporation, USA) and a
coverslip. Images were collected on an epifluorescent
microscope (Axio Scope A1, Zeiss, Germany). For behavioral
mice, at least 3 representative images were analyzed per mouse
from sections ranging from -2.54mm to -3.88mm (bregma).

Data Analysis
Behavioral data was analyzed using Microsoft Excel and
GraphPad Prism (version 7.05, GraphPad Software, Inc., USA).
Paired t-tests and one- or two-way repeated measures ANOVA
and Bonferroni’s multiple comparisons tests were used where
applicable. A significance criterion of p<0.05, two-tailed, was
adopted in all the statistical analyses.
RESULTS

The Majority of Midbrain LepR Neurons
Are Dopaminergic
To verify previous reports of co-localization of LepR on DA
neurons, we assessed LepR expression in the midbrain. To
identify LepR neurons in the midbrain, we crossed LepR-cre
mice onto the ROSA26-tdTomato reporter mouse line, which
allowed robust tdTomato fluorescence following Cre-mediated
recombination. Tyrosine hydroxylase (TH) is the rate limiting
enzyme in catecholamine production and considering that the
VTA and SN are known to be DA producing structures, TH is
used as marker for DA neurons. TH- and LepR-tdTomato
immunoreactivity revealed that in the VTA 67 ± 1.0% and in
the SN 89 ± 3.5% of LepR/tdTomato neurons co-localized with
TH (Figures 2A, B). Of all TH neurons, only few co-localized
with LepR/tdTomato in either region: 16 ± 1.3% in the VTA and
15% in the SN (n=3, Figure 2C). Thus, DA neurons that express
LepR represented a minority of all DA neurons in VTA and SN,
which is consistent with previous reports (15, 17, 18, 32). The
majority of SN and VTA neurons expressing leptin receptor
(LepR-tdTomato) are DA neurons.

We next aimed to assess the projection areas of midbrain
LepR neurons. It has been established that VTA LepR neurons
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primarily project to the central amygdala, while very few project
to the NAc (18, 19). SN LepR neurons have been shown to
project to the caudate putamen (18) and we sought to further
extend on this knowledge. We identified projections of SN LepR
neurons by injecting LepR-cre mice with AAV-DIO-ChR2-eYFP
into the SN, which also labels axonal projections. We found that
SN LepR neurons projected heavily to the caudate putamen and
further observed projections to the interstitial nucleus of the posterior
limb of the anterior commissure (IPAC) (Figures 3A–C). Some eYFP
expression was found in the thalamus and in the VTA (Figures 3D,
F). Finally, labeling of axons with eYFP was also observed within SN
pars compacta, SN pars reticula and lateral SN (Figures 3E–G). We
cannot exclude that the observed staining was due to fibers passing
the areas. However the density of fibers in these areas was remarkable
compared to surrounding areas.

For behavioral experiments we injected AAV-DIO-
hM3DGq-mCherry in the VTA (n=6) or SN (n=6) of LepR-cre
mice to generate VTA LepR-Gq and SN LepR-Gq mice. In earlier
studies we already demonstrated that in slices of animals with
expression of this DREADD receptor in midbrain DA neurons,
CNO depolarized DA neurons (33). We examined whether
expression of hM3DGq-mCherry was representative for SN
LepR or VTA LepR neurons. hM3DGq-mCherry was found
mainly in the targeted region, but due to viral spread, some
expression was seen in surrounding regions which express LepR-
cre: of all hM3DGq-mCherry expressing neurons 68 ± 1.1% were
localized in the VTA of VTA LepR-Gq mice and 96 ± 1.1% were
localized in the SN of SN LepR-Gq mice (Figure 4). The
percentage of TH neurons expressing hM3DGq-mCherry or
the percentage of hM3DGq-mCherry neurons expressing TH
were similar to the numbers presented above of TH/LepR co-
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localization in LepR-tdTomato mice. Thus, hM3DGq-mCherry
targeted neurons were representative for LepR neurons of the
VTA or SN.

Control Mice Do Not Show
Behavioral Effects After CNO Injections
Compared to Saline
Studies show that non-specific effects of CNO may occur in rats
and mice due to reverse-metabolism to its parent compound
clozapine (34). To ensure this is not the case in our study, we
injected AAV-Ef1a-DIO-hChR2-eYFP into the VTA or SN of
LepR-cre mice (n=6). This results in expression of
channelrhodopsin, which does not respond to CNO or
clozapine. As we expected, CNO injections in control mice had
no effect on any behavioral parameter tested (Supplemental
Figure, n=6). Therefore, we conclude that behavioral effects
observed in Gq-injected mice are the result of enhanced
neuronal activation in VTA LepR-Gq or SN LepR-Gq mice
and not due to effects of reverse-metabolism of CNO
to clozapine.

Motivation for Sugar Reward Decreased
Upon Activation of VTA LepR-Gq Neurons
in Food Restricted Mice
To test for motivation, we trained mice to press for a 20% sugar
solution reward in the PR task. Once stable, mice were injected
with saline and 2 doses of CNO (1.0 and 3.0mg/kg). Ad libitum
fed VTA LepR-Gq mice did not alter operant responding after
CNO injections compared to saline (Figure 5A), but when food
restricted, VTA LepR-Gq mice decreased the amount of active
A B

C

FIGURE 2 | Immunohistochemistry on LepR-cre x TdTomato mice (n=3). (A) Both SN and VTA expressed LepR neurons (arrows in insets indicate LepR).
(B) The majority of LepR neurons co-localized with TH (VTA: 67%, SN: 90%) (C) Of all TH neurons, only 16% in the VTA and 15% in the SN expressed the LepR.
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lever presses made during the PR task (F(1.110,5.549)=7.920,
p=0.032, n=6, Figure 5C). Further analyses revealed that both
CNO doses significantly decreased performance compared to
saline (CNO 1.0mg/kg, p=0.0007; CNO 3.0mg/kg, p=0.019).
Operant behavior was not affected upon chemogenetic
activation of SN LepR-Gq neurons (n=6, Figures 5B, D).

Free Consumption of Sucrose Solution
Was Not Affected by VTA LepR or SN
LepR Activation
To dissociate motivational behavior from consumption, we
assessed free consumption of a 20% sucrose solution. Free
consumption was not affected by activation of either VTA
Frontiers in Endocrinology | www.frontiersin.org 6112
LepR or SN LepR, indicating that decreased motivation was
driven by motivat ional behavior without affect ing
consummatory behavior (Figure 6). The apparent difference in
baseline sucrose consumption between mice injected in the VTA
compared to the SN is most likely due to the fact that these were
different batches of mice that were tested at different time points.

Chow Consumption Decreased Upon
Activation of VTA LepR-Gq Neurons in
Food Restricted Mice
We next tested whether midbrain LepR neurons modulated
feeding by measuring chow intake over 7h. Ad libitum fed
mice did not alter consumption of chow after chemogenetically
FIGURE 3 | Representative AAV-DIO-ChR2-eYFP tracing of projections from SN LepR neurons in LepR-cre mice (n=4). (A–G) eYFP expression in CPU ++,
IPAC ++, STh +, VPM + and VTA +/- to which SN LepR neurons sent detectable projections (++ strong eYFP, + eYFP present, +/- scarce eYFP). In (E–G), eYFP
soma and tracks within the SN. B = bregma; CPU, caudate putamen; IPAC, interstitial nucleus of the posterior limb of the anterior commissure; ns, nigrostriatal
bundle; SN, substantia nigra; SNc, SN pars compacta; SNr, SN pars reticulate; STh, subthalamic nucleus; VPM, Ventral posteromedial thalamus; VTA, ventral
tegmental area.
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activating VTA LepR-Gq (Figure 7A) or SN LepR-Gq
(Figure 7B) neurons. In food restricted VTA LepR-Gq mice,
CNO decreased cumulative chow intake compared to saline
(main effect of Injection F (1,5)=9.138, p=0.029, Figure 7C),
but food intake was unaffected in food restricted SN LepR-Gq
mice (Figure 7D).

Locomotion Decreased Upon Activation
of SN LepR-Gq Neurons in Food
Restricted Mice
Locomotor activity was assessed by automatically tracking
horizontal movement of mice for 1h. CNO injections did not
affect locomotor activity in ad libitum fed VTA LepR-Gq mice
(Figure 8A) or SN LepR-Gq mice (Figure 8B). Activating VTA
Frontiers in Endocrinology | www.frontiersin.org 7113
LepR-Gq neurons in food restricted mice did not modulate
locomotion (Figure 8C), but activation of SN LepR-Gq
neurons decreased locomotor activity (interaction effect of
Time x Injection F(1.184,5.920)=9.380, p=0.020, Figure 8D).
Further analyses revealed that CNO decreased locomotion after
40 and 60min in SN LepR-Gq mice (40min, p=0.031;
60min, p=0.025).

Chemogenetically Activating VTA LepR
or SN LepR Did Not Affect Anxiety-
Like Behavior
Finally, because previous studies showed that VTA LepR
modulated anxiety (20, 28), we aimed to verify this in our
experiments and determined effects of activating VTA LepR or
A B

DC
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FIGURE 4 | Expression of AAV-DIO-hM3DGq-mCherry in behavioral animals. Representative example of AAV-DIO-hM3DGq-mCherry expression in (A) VTA LepR-
Gq mice (n=6) and (B) SN LepR-Gq mice (n=6). (C, D) Analysis of the location of Gq-mCherry expression showed that the majority of Gq-neurons were found in the
targeted region. (E) Analysis of Gq and TH in VTA LepR-Gq mice showed that 57% of VTA Gq neurons co-localized with TH-immunoreactivity. (F) 19% of all VTA
TH neurons co-localized with Gq. (G) 96% of SN Gq neurons co-localized with TH-immunoreactivity. (H) Of all SN Th neurons, 18% co-localized with Gq-mCherry.
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SN LepR on anxiety-like behavior. To test for anxiety-like
behavior, we examined behavior in the elevated plus maze
(EPM) for 5min. This test is based on the natural aversion of
mice to brightly lit, open and elevated spaces and we therefore
report time spent in the avoided part of the EPM, i.e. the brightly
lit and elevated open arms. Chemogenetic activation of VTA
LepR or SN LepR in food restricted mice did not affect the
amount of time spent in the open arm of the EPM (Figure 9).
Although we increased the time between 2 test days to 3 weeks,
anxiety-like behavior may be reduced with repeated exposure to
the tasks, so we also analyzed individual test days. However, we
did not observe reduced anxiety-like behavior on the second test
day. When analyzing the data from the first test day only
Frontiers in Endocrinology | www.frontiersin.org 8114
(comparing between subjects effects), we found no effect of
CNO either (data not shown).
DISCUSSION

Leptin suppresses feeding, locomotion, anxiety and motivation
to obtain food (15, 20, 28, 35). As the midbrain dopamine system
has been implicated in these behaviors as well, we here addressed
whether selective chemogenetic activation of leptin receptor
expressing midbrain neurons modulated feeding, locomotion,
anxiety and motivation. As we confirmed in this study, leptin
A B

DC

FIGURE 6 | Free 20% sucrose solution consumption upon chemogenetic activation of VTA LepR or SN LepR neurons. CNO (1.0mg/kg) did not affect sucrose
solution consumption in ad libitum fed (A) VTA LepR-Gq (n=6) and (B) SN LepR- Gq (n=6) or food restricted (C) VTA LepR-Gq (n=6) and (D) SN LepR-Gq (n=6).
Mean ± SEM.
A B
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FIGURE 5 | Active lever presses upon chemogenetic activation of VTA LepR or SN LepR neurons. In ad libitum fed mice, CNO (1.0 and 3.0mg/kg) did not affect
active lever presses made in (A) VTA LepR-Gq (n=6) or (B) SN LepR-Gq mice (n=6). (C) Food restricted VTA LepR-Gq mice (n=6) decreased active lever presses
after CNO compared to saline injections. (D) CNO did not affect active lever presses in food restricted SN LepR-Gq mice (n=6). Mean ± SEM. *p<0.05, ***p<0.001.
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receptors are expressed on a subset of VTA and SN neurons.
Chemogenetic activation of VTA LepR neurons modulated
motivation and feeding, whereas activation of SN LepR
neurons modulated locomotion. Activation of neither
population altered anxiety-like behavior.

Chemogenetic activation of VTA LepR neurons decreased
motivational behavior for food reward. The decrease in
motivation was a surprising result as most VTA LepR and SN
LepR neurons are DAergic. Increased midbrain DA activity is
associated with enhanced motivation (12–14) and chemogenetic
activation of VTA DA neurons increases motivation (33).
Contrary to our hypotheses, our findings support VTA LepR.
A previous study found no effect of leptin infusion into the VTA
Frontiers in Endocrinology | www.frontiersin.org 9115
on motivation in a operant responding task of ad libitum fed rats
(21). However the lack of an effect in the study by Davis et al.
may be due to the facts that these animals were ad libitum fed. Ad
libitum animals have more fat than food restricted animals. Since
leptin levels correlate with body fat (3, 5), endogenous leptin
levels have been found elevated in ad libitum fed compared to
food-restricted animals (5). Thus in ad libitum fed rats
endogenous leptin levels are high and may have masked the
effect of intra-VTA leptin on motivation. As we found a decrease
in motivation by chemogenetically activating LepR-VTA
neurons, VTA DA-LepR neurons, most of which project to the
amygdala (18), not likely play a role in motivation for food
reward. VTA GABA neurons are known to provide local
A B
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FIGURE 8 | Locomotor activity upon chemogenetic activation of VTA LepR or SN LepR neurons. Locomotion was not affected by CNO (1.0mg/kg) injections in ad
libitum fed (A) VTA LepR-Gq (n=6) and (B) SN LepR-Gq (n=6) or (C) food restricted VTA LepR-Gq mice (n=6). (D) CNO decreased locomotion in food restricted SN
LepR-Gq mice (n=6). Mean ± SEM. *p<0.05.
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FIGURE 7 | Consumption of chow upon chemogenetic activation of VTA LepR or SN LepR neurons. Chow intake was not affected by CNO (1.0mg/kg) injections in
ad libitum fed (A) VTA LepR-Gq (n=6) or (B) SN LepR-Gq mice (n=6). (C) CNO decreased cumulative chow intake in food restricted VTA LepR-Gq mice (n=6).
(D) CNO did not affect feeding in food restricted SN LepR-Gq mice (n=6). Mean ± SEM. *p<0.05.
July 2021 | Volume 12 | Article 680494

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


de Vrind et al. Leptin Receptor Expressing Midbrain Neurons
inhibition of DA neurons and modulate reward behavior (36).
One interpretation of our results is, therefore, that decreased
motivation is the result of chemogenetic activation of VTA
GABA-LepR neurons that reduce VTA DA activity. Indeed, it
was recently found using optogenetic-assisted circuit mapping
that VTA GABA neurons expressing the leptin receptor are
activated by leptin and directly inhibit VTA DA neurons (37).
Similarly, inhibitory input from the lateral hypothalamus to the
VTA was shown to inhibit GABA neurons and increase
dopamine release in the nucleus accumbens (38, 39). Thus by
activating VTA GABA neurons as we have done, one would
expect a decrease in motivational behavior in line with
our results.

Our data further show that activating LepR neurons in the
VTA decreased feeding in food restricted mice. Although the
decrease in our study is minimal, this finding is in line with
previous studies that reported decreased feeding upon intra-VTA
leptin injections (15, 24, 40–42). Interestingly, previous studies
reports suggest that non-DA neurons of the VTA mediate leptin
effects on feeding: strategies targeting only DA LepR neurons, i.e.
LepR deletion in DAT neurons (28) or STAT3 deletion in DAT
neurons (27), did not affect feeding and mice with STAT3
deletion in DAT neurons remained responsive to leptin’s
anorexic effect upon intra-VTA leptin infusions (27).
Evenmore, a recent study showed that inhibition of VTA-
GABA neurons decreased regular chow intake (43). Our data
therefore support the idea that VTA GABA-LepR neurons, like
VTA-GABA neurons, modulate feeding, as the decrease in
feeding in our experiments is most likely mediated by the
activation of these inhibitory neurons.

Given that most SN LepR neurons are DA neurons and
chemogenetic activation of SN DA neurons increased
locomotion (33), it was unexpected to find that activating SN
LepR neurons decreased locomotion. An explanation for this
could lie in the fact that only 15% of SN dopaminergic contain
LepR and that 10% of SN-LepR neurons are also non-
dopaminergic. This suggests that activation of this relatively
low amount of DA neurons in the SN is not sufficient to
increase locomotion, and also that the few inhibitory SN LepR
neurons reduce locomotion. Furthermore, we found no effect of
VTA LepR activation on locomotion. However, increased
locomotion observed after LepR knockdown in VTA neurons
Frontiers in Endocrinology | www.frontiersin.org 10116
(15) or loss of STAT3 in VTADA neurons (27) suggest that VTA
DA neurons that express LepR modulate locomotion. Similar to
the explanation for SN neurons, perhaps activating a low amount
of VTA DA neurons was similarly not sufficient to
modulate locomotion.

We did not observe changes in anxiety-like behavior upon
chemogenetic activation of VTA LepR. However, previous
studies report that leptin reduces anxiety by inhibition of VTA
DA-LepR neurons that project to the extended central amygdala
(18, 20, 28). Furthermore, increased anxiety was seen after
deletion of LepR in DA neurons and this was accompanied by
increased burst firing of VTA DA neurons (28). Other studies
have also suggested that burst firing in VTA DA neurons results
in anxiogenic behaviour (44, 45). Together, these results suggest
that chemogenetic activation of VTA LepR neurons did not
activate VTA DA neurons to the extent of burst firing that is
capable of increasing anxiety.

Interestingly, behavioral effects of chemogenetic activation of
VTA LepR or SN LepR were only observed in food restricted
mice, which have lowered leptin levels (35). As such, we assume
that the neurons responsible for changing behavior show
decreased activity when leptin levels are low. Since neuronal
stimulation resulted in the reduction of the behavior tested, the
observed effects were likely driven by the activation of inhibitory
non-DA neurons in the VTA or SN, such as GABA neurons.
Together, this suggests that GABA neurons mediated the
observed reductions in behavior and that GABA neurons are
less active with lower leptin levels. Therefore, we propose that
leptin stimulates activity of these LepR neurons to contribute to
the suppression of motivation, feeding and locomotion. Future
studies will be needed to verify this.

There are limitations to the interpretation of the results. The
number of mice used in the studies was limited with groups sizes
of 6 mice and we performed most experiments with a single dose
of CNO. As control for off-target effects of CNO we used mice
that expressed a fluorescent protein (channelrhodopsin) not
activated by CNO. We cannot exclude that larger group sizes,
more doses of CNO or the use of other DREADD receptor
ligands for which no off-target effects have been reported would
result in unmasking roles of midbrain leptin receptor neurons in
the assays we used. Therefore we hope that this study inspires
others to replicate and extend our findings.
A B

FIGURE 9 | Anxiety-like behavior upon chemogenetic activation of VTA LepR or SN LepR neurons. Anxiety-like behavior in the EPM was not affected by CNO
(1.0mg/kg) VTA LepR-Gq (n=6) (A) and SN LepR-Gq (n=6) (B) injected mice.
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To conclude, our results show that activating SN LepR
neurons decreased locomotion and activating VTA LepR
neurons decreased feeding and motivation for food reward.
Although both SN LepR and VTA LepR neurons are
predominantly DA neurons, which are inhibited by leptin, the
effects described here support involvement of inhibitory non-DA
neurons in feeding, locomotion and food reward. This is an open
question that needs to be addressed to more fully understand the
mechanism underlying leptin’s effect on motivation for
food reward.
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Role in the Relationship Between
Brain Glucose Metabolism and
Brown Adipose Tissue Activity in
Healthy Adults: A PET/CT Study
Qiongyue Zhang1,2*†‡, Qing Miao1†, Yehong Yang1†, Jiaying Lu3, Huiwei Zhang3,
Yonghao Feng1, Wei Wu1, Xiaoming Zhu1, Boni Xiang1, Quanya Sun1, Yihui Guan3,
Yiming Li1*, Chuantao Zuo3*‡ and Hongying Ye1*‡

1 Division of Endocrinology and Metabolism, Department of Internal Medicine, Huashan Hospital, Shanghai Medical College,
Fudan University, Shanghai, China, 2 Shanghai Key Laboratory of Metabolic Remodeling and Health, Institute of Metabolism &
Integrative Biology, Fudan University, Shanghai, China, 3 Positron Emission Tomography (PET) Center, Huashan Hospital,
Shanghai Medical College, Fudan University, Shanghai, China

Introduction: Brown adipose tissue (BAT) becomes the favorite target for preventing and
treating metabolic diseases because the activated BAT can produce heat and consume
energy. The brain, especially the hypothalamus, which secretes Neuropeptide Y (NPY), is
speculated to regulate BAT activity. However, whether NPY is involved in BAT activity’s
central regulation in humans remains unclear. Thus, it’s essential to explore the
relationship between brain glucose metabolism and human BAT activity.

Methods: A controlled study with a large sample of healthy adults used Positron emission
tomography/computed tomography (PET/CT) to noninvasively investigate BAT’s activity
and brain glucose metabolism in vivo. Eighty healthy adults with activated BAT according
to the PET/CT scan volunteered to be the BAT positive group, while 80 healthy adults
without activated BAT but with the same gender, similar age, and BMI, scanning on the
same day, were recruited as the control (BAT negative). We use Statistical parametric
mapping (SPM) to analyze the brain image data, Picture Archiving & Communication
System (PACS), and PET/CT Viewer software to calculate the semi-quantitative values of
brain glucose metabolism and BAT activity. ELISA tested the levels of fasting plasma NPY.
The multiple linear regression models were used to analyze the correlation between brain
glucose metabolism, the level of NPY, and the BAT activity in the BAT positive group.

Results: (1) Compared with controls, BAT positive group showed significant metabolic
decreases mainly in the right Insula (BA13a, BA13b) and the right claustrum (uncorrected
P <0.01, adjusted BMI). (2) The three brain regions’ semi-quantitative values in the BAT
positive group were significantly lower than the negative group (all P values < 0.05). (3)
After adjusting for age, gender, BMI, and outside temperature, there was a negative
correlation between brain metabolic values and BAT activity (all P values < 0.05). However,
after further adjusting for NPY level, there were no significant differences between the
n.org July 2021 | Volume 12 | Article 6941621119
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BA13b metabolic values and BAT activity (P>0.05), while the correlation between the
BA13a metabolic values and BAT activity still was significant (P< 0.05).

Conclusions: Regional brain glucose metabolism is closely related to healthy adults’ BAT
activity, which may be mediated by NPY.
Keywords: brown adipose tissue, positron-emission tomography and computed tomography, brain glucose
metabolism, neuropeptide Y, statistical parametric mapping
INTRODUCTION

Brown adipose tissue (BAT) has been well recognized as a
significant thermogenic tissue to maintain the body temperature
in rodents and newborn humans because of its high expression of
uncoupling protein 1 (UCP1) (1). Besides, recent studies have
proved that BAT can be activated and also present in adults,
which are detected by 18F-fluorodeoxyglucose (18F-FDG) positron
emission tomography/computed tomography (PET/CT) (2, 3).
Stimulating BAT activity is expected to be a new approach to treat
obesity and other metabolic diseases (4, 5), but the precise
regulatory mechanism of BAT activity is still unclear.

The central nervous system (CNS) is the core of regulating
energy metabolism, which may be related to heat generation and
energy consumption of BAT (6), especially the hypothalamus,
which is involved in the regulation of BAT activity (7). The
hypothalamus is the center of feeding behavior, body
temperature regulation, and metabolism control (8). As the
region of information integration in the brain, the insular
cortex (Insula) regulates temperature, pain, appetite, and
energy metabolism, which has a fibrous connection with the
hypothalamus (9). The claustrum is a small region subcortical
structure and contiguous the insula. Mammal species studies
have shown that there are networks between the insula and
claustrum, which may influence many aspects of the brain’s
function together (10, 11).

Previous invasive methods of studying the structure and
function of CNS do not apply to the human body. Emerging
molecular functional imaging technology PET/CT is mainly used
to diagnose and evaluate tumors, infectious diseases (12), and
central nervous system diseases (13), such as lung cancer (14),
lymphoma (15), etc. al. Since detection of 18F-FDG uptake is the
gold standard for reflecting BAT activity, PET/CT imaging has
become the most common platform for investigating the human
BAT (16). Studies have shown that PET/CT can not only detect
the activity of adult BAT (17), but also evaluate the glucose
metabolism in specific brain regions (18) and can noninvasively
semi-quantitative analyze the brain structure and function. So far,
most PET/CT studies focused on oncology patients (19) or with a
small sample (20). In several retrospective studies, the prevalence
of activated BAT ranged from 1.3% to 6.7%, while our previous
retrospective study found that there were 410 of the 31088
subjects (1.32%) identified by PET/CT scanning as activated
BAT (21). In our cross-sectional study, the BAT positive rate
was 1.77%(105/5945). Moreover, adults with activated BAT were
younger, had lower BMI, higher insulin sensitivity, and better
lipid profiles than those without activated BAT positive (22).
n.org 2120
In view of many factors, such as disease status, age, gender,
temperature, and environment, may affect brain metabolism and
BAT activity. Therefore, we adopted the 18F-FDG PET/CT
imaging technology and the Statistical Parametric Mapping
(SPM) software, enlarged the sample size, and recruited
healthy adults who came to the PET center for the purpose of
physical examination in order to precisely explore the
relationship between the brain glucose metabolism and healthy
adult BAT activity. In addition, this controlled study not only
analyzed the relationship between brain glucose metabolism and
BAT activity but also verified whether the Neuropeptide Y
(NPY), which was secreted by the hypothalamus, was involved
in brain glucose metabolism to regulate BAT’s activity. To
provide clues and basis for revealing the mechanism of central
regulation of BAT activity.
MATERIALS AND METHODS

Subjects and Workflow
About six thousands of individuals underwent a whole-body
imaging scan using 18F-FDG PET/CT in the PET Center of
Huashan Hospital Affiliated with Fudan University from
September 2009 to March 2011. Eighty healthy adults with
activated BAT detected by PET/CT scan were recruited as the
BAT positive group after reviewing the medical history, physical
examination, and tested fasting blood sample. Each BAT positive
subject was matched to a healthy adult without activated BAT
detected by PET/CT scan on the same day, with the same gender
and similar age ( ± 5 years). Furthermore, in the BAT positive
group, there were 15 subjects who volunteered to stay at
thermoneutrality (28°C, two hours, in the climate chamber)
and then re-examined PET/CT scan to confirm that BAT was
undetected within two weeks, and took a fasting blood test for the
level of NPY. All subjects were healthy Chinese adults (aged
between 20-50 with BMI < 30), and had no history of diabetes,
hypertension, heart disease, severe infection, chronic liver or
kidney disease, or cancers, and did not take any regular
medications (especially adrenergic receptor blockers,
antidepressants, or psychiatric drugs, et al.). Pregnant women
and subjects with implantable medical electronic devices should
be excluded. The workflow of the study is shown in Figure 1. The
Ethics Committee approved the study design of Huashan
Hospital at Fudan University. All of the subjects volunteered
for scientific research and signed informed consent. The trial was
already registered at Clinical Trials.gov (NCT01387438).
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Medical Assessment and Blood
Sample Collection
Demographics and clinical data, including age, gender, body mass
index (BMI), medical history, medication utilization, diagnosis,
and daily average outdoor temperature, were obtained from all
subjects (shown inTable 1). The blood samples were drawn in the
fasting and resting state, and the fast blood glucose (FBG) levels
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were measured using an automatic biochemical analyzer (Hitachi
7600, Japan) before the PET/CT scan. The concentrations of NPY
in the BAT positive group were determined by enzyme-linked
immunosorbent assay (Raybiotech, American) after the PET/CT
scan. The other medical assessment, such as the heart rate, systolic
blood pressure (SBP), diastolic blood pressure (DBP), was
performed on the two groups.
TABLE 1 | Characteristics of the subjects with activated BAT (BAT Positive) and without 18F-FDG BAT uptake (BAT Negative)*.

BAT-Positive group (n = 80) BAT-Negative group (n = 80) P value†

Demographic features
Gender (men: women) 20: 60 20: 60 1.000
Age (year) 36.84 ± 6.71 36.90 ± 6.24 0.951
Handedness (R:L:N/A) 78: 1: 1 77: 2: 1 —

Outdoor temperature (°C) 8 (6 – 11) 8 (6 – 11) 1.000
Clinical Characteristics
BMI (Kg/m2) 21.06 ± 2.38 21.71 ± 1.83 0.053
SBP (mmHg) 123.13 ± 12.46 122.55 ± 10.38 0.752
DBP (mmHg) 79.79 ± 9.54 81.05 ± 8.62 0.381
Heart rate (beats/min) 72.60 ± 7.34 71.00 ± 6.34 0.142
Fasting glucose (mmol/l) 4.86 ± 0.52 4.82 ± 0.57 0.663
July 2021 | Volume 12 | Articl
*BAT denotes brown adipose tissue, SBP denotes systolic blood pressure, and DBP denotes diastolic blood pressure. BMI (Body-mass index) is the weight in kilograms divided by the
square of the height in meters. The continuous variables of the normal distribution are expressed by mean ± standard deviation, and the continuous variables of non-normal distribution are
described by median (quaternary interval P25~P75).
†P values were obtained by a two-sided test using two independent sample tTest.
FIGURE 1 | Subjects and Workflow. Flowchart of the PET/CT study: This research is a cross-sectional control study with a large sample. Subjects were divided into
two groups according to 18F-FDG uptake of BAT detected by PET-CT. Eighty healthy adults with activated BAT detected by PET/CT scan were recruited as the BAT
positive group, while each BAT positive subject was matched to a healthy adult without activated BAT detected by PET/CT scan on the same day, with the same
gender, and similar age ( ± 5 years), who became the BAT negative control group. There were 15 BAT positive subjects who volunteered to stay in thermoneutrality
(28°C, two hours), repeat the PET/CT scan, and take a blood test for the NPY level. Every subject performed the whole-body PET/CT scan, the physical
examination, and the blood test.
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PET/CT Scan and Imaging Processing
All subjects fasted for at least 8 hours before performing the whole-
body PET/CT scan (PET/CT Biograph 64, SIEMENS) at room
temperature, which was maintained at 21~23°C. According to the
PET/CT scanning protocol, the PET tracer (18F-FDG) was
administered intravenously with a dose of 5.55-7.40MBq/kg. Then
the subjects rested for 45 minutes until imaging began. After a CT
transmission scan for attenuation correction, PET scans were
acquired and reconstructed with the three-dimensional (3D)
reprojection method. Commonly, transmission and emission
modes are used alternately to scan brain images. The peak voltage
was 120kV, the electric current was 300mA, the scanning time for
each bed is 1.5 minutes, and the collection time is at least 10
minutes. The body’s emission scan was 2 minutes per bed position,
and five to six bed positions per subject were needed to cover the
BAT areas. Brain PET images were reconstructed by - the ordered
subset expectation maximization method and Hanning filtering
with matrix 168×168×148 and pixel 2.04mm×2.04mm×1.5mm,
giving a transaxial and axial cut-off frequency of 0.5. The
Leonardo workstation of Siemens fused the images. Both PET
and CT images were reconstructed in transaxial, coronal, and
sagittal images with a slice thickness of 3 mm. BAT positive was
defined, and BAT activity was calculated according to the standard
of Cypess et al. (23): 1) the CT value was adipose tissue (-250 to -50
Hounsfield units), 2) the diameter of the area is greater than 4mm,
3) the maximum of 18F-FDG Standardized uptake value (SUVmax)
of BAT exceeds 2.0g/ml. All studies in patients and healthy subjects
were performed in a resting state in a quiet and dimly lit room.

Statistical Analysis
Image Data Preprocess
SPM8 software was used to analyze the locations of brain regions
with different metabolic between the BAT positive and negative
groups, and also to measure the glucose metabolism of different
brain regions and the semi-quantitative value of BAT’s activity.
Firstly, PET scans were spatially normalized to Montreal
Neurological Institute (MNI) space, by using the default PET
template in SPM8 software (Wellcome Department of Imaging
Neuroscience, Institute of Neurology, London, UK, Version 8)
applied in MATLAB 8.4.0 (Mathworks Inc, Sherborn, MA).
Then, in order to increase the signal-to-noise ratio for statistical
analysis, the normalized PET scans were smoothed by a Gaussian
filter of 10 mm full width at half maximum over a 3D space. Voxel-
wise analysis was performed to detect regional differences in mean
glucose metabolism between two groups by SPM8 software. A two-
sample t-test according to the general linear model at each voxel and
the mean signal differences over the whole brain were removed by
analysis of covariance in each individual subject. And BMI was
included as the covariate. The threshold was set as P<0.01
(uncorrected) over whole brain regions with an extent threshold
was empirically chosen to be more than two times of the expected
voxels per cluster estimated in the SPM run. Significant regions were
localized by Talairach-Daemon software (Research Imaging Center,
University of Texas Health Science Center, San Antonio, TX, USA).
The SPM map for altered glucose metabolism was overlaid on a
standard T1-weighted MRI brain template in stereotaxic space.
Frontiers in Endocrinology | www.frontiersin.org 4122
Next, a spherical volume of interest (VOI), four mm in radius
within the image space, centered at the peak voxel of clusters
significant in SPM analysis, were constructed to quantify
metabolic changes in specific regions (Figure 2). We subsequently
calculated the individual values of each region as a relative measure
of regional cerebral metabolism [VOI value/whole-brain value]
using ScAnVP freely available (http://www.feinstein-neuroscience.
org at Center for Neuroscience, the Feinstein Institute for Medical
Research, Manhasset, NY) in MATLAB.

Clinical Data Analysis
SPSS software (Spss Inc., Chicago, IL, USA, version 20.0) was used
to analyze the differences in clinical data and semi-quantitative
values of brain regions between the BAT positive and negative
groups. The Kolmogorov-Smimov test was performed first.
Continuous variables of the normal distribution were described
by Means ± standard deviation (SD), and Student’s t-test was used
to compare the differences between the two groups. Data that are
not normally distributed are represented as medians (interquartile
intervals), and logarithmic conversion is performed before further
analysis. Multiple linear regression models were used to analyze the
correlation between the semi-quantitative value of brain region and
BAT activity and to adjust for possible confounding factors such as
age, BMI, gender, outdoor temperature, and the plasma NPY level.
All P values were two-tailed, and the values less than 0.05 are
considered to be statistically significant.
RESULTS

Baseline and Characteristics
A total of 80 healthy subjects with detected BAT by PET-CT scan
were enrolled into the BAT-positive group, and 80 subjects with
well-matched gender (P=1.000), outdoor temperature (P=1.000),
and age (P=0.951) and handedness (P=1.000) without detected
BAT by PET-CT scan were served as the BAT negative control
group. Clinical characteristics between the two groups, such as
BMI (21.06 ± 2.38 vs. 21.71 ± 1.83, P = 0.053), SBP(P = 0.752),
DBP (P = 0.381), heart rate (P = 0.234), and FBG (P = 0.663)
were not statistically different (Table 1).

Differences in Brain Glucose Metabolism
Between the BAT Positive Group and the
BAT Negative Group
The voxel-wise analysis found that there were differences in three
brain regions between the BAT positive group and the BAT negative
group (Figure 3, and Table 2). As shown in Figure 4, compared
with the BAT negative control group, the local glucose metabolic
activities of the right Insula (BA13a, Z =3.08), the right Insula
(BA13b, Z =3.05), and the right claustrum (Z =3.16) in the BAT
positive group were lower (uncorrected P<0.01, threshold K≥321.6
voxels, adjusting for BMI) (Table 2). Then, the semi-quantitative
values of glucose metabolism in the three different brain regions
were further calculated and analyzed as continuous variables, shown
inTable 3. Compared with BAT negative controls, the BAT positive
subjects’ semi-quantitative metabolic activities of brain regions in
July 2021 | Volume 12 | Article 694162

http://www.feinstein-neuroscience.org
http://www.feinstein-neuroscience.org
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhang et al. Brain Glucose Metabolism and BAT
A B

FIGURE 2 | Comparison diagram of subjects with and without activated BAT assessed by 18F-FDG PET/CT. (A) The above images shows extended BAT uptake of
18F-FDG in cervical, supraclavicular, axillary, and paravertebral regions in healthy adult. The below images The below image of the other subject with the same
gender, similar age and BMI in whom PET/CT was performed in the same day shows no BAT uptake of 18F-FDG in the same regions. (B) The subject with activated
BAT mainly located in the central axis areas such as the cervical-supraclavicular and paravertebral on the PET maximum intensity projection. “C/S” means cervical/
supraclavicular and “P” denotes paravertebral (red arrows).
FIGURE 3 | Areas of significant differences of glucose metabolism in subjects with activated BAT, compared with controls. Statistical Parametric Mapping (SPM)
results: It is displayed on a T1 template overlaid with magnetic resonance images at the threshold of uncorrected P<0. 01, threshold K>321.6, and the gray-scale
figures are a T1 structural MRI that are representative of MNI space. The blue areas represent relatively hypometabolic regions of decreased 18F-FDG uptake in the
right claustrum (A) and right Insula (B) in BAT-positive subjects than in negative control subjects.
Frontiers in Endocrinology | www.frontiersin.org July 2021 | Volume 12 | Article 6941625123
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the right Insula(BA13a, BA13b) and right claustrum were
significantly decreased (Figure 4 and Table 3).

Correlation Analysis of Brain Glucose
Metabolism and BAT Activity
As shown in Figure 5, there was a negative correlation between
the BAT activity and the average outdoor temperature on the
examination day in the BAT positive group (r = -0.366, P =
0.001). And more importantly, the semi-quantitative values of
the three different brain regions were both negatively correlated
with BAT Activity in the BAT positive group (BA13a r = -0.293,
P = 0.008; BA13b r = -0.374, P = 0.001; right claustrum r = -0.279,
P = 0.012).

Multiple Linear Regression Analysis of
Brain Glucose Metabolism, NPY Level,
and BAT Activity
In order to reduce the interference of confounding factors,
multiple linear regression models were used to analyze the
TABLE 2 | Areas of significant differences of glucose metabolism in subjects with activated BAT (BAT-positive group), compared with controls (BAT-negative group)*.

Metabolic change Cluster Size (mm3) Tmax Zmax Coordinates Brain regions

x y z

Decreased 7864 3.13 3.08 42 2 10 Right Sub-lobar, Insula, Brodmann area 13a
7864 3.10 3.05 38 -10 8 Right Sub-lobar, Insula, Brodmann area 13b
7864 3.21 3.16 34 8 6 Right Claustrum, Brodmann area/
*Coordinates are displayed in MNI standard space. Regions are significant at voxel threshold P < 0.01 (uncorrected, adjusted for BMI), extent threshold =321.6 voxels (2572.8 mm3).
FIGURE 4 | Differences of semi-quantitative metabolic values of brain regions
between BAT positive group and BAT negative group. The semi-quantitative
metabolic values of three brain region in BAT positive group were significantly
lower than these in BAT negative group (BA13a P = 0.001; BA13b P = 0.002;
Right claustrum P = 0.002). BA denotes the Brodmann area. P values are
based on Independent-Samples tTest. ** denotes P value < 0.01.
TABLE 3 | The semi-quantitative values of brain regions with significant metabolic differences between BAT positive group and BAT negative group*.

Brain region BAT -positive (n = 80) BAT-negative (n = 80) P value†

Right Sub-lobar, Insula (BA13a) 1.509 ± 0.008 1.546 ± 0.008 0.001
Right Sub-lobar, Insula (BA13b) 1.599 ± 0.008 1.635 ± 0.008 0.002
Right Claustrum 1.581 ± 0.009 1.619 ± 0.008 0.002
July 2021 | Volume 12 | Articl
*Indicated are mean values ± SE, BA denotes Brodmann area.
†P values are based on Independent-Samples tTest.
A B

FIGURE 5 | Correlation analysis of brain semi-quantitative metabolism values and average outdoor temperature with BAT activity. BAT activity was negatively
correlated with average outdoor temperature [(A), r = -0.366, P = 0.001] and semi-quantitative values of brain metabolism. [(B), BA13a r = -0.293, P = 0.008;
BA13b r = -0.374, P = 0.001; right claustrum r = -0.279, P = 0.012].
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correlation between variables in the BAT positive group. The
BAT activity was taken as the dependent variable, and the semi-
quantitative metabolic values of the three brain regions, as well as
the plasma NPY level in the BAT positive group, were analyzed
as the independent variable.

As shown in Table 4, after adjusting for age, gender, BMI, and
outside temperature in the regression model 1 and 2, the semi-
quantitative metabolic values of right insula and claustrum areas
were still significantly negatively correlated with BAT activity.
While adjusting for the NPY level in the regression model 3, the
correlation between the semi-quantitative values of brain
metabolism (BA13a and right claustrum) and the BAT activity
was statistically negative (P = 0.025, P = 0.027). It was suggested
that the correlation between the other brain region’s semi-
quantitative value and BAT activity was affected by NPY levels.
However, NPY level was negatively correlated with BAT activity.
This negative correlation was still statistically significant even after
adjusting for the three brain regions’ semi-quantitative values in
the last model (P <0.001), which indicated that the level of NPY
was an independent factor affecting BAT activity. The NPY levels
of 15 BAT positive subjects were lower than their negative
controls’, which also increased after thermoneutrality (Figure 6).
DISCUSSION

This research carried out a controlled study in healthy people with a
large sample size to explore BAT activity’s central regulatory
mechanism noninvasively and in-vivo and minimizing
distractions. Advanced molecular functional imaging PET-CT
technology was used to semi-quantitatively analyze the
relationship between brain glucose metabolism and BAT activity.
Moreover, the plasma NPY level of multiple groups (BAT negative
group, BAT positive group, and BAT positive group after thermal
neutral intervention) was further detected by Elisa. It provides a new
clue to study the central regulatory mechanism of BAT activity.
Frontiers in Endocrinology | www.frontiersin.org 7125
It is known that the CNS is involved in maintaining energy
metabolism and substance metabolism homeostasis, especially
the hypothalamus area, which plays an essential role in this
process (24). Even though animal studies have shown that
knockdown of NPY expression in the dorsomedial
hypothalamus could stimulate BAT activity (25), there is no
direct evidence that the hypothalamus regulates BAT activity in
healthy adults. Our results show apparent metabolic differences
in brain regions (such as right insula and claustrum) between
BAT positive subjects and their negative controls, but do not
show the glucose metabolism values of the hypothalamus region
are different between the two groups, which is consistent with the
conclusion of the Taiwan study of cancer patients (26). Our
research group has also analyzed the changes in brain glucose
metabolism in the BAT positive subjects before and after the
thermoneutrality intervention, and the metabolic changes in the
hypothalamus region were not statistically significant either (18).
It may be the hypothalamus region is relatively small, and the
PET/CT imaging resolution is limited, so it is difficult to find the
area with a difference of less than 2mm. Thus, the possibility of
false negatives is likely to exist. The central neuroendocrine
regulation is a complex network, and the hypothalamus may
play an indirect role through the combination of other fibers or
the brain structure.

In this study, SPM8 software and 18F-FDG PET/CT related
image analysis software were used to further calculate the three
brain regions’ semi-quantitative values with metabolic
differences and BAT activity. Results show that the semi-
quantitative values of the brain regions in the right sub-lobar
insula and right claustrum of the BAT positive group were
significantly lower than those of the negative group (Figures 3,
4 and Table 3), which not only analyzed the spatial structure but
also semi-quantitatively found that the metabolism of specific
brain regions was negatively correlated with BAT activity.
These computation results are statistically significant and
highly reliable.
TABLE 4 | Multiple linear regression models for associations of brain glucose metabolism and NPY with the activity of BAT*.

Independent Variable Model b Standard error of the coefficient t r

Region1 1 -22.778 8.380 -2.718 0.008
2 -22.028 7.812 -2.820 0.006
3† -15.046 6.585 -2.285 0.025

Region2 1 -30.296 8.353 -3.627 0.001
2 -29.471 7.754 -3.801 <0.001
3† -14.261 7.404 -1.926 0.058

Region3 1 -19.221 7.310 -2.630 0.010
2 -21.880 6.718 -3.257 0.002
3† -13.256 5.872 -2.257 0.027

Lg(NPY)‡ 1 -8.331 1.315 -6.334 <0.001
2 -7.764 1.247 -6.226 <0.001
3§ -6.815 1.343 -5.074 <0.001
July 2021
 | Volume 12 | Article
*Values of b are regression coefficients; Region 1, 2, 3 denote the semi-quantitative metabolic values of brain regions(BA13a, BA13b, Right Claustrum) respectively; NPY denotes
neuropeptide Y; model 1, after adjustment for age, gender, BMI; model 2, after further adjustment for the outside temperature.
†Model 3, after further adjustment for NPY.
‡We used the logarithmic transformation to transform data to the normal distribution and described them as Lg(X) instead of X.
§Model 3, after further adjustment for Region1, Region2, Region3.
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Confounding factors such as tumor diseases, age, gender, and
temperature can directly influence the glucose metabolism of the
human brain and the activity of the BAT (23, 27, 28). Therefore,
160 healthy adults were recruited as this research’s subjects,
whether activated BAT detected by PET/CT scan is divided into
BAT positive group and negative control group, in accordance
with the 1:1 matching of gender and scan date. Demographic
characteristics (such as age, gender, hand dominance, and
average outdoor temperature) of the two groups were not
significantly different, as well as clinical data (such as blood
pressure, heart rate, fasting glucose, and BMI) (Table 1).

To further reduce the interference of confounding factors,
this study establishes the multivariate linear regression models to
adjust for age, gender, BMI, and the average outdoor
temperature. Despite adjusting for these factors, the semi-
quantitative metabolism values of the right insula and
claustrum were still negatively correlated with BAT activity.
Nevertheless, after further correction of NPY level, only partial
right insula and claustrum metabolism values were significantly
negatively correlated with BAT activity. These results indicated
that the brain glucose metabolism was closely related to BAT
activity, which was not affected by age, gender, BMI, and outdoor
temperature, but might be affected by the level of NPY.

Although there was no significant metabolic difference in the
hypothalamus region between the two groups, in the multiple
linear regression models, the level of NPY was consistently
negatively correlated with BAT activity after successively
adjusting for age, gender, BMI, outdoor mean temperature,
Frontiers in Endocrinology | www.frontiersin.org 8126
and the semi-quantitative values of the three brain regions.
The results of this study highly suggested that the level of
hypothalamic neuroendocrine factor NPY was closely related
to BAT activity and was not affected by other factors. NPY is
made up of 36 amino acids, is one of the most critical
neuroendocrine factors, mainly secreted by the hypothalamus,
stimulates the appetite. While the permeability of the blood-
brain barrier is different between individuals, the hypothalamic
arcuate nucleus of NPY content is the most abundant. The
circulating NPY level is closely related to the central brain
source of NPY and can be integrated into the metabolic
response of the central and peripheral nervous systems. Our
clinical study revealed that under a fasting state, NPY was
negatively correlated with BAT activity, and these brain
regions might regulate the activity of BAT through the action
of NPY. The NPY levels of 15 BAT positive subjects were lower
than their negative controls’, which also increased after
thermoneutrality intervention. This changing trend of NPY
further confirms the negative correlation between NPY and
BAT activity.

In this study, the classical Brodmann area (BA) based on the
neuroanatomical cellular structure was used to represent the
distribution locations of metabolic different brain regions (29).
Our study identified the three brain regions of BA13a, BA13b, and
right claustrum, which are parts of the right sub-lobar insula and
belong to the limbic system. The insula is the only cortex of the
human brain hidden deep in the cerebral tissue, in the shape of an
inverted triangle, about the size of a “plum”. The insular lobe is
involved in many physiological processes such as emotional and
psychological regulation, visceral and somatosensory, motion
control, etc. (30–32). The insular lobe receives physiological
signals (such as temperature, visceral sensation, pain, etc.) that
the body senses and then integrates information and transmits it to
related structures in the brain. The structure and fiber connections
around the insula are the material basis for successfully completing
the “bridge” work of the insula. The anterior part of the insula is
connected to the anterior lobe of the brain and the posterior
portion to the temporal and parietal lobes. In addition, the insular
lobe can also be closely associated with the surrounding brain
tissue through the superior longitudinal tract, hooklike tract,
frontal occipital tract, and other white matter fibers (33, 34).
Both the insular lobe (which belongs to the cortical structure)
and the hypothalamus (which belongs to the subcortical structure)
are components of the limbic system and share a common
molecular biomarker, limbic system-associate membrane protein
(LAMP). It has a unique function in a specific area and also plays a
holistic role through a complex network of peripheral structures,
fibrous connections, and loops that interact with other tissues in
the brain (35).

As the center of body temperature regulation, the
hypothalamus can stimulate BAT activity to produce heat
through the sympathetic nervous system, and the insula is the
signal receiving station and integration center of the body to the
external temperature. Therefore, when the human body is
stimulated by ambient temperature, the metabolism of the
insula region of the cerebral cortex changes, and the integrated
signal is transmitted to the hypothalamus through fiber
FIGURE 6 | Changes in NPY between the three groups. The NPY levels of
15 BAT positive subjects were lower than their negative controls’ (P < 0.001),
which also increased after thermoneutrality (P = 0.003). ** denotes P value <
0.01, **** denotes P value < 0.001.
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connections, thereby regulating the thermogenic activity of BAT.
However, after the adjustment of outdoor temperature in the
multiple linear regression model, it was still found that the
metabolism of brain regions was related to BAT activity,
suggesting that there were some regulatory mechanisms
independent of temperatures, such as mental factors and
visceral sensation factors.

There are still some limitations to this study. As a single-center,
cross-sectional study, it was observed that glucose metabolism was
closely related to BAT activity in some brain regions, but the causal
relationship could not be fully explained. Further mechanism
studies using transgenic animals are expected. This study focused
on the hypothalamic region and NPY, while it is not known that
other neuroendocrine factors may be involved in the central
regulation of BAT activity. There are still many mysteries in the
regulation mechanism of BAT activity, especially in the CNS
regulation mechanism. We hope to conduct in-depth research on
the mechanism of central regulation of metabolism in vivo through
micro PET/CT of animals.
CONCLUSION

This study revealed that the glucose metabolism in some brain
regions (such as the insula-claustrum region) was closely related to
BAT activity, and NPY mostly excreted from the hypothalamus
may play an essential role in it. This is a new clue added to the
central regulation of energy metabolism, which provides valuable
experience for opening up new research methodology.
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The 5-hydroxytryptamine 2C receptor (5-HTR2C) is a class G protein-coupled receptor
(GPCR) enriched in the hypothalamus and the brain stem, where it has been shown to
regulate energy homeostasis, including feeding and glucose metabolism. Accordingly, 5-
HTR2C has been the target of several anti-obesity drugs, though the associated side
effects greatly curbed their clinical applications. Dissecting the specific neural circuits of 5-
HTR2C-expressing neurons and the detailed molecular pathways of 5-HTR2C signaling in
metabolic regulation will help to develop better therapeutic strategies towards metabolic
disorders. In this review, we introduced the regulatory role of 5-HTR2C in feeding behavior
and glucose metabolism, with particular focus on the molecular pathways, neural
network, and its interaction with other metabolic hormones, such as leptin, ghrelin,
insulin, and estrogens. Moreover, the latest progress in the clinical research on 5-HTR2C
agonists was also discussed.

Keywords: 5-HTR2C, feeding behavior, glucose homeostasis, obesity, hypothalamus, neural network, energy
metabolism, lorcaserin
INTRODUCTION

Serotonin, or 5-hydroxytryptamine (5-HT), is an essential neurotransmitter that has been shown to
be involved in the regulation of multiple physiological and behavioral functions, including emotion,
cognition, sleep, exercise, and energy homeostasis (1, 2). There are seven classes of receptors in the
5-HT family, most of which are G-protein coupled receptors (3, 4). Among them, 5-HTR2C has
been shown as a key regulator for feeding and glucose homeostasis. Knock-out of 5-HTR2C in mice
resulted in increased food intake, insulin resistance, and obesity (5, 6), while pharmacological
activation of the 5-HTR2C inhibits food intake (7). Thus, 5-HTR2C has become a hot target for
anti-obesity treatment. For example, the non-selective 5-HTR2C agonist D-Fenfluramine (d-Fen)
(Table 2), and selective 5-HTR2C agonist lorcaserin (Table 2) were approved by Food and Drug
Administration for body weight management. However, they were withdrawn due to associated side
effects. A better understanding of the mechanism of 5-HTR2C on energy homeostasis will facilitate
the development of improved drugs targeting 5-HTR2C pathways for metabolic diseases. In this
review, we recapped the molecular mechanisms and discussed the neural circuits of 5-HTR2C in
regulating energy metabolism. In addition, the functional interactions between 5-HTR2C and other
n.org July 2021 | Volume 12 | Article 6942041129
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appetite-regulatory signaling pathways were discussed. Since 5-
HTR2C has become one of the most promising targets for
treating obesity, we also discussed the clinical application of 5-
HTR2C as a potential therapeutic target in treating
metabolic diseases.
5-HTR2C SIGNAL TRANSDUCTION

5-HTR2C is one of the first sequenced and cloned 5-HT
receptors (8). The gene coding 5-HTR2C is located at
chromosome Xq24 in humans. It contains three introns
(instead of two, such as 5-HTR2A and 5-HTR2B) and encodes
a protein product with seven transmembrane regions. There is
more than 80% homology of 5-HTR2C in the transmembrane
regions among mice, rats, and humans (9). 5-HTR2C is widely
expressed in the central nervous system (CNS) compared to the
peripheral nervous system (10). In the CNS, 5-HTR2C is
expressed in these known brain areas that are related to energy
metabolism, including the ventral tegmental area (VTA), the
arcuate nucleus (ARC), the nucleus tractus solitarius (NTS),
paraventricular nucleus of the hypothalamus (PVN), and
lateral parabrachial nucleus (LPBN) (11). Genetic studies with
loss or gain function of 5-HTR2C indicate a key role of 5-HTR2C
in these brain regions in maintaining energy homeostasis (12).
Pharmacological studies using its agonists or antagonists also
revealed that central 5- HTR2C is involved in various metabolic
diseases such as diabetes and obesity (13). In line, a higher
density of 5-HTR2C was found in the hypothalamus in Prader-
Willi syndrome (PWS) patients showing hyper appetite and
obesity (14).

The best understood function of 5-HTR2C is food intake
regulation through 5-HTR2C action in pro-opiomelanocortin
(POMC) neurons in the hypothalamus (Figure 1). Serotonin
binding to 5-HTR2C leads to the dissociation of a heterotrimeric
G protein that binds to the second intracellular loop of 5-
HTR2C. Upon dissociation, the subunit Ga/q11, activates
phospholipase C, generating inositol triphosphate (IP3) and
diacylglycerol (DAG), which activates Protein Kinase C (PKC).
PKC activates the extracellular regulated kinase (ERK) pathway,
leading to the phosphorylation of c-Fos and POMC synthesis.
POMC is processed into a-melanocyte-stimulating hormone (a-
MSH) that activates neurons in the PVN via melanocortin 4
receptors (MC4Rs) (15). Activation of PVN neurons induces
satiety, i.e., cessation of eating, an anorexic response.

Of note, 5-HTR2C is the only known GPCR whose mRNA
undergoes post-transcriptional editing to yield different receptor
isoforms (16). This RNA editing process further modulates the
basal activity of 5-HTR2C and/or the sensitivity of 5-HTR2C
(17). The 5-HTR2C mRNA is edited in 5 distinct sites (18)
resulting in at least 33 distinct mRNAs and 25 distinct isoforms
of the protein in humans (19). The activity of the 5-HTR2C is
regulated through the ratio of these truncated to full-length
receptors. An increase in the truncated receptor sequesters the
full-length receptor intracellularly, decreasing 5-HTR2C
signaling (20). Overexpression of fully-edited receptors
Frontiers in Endocrinology | www.frontiersin.org 2130
decreased the expression of POMC in the hypothalamus and
caused hyperphagia in mice (21). In addition, mutation of
SNORD115, a small RNA that regulates alternative splicing of
5-HTR2C, is observed in most in PWS patients who are
characterised by hyperphagia and obesity (14).

Taken together, 5-HTR2C is associated with multiple signal
transduction pathways, mobilizing various intracellular signaling
molecules. An in-depth understanding of the gene-editing
processes of 5-HTR2C in the central regulation of metabolism
may help to identify the differentially expressed targets for
pharmacological operations and the development of new drugs.
FEEDING BEHAVIOR

5-HTR2C in POMC Neurons in the ARC
and NTS
POMC neurons in the ARC are characterized as the first-order
neurons that regulate energy balance in the hypothalamus (22).
In the ARC, most of POMC neurons co-express 5-HTR2C (23)
and receive inputs from serotoninergic nerve fibers terminate
(24). 5-HTR2C has also been proved to regulate energy
homeostasis. Mice with global mutation or knock-out of the 5-
HTR2C gene (2C-null) developed hyperphagia and obesity
(Table 1) (5, 25, 26), and 5-HTR2C agonist d-Fen was
reported to suppress mice food intake, contributing to the
anorexigenic effects (27). Electrophysiological studies showed
that selective 5-HTR2C agonists, including m-chlorophenyl
piperazine (mCPP), d-Fen (23), could activate ARC POMC
neurons and stimulate POMC expression by increasing the
mRNA level (28–30). ARC POMC neurons produce a-MSH,
an endogenous agonist of MC4Rs (31–33). It was reported that
the mutation of the MC4R gene led to insensitivity to the
anorectic effect of d-Fen (34), suggesting that the function of
ARC 5-HTR2C required a central melanocortin pathway. In
particular, the involved MC4R population was probably located
at the single minded-1 (SIM1) neurons in the PVN, because the
restoration of MC4Rs in SIM1 neurons in MC4R KO mice was
sufficient to rescue anorexigenic effects caused by the 5-HTR2C
agonist (32, 35, 36). Moreover, deleting the 5-HTR2C gene only
in POMC neurons (POMC-2C-null) increased mice food intake
(Table 1) (15), while re-expressed 5-HTR2C in POMC neurons
(POMC-2C-RE) could rescue this phenotype (Table 1) (25).
Further, at the cellular level, transient receptor potential cation 5
(TrpC5) was required to activate POMC neurons by 5-HTR2C,
as the intraperitoneal injections of 5-HTR2C agonist failed to
suppress food intake in TrpC5 KO mice (37). Thus, the feeding
inhibitory effect by activating 5-HTR2C was at least partly
mediated by the POMC neurons in the ARC (Figure 2) (23, 38).

In addition to the ARC, NTS, a brainstem center for satiety
signals, also contains substantial POMC-expressing neurons that
co-express 5-HTR2C (39, 40). Studies have shown that 5-HT2CR
in the NTS is involved in the anorexic effect of the two 5-HT2CR
agonists, lorcaserin and WAY161,503 and chemogenetics
activation of 5-HTR2C-expressing neurons in the NTS
decrease food intake in mice (38). Interestingly, different from
July 2021 | Volume 12 | Article 694204
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TABLE 1 | Phenotypes of the 5-HTR2C deficient mice.

Mice Model Body Weight Fat Mass Lean Mass Food Intake Binge-like Eating Hepatic Glucose Production Reference

2C-null ↑ ↑ ↓ ↑ ↓ ↑ (5, 25)
POMC-2C-null ↑ ↑ ↓ ↑ ↓ ↑ (15)
POMC-2C-RE ↔ ↔ ↔ ↔ / ↔ (25)
DA-2C-RE / / / ↑ ↔ / (15)
DA-2C-KO / / / ↑ ↓ / (15)
Frontiers in Endocrin
ology | www.frontie
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‘↑’, Increased; ‘↓’, Reduced; ‘↔’, No change; ‘/’, Unknown. 2C-null is a loxed transcription blocker (loxTB) 5-HTR2C mouse line lacking functional 5-HTR2C globally; POMC-2C-null mice
with previously characterized animals in which cre is constitutively (developmentally) expressed in POMC neurons to ablate 5-HTR2C specifically; POMC-2C-RE mice with 5-HTR2C re-
expressed specifically and only in POMC neurons; DA-2C-RE mice with the expression of endogenous 5-HTR2C only in DA neurons; DA-2C-KO with deletion of endogenous 5-HTR2C
only in DA neurons.
FIGURE 1 | Signaling of 5-HTR2C in POMC neurons generating food intake. Activation of aq/11 promotes phospholipase C (PLC) to produce diacylglycerol (DAG)
and inositol-1,4,5-triphosphate (IP3). IP3 promotes release of intracellular calcium (Ca2+) while DAG binds to downstream effector protein kinase C (PKC), both of
which activates c-Fos via the extracellular regulated kinase pathway (ERK). C-Fos turns on the pro-opiomelanocortin (POMC) promoter, which signals to neurons
regulating the food intake signal. This signal is also regulated by 5-HTR2C agonist and serotonin.
icle 694204
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ARC POMC neurons, NTS POMC neurons decreased food
intake more significantly and rapidly, in other words, 5-
HTR2C agonist lorcaserin required a longer time to decrease
mice food intake in the ARC as effectively as in the NTS (38, 41).
Therefore, NTS POMC neurons appear to mediate the inhibitory
effects of lorcaserin on feeding, but the downstream pathway
remains elusive (Figure 2). Studies had shown that PVN and
central amygdala (CeA) could be innervated by NTS POMC
neurons (42). Both of them are key brain regions involved in the
regulation of feeding behavior, but the roles of these brain
regions warrant further investigation.

5-HTR2C in Dopamine Neurons in the VTA
Apart from homeostatic feeding, 5-HTR2C is also involved in
hedonic feeding behaviors, defined as ingestion of a large amount
of food in a short timeframe for pleasure (43, 44). The central
dopamine (DA) system has been implicated in the
pathophysiology of binge eating (45); 5-HT releasing neurons
in the dorsal raphe nucleus (DRN) directly innervate DA
neurons in VTA (46). In the VTA, DA neurons were proved
to co-express 5-HTR2C (47), suggesting that 5-HTR2C probably
Frontiers in Endocrinology | www.frontiersin.org 4132
interacted with VTA DA neurons to regulate binge eating.
Moreover, intraperitoneal injections of 5-HTR2C agonists
significantly suppressed binge-like eating in wild-type mice,
while the 2C-null mice showed no effect (48). Indeed, specific
knock-out of 5-HTR2C gene in the VTA DA neurons (DA-VTA-
KO) blunted the suppression of binge-like eating by 5-HTR2C
agonist (Table 1) (48). These observations indicate that 5-
HTR2C can act downstream the DRN 5-HT neurons to inhibit
food intake. However, the feeding control by VTA DA 5-
HTR2C-expressing neurons seemed specific to hedonic rather
than hunger-driven eating, as re-expression of 5-HTR2C in DA
neurons (DA-2C-RE) did not affect normal food intake in mice
even when administered with the 5-HTR2C agonist (Table 1)
(48). But the downstream neural circuits of the DA 5-HTR2C-
expressing neurons still remain unclear. Studies have found that
administration of cocaine can increase DA releases in the nucleus
accumbens (NAc), an effect that can be blocked by local
injections of 5-HTR2C agonist in the VTA (49). Given the
abundant connectivity between VTA neurons and the NAc, it
would be interesting to know that DA 5-HTR2C neurons in the
VTA regulate binge eating by projecting to the NAc (Figure 2).
FIGURE 2 | Central neuronal circuits of 5-HTR2C that regulate feeding behavior and glucose homeostasis. Central Nervous System (CNS) 5-hydroxytryptamine
receptor 2C (5-HTR2C) may regulate energy metabolism through neuronal circuits. Red arrows designate circuits that regulate three types of feeding behavior which
are binge-like eating, sodium intake and hunger-driven eating, while the green arrows show the circuits that regulate glucose homeostasis by reducing
gluconeogenesis, increasing insulin sensitivity and glucose disposal. Pink boxes indicate nuclei containing POMC neurons that co-express 5-HTR2C (POMC5-HTR2C);
Green boxes indicate nuclei containing cholinergic neurons that co-express melanocortin 4 receptors (ChATMC4R); Yellow boxes indicate nuclei containing single
minded-1 (SIM1) neurons that co-express melanocortin 4 receptors (SIM1MC4R); Light purple box indicates nuclei containing DA neurons that co-express 5-HTR2C
(DA5-HTR2C); Light blue box indicates nuclei containing 5-HT neurons and orange box indicates nuclei containing a subset of neurons expressing 5-HTR2C. ARC,
arcuate nucleus; NTS, nucleus tractus solitarius; PVN, paraventricular nucleus of the hypothalamus; CeA, central amygdala; LPBN, lateral parabrachial nucleus; DRN,
dorsal raphe nucleus; VTA, ventral tegmental area; DMV, dorsal motor nucleus of the vagus; IML, intermediolateral nucleus.
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5-HTR2C in the LPBN on Sodium Intake
Sodium ions are important minerals for maintaining
extracellular fluid and blood volume (50). Studies have found
clues for 5-HTR2C in the LPBN to regulate sodium appetite (51).
Ingestion of high-concentration sodium-containing food
increased c-Fos expression in neurons that co-express 5-
HTR2C in the LPBN (52–54). Furthermore, specific activation
of LPBN 5-HTR2C neurons rapidly suppressed sodium intake in
mice. By contrast, inhibition of the 5-HTR2C neurons of LPBN
increased the intake of sodium-containing foods (55).
Furthermore, electrophysiological studies suggested an
abundant connectivity between LPBN 5-HTR2C neurons and
CeA (Figure 2) (54). In vivo optogenetics stimulation further
indicated that LPBN 5-HTR2C neurons could suppress sodium
appetite via projections to CeA (54). Moreover, raphe nuclei
probably modulate the neurons in the LPBN through
serotoninergic projections. The injection of retrobeads into the
LPBN of wildtype mice showed co-localization of 5-HT and retro
bead-labeled cells in the DRN and the median raphe nucleus
(MnR) (54). In conclusion, LPBN 5-HTR2C neurons may
receive 5-HT signals from median raphe nucleus (MRN)/DRN
and project to the CeA to regulate sodium intake (Figure 2).
ENERGY EXPENDITURE

The 5-HT signaling pathway is closely related to individual
energy storage and expenditure. Inhibiting the 5-HT signaling
pathway can increase individual thermogenesis in mice (56).
Studies found that the knock-out of 5-HTR2C affected the
activity level and energy expenditure in mice. The mutant mice
exhibited hyperactivity, and increased total energy expenditure,
while reducing energy expenditure during exercise. At nine
months old, elevated mRNA levels of uncoupling protein 2
(UCP2) were detected in the liver, skeletal muscle, and white
adipose tissue of the mutant mice (57). The mice targeted
restoration of POMC only within 5-HTR2C expressing cells
showed sex differences in physical activity, energy expenditure,
and the development of obesity (58). In addition, mutation of the
5-HTR2C gene can increase the mRNA level of UCP1 in brown
adipose tissues and reduce fat accumulation in mice (59–61). In
summary, 5-HTR2C can affect the energy expenditure of tissues
or individuals in diverse ways.
GLUCOSE HOMEOSTASIS

In addition to regulating food intake, serotonin is essential in
regulating glucose homeostasis . 5-HT produced by
enterochromaffin cells in the gut can act as an paracrine signal
modulating islet b cell activity and proliferation (62, 63). It has
been shown that 5-HTR2B agonists could promote insulin
secretion (64). Meanwhile, studies have revealed the role of 5-
HTR2C in the POMC neurons in mediating blood glucose,
suggesting a central role of 5-HTR2C in glucose metabolism.
Indeed, 2C-null mice manifested insulin resistance (15, 25), and
POMC-2C-RE mice was sufficient to rescue the impairment
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(Table 1) (6). On the other hand, 5-HTR2C agonist lorcaserin
could significantly improve glucose and insulin tolerance in wild-
type mice, and these effects were abolished in POMC gene
deficient mice (POMC-NEO) and restored in POMC-2C-RE
mice (65). Studies showed that the glycemic effect of 5-HTR2C
in POMC neurons was mediated by cholinergic (ChAT) MC4Rs
in dorsal motor nucleus of the vagus (DMV) and the
intermediolateral nucleus (IML) (32, 65, 66), which was
different from the forebrain SIM1 MC4Rs implicated in
feeding behavior, indicating the subsets of POMC 5-HTR2C
neurons in controlling feeding behavior and glucose homeostasis
might be different (Figure 2). It was shown that 5-HTR2C
agonist m-CPP and lorcaserin can improve glycemic control
independently of body weight (6, 15, 65, 67). The improved
glucose tolerance in mice by lorcaserin was found to be mediated
by reducing the hepatic glucose production and improving
glucose disposal, without change of insulin secretion (65)
(Table 1 and Figure 2). Interestingly, a recent study showed
that a subset of POMC neurons may have the ability to promote
hepatic glucose production, which was speculated to be relevant
with the heterogeneity of POMC neurons (68). Given the
complex functions of POMC neurons in the brain, the
relationship between this subset of POMC neurons and POMC
5-HTR2C neurons remains to be further elucidated. In analyzing
the heterogeneity of different parts of the same tissue, the spatial
transcriptomics studies may be helpful. Studies had preliminarily
used the spatial transcriptome to reveal the heterogeneity of
tumor tissue (69). Integrating the transcriptome profiles and
projection patterns of individual neurons may help to clarify how
POMC 5-HTR2C neurons process various stimuli at the single-
neuron level.
INTERACTION OF 5-HTR2C WITH
BODYWEIGHT REGULATORY SIGNALS

Leptin
Leptin, a key regulator for the metabolism, is secreted from
adipocytes (70). It prevents bodyweight gain by suppressing
feeding and increasing energy expenditure (71). Mutations of the
gene encoding leptin in mice (ob/ob) lead to severe obesity and
increased appetite (72). The leptin receptor (LepR) mediates the
effects of leptin on bodyweight, and it is involved in themajority of
leptin’s actions in the brain (73). Double fluorescent in situ
hybridization experiments showed that in the hypothalamic, the
neurons which express LepR also co-express 5-HTR2C, including
the ARC and the ventromedial hypothalamus (VMH) (74, 75).
However, selective knock-out of LepR in 5-HTR2C-expressed
neurons exhibited neither hyperglycemia nor alteration in serum
insulin or leptin concentrations (76). Further, single-cell
transcriptomic data showed that the LepR-expressing POMC
cells formed a molecularly distinct cluster relative to POMC
neurons expressing the 5-HTR2C (77, 78), indicating that leptin
probably affected systemic energy balance through different POMC
neuronal subsets. In particular, Daniel D et al. clarified that brain 5-
HT neurons did not express LepR and therefore not directly
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responded to leptin (79). In conclusion,whether the leptin signaling
pathway interacts with 5-HT remains controversial, which needs
further research.

Ghrelin
Ghrelin is a stomach-derived body weight regulatory signal
stimulating feeding via the growth hormone secretagogue
receptors (GHSRs). The ghrelin signaling pathway interacts with
5-HT. The appetite-stimulating activity of ghrelin is shown to be
mediated by the inhibition of serotonin release (80).GHSRs inARC
is expressed in 94% of nerve peptide Y (NPY) neurons and 8% of
POMC neurons (81), and is co-localized with 5-HTR2C neurons.
Studieshave shown that the 5-HTR2C isdimerizedwith theGHSRs
to inhibit its orexigenic activity (82). The activation of 5-HTR2B
and 5-HTR2C reduced the gastric and hypothalamic secretion of
ghrelin (83). 5-HTR2C agonist like lorcaserin inhibits the increase
of plasma ghrelin level induced by fasting. Besides, 5‐HTR2C
antagonism reduces dimerization and increases GHSR‐induced
food intake, indicating that 5-HTR2C can change the regulation
of ghrelin on feeding (84, 85). Overall, 5‐HTR2C and its interaction
with GHSR are probably a valuable target for designing new
compounds to prevent obesity.

Insulin
Insulin efficiently crosses the blood-brain barrier via receptor-
mediated transport (86). Besides, the insulin receptor is widely
expressed in the CNS, including the cerebral cortex, hippocampus,
and hypothalamus (87). Mice with targeted mutation in the 5-
HTR2C gene resulted in insulin resistance and type 2 diabetes
(T2D), with antecedent hyperphagia and obesity (26, 88),
suggesting an interaction of insulin with 5-HTR2C on energy
metabolism. Infusion of insulin in the hypothalamic could briefly
enhance 5-HT release in rostromedial hypothalamus (89), and
systemic administration of 5-HTR2C agonist mCPP by osmotic
minipumps could reduce fasting plasma insulin level through
POMC neurons in diet-induced obesity (DIO) mice without
altering blood glucose (90). However, single-cell transcriptomic
data showed the subset of POMC neurons that expressing 5-
HTR2C and insulin receptor were not the same (77), which should
be further investigated.

Estrogens
The gene encoding 5-HTR2C has been mapped to human
chromosome X, suggesting a sex-dependent role for 5-HTR2C
signaling (91).When 5-HTR2C agonists and antagonists were used
in elderly mice exposed to stress, different feeding phenotypes were
found in femalesandmales (92).When food is reduceddue to stress,
the femalemice recoveredmore quickly than themalemice (92). In
aged male mice, exposure to novelty stress promoted 5-HTR2C
protein synthesis in PVN stress-specific neurons and activated
neurons that expressed 5-HTR2C (93). In contrast, there was no
change in 5-HTR2C and c-Fos co-positive cell counts in the PVNof
aged female mice exposed to stress (93). It was unclear if these sex
differences were due to gonadal hormones or the organizational
effect, but estradiol was reported to enhance 5-HTR2C protein
synthesis in the DRN region (94), caudal brainstem, and
hypothalamus (93, 95).
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Cholecystokinin
As a bodyweight regulatory signal, cholecystokinin(CCK), secreted
by the gastrointestinal tract and neurons in brain, stimulates satiety
and suppresses feeding behavior (96, 97). Some studies have found
thatCCK can act synergistically with 5-HT to inhibit food intake by
simultaneously activating CCK-1 and 5-HTR3A (98, 99), and 5-
HTR1A are also involved in CCK induced anorexic behavior (100,
101). However, there is little research on the association between 5-
HTR2C and CCK signaling in CNS (102), which is probably a
direction for future research.

NPY/AgRP
Studies have confirmed co-expression of NPY and 5-HTR2C in
the lateral hypothalamus, the basolateral nucleus and ARC (103–
105). Intraperitoneal injection with 5-HTR2C agonist lorcaserin
could significantly reduce the expression of NPY mRNA in the
ARC, while 5-HTR2C antagonist risperidone caused the opposite
effect (103). In addition, injection of 5-HTR2A/2C agonist 1-
(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) into the
PVN, but not the perifornical hypothalamus and VMH, could
suppress NPY-induced feeding behavior (106, 107). In summary,
the effect of 5-HTR2C on feeding seems to be highly associated
with NPY/AgRP signaling, and more research on how 5-HTR2C
affects NPY/AgRP neurons is required for further investigation.
CLINICAL APPLICATION

Obesity
Obesity prevalence calls for new methods of appetite suppression
and weight loss. Satiety and appetite control pathways have been
widely studied in animals and humans, but the exact underlying
molecular mechanism is still unclear (108, 109). Nowadays, some
drugs used to treat obesity have side effects. At present, 5-HTR2C
is one of the most promising targets for new weight-loss drugs.
Many modulators targeting 5-HT signaling, including
sibutramine (serotonin and adrenaline reuptake inhibitors)
(Table 2), mCPP, and fenfluramine (also named as fluoxetine,
selective serotonin reuptake inhibitors) (Table 2) have been used
as appetite suppressants (27, 110, 111). Sibutramine and
fluoxetine can increase extracellular serotonin levels in vivo,
non-selectively stimulate all postsynaptic subtypes, and then
stimulate 5-HTR2C to suppress food intake (112, 113). Heisler
(114) reported that mCPP did not inhibit food intake in 5-
HTR2C knock-out mice and weakened the swallowing effect of
fenfluramine (serotonin releasing agent and reuptake inhibitor),
demonstrating the key role of 5-HTR2C in satiety induction by
d-fenfluramine. Fenfluramine, an effective treatment for obesity,
sold as Pondimin ®/Redux ®, reduces appetite. Fenfluramine
binds weakly to the serotonin 5-HTR2C, d-Fen binds to and
activates the serotonin 5-HTR2B and 5-HTR2C with high
affinity and the serotonin 5-HTR2A with moderate affinity
(115–117). However, fenfluramine is associated with side
effects of valvular heart disease and pulmonary hypertension,
prompting it to withdraw from clinical use (118, 119).

Lorcaserin is an effective and selective 5-HTR2C agonist that
reduces food intake and body weight in rodents in a dose-
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dependent manner (120). Lorcaserin was approved by Food and
Drug Administration for weight management in adults with
body mass index (BMI) ≥ 30 kg/m2 or BMI ≥ 27 kg/m2 with at
least one weight-related complication. Since 2013, lorcaserin has
been sold in the United States under the name of Belviq ®. The
safety and efficacy of lorcaserin have been determined by three
phases III clinical trials, one cardiovascular (CV) outcome trial,
and four randomized controlled trials (121–123). Animal
experiments showed that after 28 days of treatment in diet-
induced obesity rats, there was no aortic and mitral regurgitation
in any treatment group (124). A 6-month randomized, placebo-
controlled, double-blind clinical trial also found that lorcaserin
could reduce weight and improve cardiac metabolic risk factors
in obese adults, thus modifying circulating body weight
regulatory signals associated with energy balance and
decreasing the risk of cardiovascular disease (125). Recent
follow-up data have shown that the drug probably increases
cancer risk, and further research is needed. The role of 5-HTR2C
in POMC neurons and the new role in neural circuits suggest
that the new anti-obesity drugs act directly on the CNS, thereby
reducing the negative effects caused by acting on the periphery,
which will be discussed in the future.

Diabetes
As a chronic disease, the prevalence of T2D continues to rise
worldwide, highlighting the clinical need for a variety of
treatment options. The current first-line drugs for T2D target
peripheral tissue to improve blood glucose and insulin function
(126, 127). 5-HTR2C has been found to regulate glucose
homeostasis during weight loss, which is expected to become a
candidate target (128, 129) for the treatment of diabetes. Yuan
et al. discovered that the-759C/T polymorphism of the 5-HTR2C
gene was associated with obesity and T2D (130). The lower
frequency of-759T allele in the 5-HTR2C gene was associated
with T2D but not associated with obesity in men and women
(131), resulting from alleles type from promoter activity and
transcriptional level, thus preventing the development of T2D.

A retrospective analysis of the Phase III BLOOM-DM study
showed that lorcaserin combined with diet and exercise
decreased blood glucose within 2 weeks (132–134). In the
study of the effect of lorcaserin on weight loss in patients with
T2D, lorcaserin could also decrease the Hemoglobin A1c of
diabetic patients, providing direct evidence support for the
Frontiers in Endocrinology | www.frontiersin.org 7135
treatment of diabetes. Besides, reducing fasting plasma glucose
and Hemoglobin A1c was greater in people with no significant
weight loss, suggesting that it could benefit blood sugar
independent of weight loss. Besides, more clinical studies are
needed to demonstrate this regulation in the future.

Cardiovascular System
Obesity and metabolic syndrome can increase the risk of
cardiovascular disease. Weight-loss drugs can affect
cardiovascular health by losing weight and directly acting on
the cardiovascular system (135, 136). It was found that
subcutaneous injection of 5-HTR2C agonist mCPP (3 mg/kg)
had no significant effect on heart rate and meant arterial blood
pressure (137). Lorcaserin, a selective 5-HTR2C agonist, did not
seem to have a negative effect on the cardiovascular system at
very high concentrations (125). Alpana P Shukla et al. (7)
summarized the pharmacodynamic and pharmacokinetic
characteristics of lorcaserin and discussed efficacy and safety
data from major clinical trials. The bodyweight could be reduced
by a certain dose of treatment. Therefore, the cardiac metabolic
parameters could be significantly improved. In the CAMELLIA-
TIMI 61 trial, the incidence of adverse cardiovascular events and
conversion to T2D in obese and overweight subjects with
cardiovascular disease or multiple cardiovascular risk factors
was assessed. It was concluded that the safety of the drug
could be guaranteed.

In conclusion, as the first selective 5-HTR2C agonist
approved for human weight control, the 5-HTR2C agonist
lorcaserin has been widely used in clinical and scientific
research after being launched in 2012. Although CAMELLIA-
TIMI 61 research found no significant difference in cancer
incidence during the first few months of treatment, the
imbalance increased with the duration of lorcaserin, suggesting
that the drug increased the risk of cancer. The cardiovascular
effects of other anti-obesity drugs like liraglutide, bupropion/
naltrexone, and phentermine/topiramate remain uncertain
(138). Due to the side effects of drugs, there is no better drug
to treat obesity. Although 5-HTR2C is the target of several anti-
obesity drugs, its side effects limit their clinical application.
However, the specific neural circuits of 5-HTR2C expressing
neurons and the detailed molecular pathways of 5-HTR2C
signaling on metabolic regulation will help to develop better
treatment strategies for metabolic disorders. To solve the side
TABLE 2 | 5-HTR2C related drugs in this review.

Name Mechanism of Action Side Effect Application

Lorcaserin selective 5-HTR2C agonist headache, fatigue, nausea, dry mouth, and
constipation

weight-loss drug

D-Fen serotonin releasing agent and reuptake
inhibitor

cardiac complications weight-loss drug

Sibutramine serotonin and adrenaline reuptake
inhibitor

stroke, myocardial infarction weight-loss drug

Fluoxetine selective serotonin reuptake inhibitor anorexia an approved drug to treat depression and obsessive-
compulsive disorder

m-CPP agonist of 5-HTR2C and 5-HTR1B anxiety, negative mood measured decrease food intake and enhance microstructural measures
of satiety
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effects caused by other drugs on the peripheral spectrum, future
drugs that target the CNS will give us more inspiration.
DISCUSSION

In summary, the action of CNS 5-HTR2C neuron contributes to
the regulation of energy homeostasis and have greatly advanced
the understanding of the physiology and behavioral functions of
5-HTR2C in the brain. However, there are many questions. As a
GPCR, understanding the 5-HTR2C gene-editing processes is
helpful to study the weight-loss drug. However, the detailed
molecular mechanisms remain unclear. Furthermore, there is
growing interest in brain control of metabolism. Here, we
summarized the 5-HTR2C related metabolic circuit of feeding
behavior and glucose homeostasis in the brain, and we found
that the mechanism of 5-HTR2C in the central cortex still needs
to be further clarified. To explore the systemic effects of 5-
HTR2C, we also discussed the relationship between metabolic
hormones and 5-HTR2C. From the perspective of clinical
application, the functions of weight-loss drugs now are mostly
concentrated on systemic administration, resulting in negative
effects. In the future, 5-HTR2C in the brain may become a
potential for the treatment of obesity and type 2 diabetes.
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Background: Solitary intracranial hypothalamic mass occurs rarely. The etiological
diagnosis of solitary hypothalamus lesion is challenging and often unachievable.
Although previous studies indicated that lesions affecting the hypothalamus often cause
significant metabolic disorders, few reports about the metabolic disturbances of patients
with solitary hypothalamic mass have been reported.

Method: Twenty-five patients with solitary hypothalamus lesions who had been evaluated
and treated in Huashan Hospital from January 2010 to December 2020 were
retrospectively enrolled. The clinical manifestations, radiological features, endocrine and
metabolic disorders, and pathology were analyzed.

Results: The male to female ratio was 5/20. The median age of onset was 22 (19, 35)
years old. The most common initial symptom was polydipsia/polyuria (19/25, 76.0%) and
amenorrhea (9/20, 45.0%). A high prevalence of hypopituitarism of different axes was
found, with almost all no less than 80%. Central hypogonadism (21/22, 95.5%) and
central diabetes insipidus (19/21, 90.5%) were the top two pituitary dysfunctions.
Conclusive diagnoses were achieved by intracranial surgical biopsy/resection or
stereotactic biopsy in 16 cases and by examining extracranial lesions in 3 cases. The
pathological results were various, and the most common diagnoses were Langerhans cell
histiocytosis (7/19) and hypothalamitis (5/19). The mean timespan from onset to diagnosis
in the 19 cases was 34 ± 26 months. Metabolic evaluations revealed remarkable
metabolic disorders, including hyperlipidemia (13/16, 81.3%), hyperglycemia (10/16,
62.5%), hyperuricemia (12/20, 60%), overweight/obesity (13/20, 65.0%), and hepatic
adipose infiltration (10/13, 76.6%).

Conclusion: Either surgical or stereotactic biopsy will be a reliable and relatively safe
procedure to help to confirm the pathological diagnosis of solitary hypothalamic mass.
Metabolic disorders were severe in patients with solitary hypothalamic mass.
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The management of such cases should cover both the treatment of the primary disease,
as well as the endocrine and metabolic disorders
Keywords: hypothalamus, hypopituitarism, metabolic disorders, hypothalamic obesity, stereotactic biopsy
INTRODUCTION

Hypothalamus is one of the essential regions of the brain and acts
as the regulatory center of the endocrine system. It plays vital
roles in regulating endocrine functions, water metabolism, food
intake, body weight, body temperature, sleep/wake cycle, and
emotions (1). Patients with hypothalamic or peri-hypothalamic
lesions may present with similar hormonal or neurologic
disorders due to mass effect upon the hypothalamus or direct
invasion of this diencephalic region. The etiology of
hypothalamic lesions is various, includes congenital
developmental malformations, primary tumors, metastatic
tumors, hemangioma, inflammatory and granulomatous
diseases, trauma, infections, etc. (1). Cases of intracranial
solitary hypothalamic mass are rarely reported. Such patients,
despite different etiologies, can have similar clinical
manifestations and radiological features. The etiological
diagnosis of solitary hypothalamus lesion is crucial to
determine the treatment. But it is very challenging in practice
and often unachievable. Few cases about intracranial solitary
hypothalamus mass with a confirmed pathological diagnosis
were reported (2, 3). Considering the vital role in regulating
metabolism and energy balance, patients with hypothalamic
lesions tend to have metabolic disorders. However, few
reports have addressed the subject comprehensively. To
explore the diagnosis procedures and to reveal the endocrine
and metabolic consequences of solitary hypothalamus lesions, we
present a case series report of 25 patients with intracranial
solitary hypothalamic mass.
METHOD

This is a retrospective study including 25 patients with
intracranial solitary hypothalamic lesions admitted to Huashan
Hospital from January 2010 to December 2020. The clinical
manifestations, endocrine and metabolic disorders, and
pathology were reviewed.

Radiological Examinations
Magnetic resonance imaging (MRI) was performed in all
patients, using a 3-T scanner (Signa; GE Medical Systems,
Shanghai, China). Precontrast T1-weighted spin-echo images
and T2-weighted fast spin-echo images were recorded,
followed by contrast-enhanced T1-weighted imaging (T1WI).
An intracranial solitary hypothalamic lesion is defined as the
radiologically proved lesion within the anatomical area of the
hypothalamus in MRI. The pre-operation/biopsy/treatment MRI
images were reviewed by experienced radiologists, particularly
focusing on the neuroradiological variables including size, shape,
n.org 2142
and consistency of the lesion, enhancement pattern, third
ventricle floor status, degree of third ventricle expansion,
displacement/atrophy of mammillary bodies, degree of
pituitary stalk infiltration, presence of hydrocephalus, and
optic chiasm invasion. The size of each lesion was measured at
the greatest diameter in each of the three planes. Total-body 18-
fluorodeoxyglucose positron emission tomography-CT (18-
FDG-PET-CT) was performed in 9 cases, using a combined
PET/CT scanner (Siemens Biograph Sensation 16; Siemens,
Berlin, Germany).

Surgery and Biopsy
Stereotactic hypothalamic biopsy in 6 patients, surgical biopsy
through transcranial approaches or endoscopic endonasal
approach in 10 patients, and surgical resection of the
hypothalamus lesions in 4 patients were performed. The detailed
procedure of stereotactic biopsy can be referred to in our
published paper (4).

Endocrine Evaluation
Endocrine functions were routinely evaluated in most patients.
Blood and urine samples were obtained at 8:00 AM before any
medication. Central adrenal insufficiency (CAI) was defined as a
serum cortisol level <3 mg/dL or a peak serum cortisol level <18.1
mg/dL at 30 or 60 minutes in a corticotropin stimulation test (5).
Central hypothyroidism (CHT) was defined as a free T4 level
below the laboratory reference range in conjunction with a low,
normal, or mildly elevated thyroid-stimulating hormone (5, 6).
The diagnosis of central hypogonadism (CHG) was made based
on low morning serum total testosterone levels with non-raised
gonadotropin levels in men or a low serum estradiol level
simultaneously low luteinizing hormone and follicle-
stimulating hormone in women presenting oligomenorrhea or
amenorrhea (7). Hyperprolactinemia (HPL) was defined as a
serum PRL level above the laboratory reference range. Central
diabetes insipidus (CDI) was confirmed by a water deprivation
test followed by a desmopressin test. A urine osmolality of less
than 300 mOsm/kg in the presence of fluid deprivation and
subsequent rise of urine osmolality by no less than 50% after
arginine vasopressin stimulation supported the diagnosis of CDI
(7). Besides, for patients with significant polyuria (more than 50
mL/kg of body weight/24 hours), CDI could also be diagnosed by
the presence of low urine specific gravity and a good response to
a therapeutic trial of desmopressin (5, 7). Evaluation of the
growth hormone (GH) axis only included the assessment of IGF-
1 levels.

Metabolic Evaluation
Metabolic evaluations, including body mass index (BMI),
liver ultrasonography, fasting/postprandial blood glucose
September 2021 | Volume 12 | Article 693669
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(FBG/PBG), HbA1c, lipid profile, and serum uric acid (SUA),
were performed in some cases.

Statistical Analyses
Normal distributed continuous variables were expressed as mean
values ± standard deviation (SD). Differences between groups
were estimated using the Fisher’s exact test or the Mann-
Whitney test. Simple linear regression coefficients and multiple
regression analysis were used to examine the correlation among
parameters. SPSS software (version 21.0, SPSS Inc) was used to
perform statistical analyses. A two-tailed P value <0.05 was
considered statistically significant.

Ethical Approval
The study was approved by the ethics committee of Huashan
Hospital affiliated to Fudan University. Consent was obtained
after a full explanation of the study purpose and procedures.
RESULTS

Symptoms
A short description of patients was shown in Table 1. The male
to female ratio was 5/20. The median age of onset was 22
(ranging from 10 to 70) years old. The most common initial
symptoms (Figure 1A) were polydipsia and polyuria (19/25,
76.0%) and amenorrhea (9/20, 45%, Patient No.5 had had
menopause before onset). Other symptoms at onset included
hyperphagia (3/25), cognitive impairment (3/25, mainly memory
deterioration together with reduced ability to solve problems),
affective disorders (2/25, manifesting as irritability), weight loss
(2/25), weight gain (1/25), anorexia (1/25), lactation (1/25),
headache (1/25), fever (1/25), dizziness (1/25), visual disorder
(1/25), somnolence (1/25), nausea and vomiting (1/25). With the
progression of the disease, new manifestations showed up
subsequently (Figure 1B). Altogether, amenorrhea in females
(19/20, 95%) and sexual dysfunction in males (4/4, 100%) were
the top two symptoms, followed by polydipsia and polyuria (20/
25, 80.0%). Oligodipsia occurred in 3 cases after the onset of
diabetes insipidus. Hyperphagia was seen in 12/25 cases, and
weight gain in 8/25. Specially, one patient (No.4) had anorexia
and weight loss in the beginning but had hyperphagia and weight
gain afterward. Besides, affective disorders like irritability
or mood swings and cognitive impairment were common,
which were seen in 12/25 and 9/25 separately. Fever with no
evidence of infection occurred in 7 cases. Some patients showed
symptoms related to mass effects, such as headache (4/25), visual
disorders (7/25), nausea, and vomiting (1/25). Disturbance of
consciousness developed, such as somnolence (6/25) and even
coma (1/25, No.23), which may be related to severe
hypernatremia (over 160mmol/L). This patient complained of
symptoms of auditory and visual hallucination, too.
Subcutaneous lumps were seen in two cases (No. 20&21), who
were diagnosed with Langerhans cell histiocytosis (LCH). Patient
No. 21 had systemic skin lesions manifesting as itches,
ulceration, and exudation.
Frontiers in Endocrinology | www.frontiersin.org 3143
Radiological Features
Table 2 shows a summary of the neuroradiological variables. The
pre-operation/biopsy/treatment MR images of patients No. 2, 3,
18, 22, 25 were missing. The T1-weighted postcontrast coronal
and sagittal views of MR images of two typical cases (patients No.
7 and 10) were shown in Figure 2. The MRI features mainly
demonstrated hypointense or isointense T1WI and hyperintense
T2WI for the hypothalamic lesions. In contrast-enhanced T1WI,
all lesions showed enhancement patterns, either heterogeneous
or homogeneous. Hydrocephalus was seen in 7 patients. In 5
(71.4%) of them, the lesions` maximum diameter in any of the
three planes was no less than 2cm. The lesions took on an
elliptical (6/20), round (7/20), polygonal (4/20), or lobulated
(3/20) shape. A consistency of pure solid was seen in most cases
(17/20), while mixed solid-cystic lesion was found in cases No. 4
and 9, and solid with small cystic change lesion in patient No. 11.
Atrophy of mammillary bodies wasn`t found, but their
displacement was observed in 8 cases, either downward (6/20)
or upward (2/20). In 9/20 cases, the pituitary stalk was partially
infiltrated, and in 3/20 wholly infiltrated. The bright signals in
the posterior lobe of the pituitary were absent for all cases. Optic
chiasm was partially infiltrated in 15/20 cases and wholly
infiltrated in 3/20. Among the 18 patients, 6 had visual
disorders. The third ventricle floor (TVF) identification was
examined. The TVFs were completely identifiable in 3/20
cases, not visible in 10/20 patients, and in 7/20 cases, only
mammillary bodies were visible. Third ventricle involvement
was seen in 15/20 cases, with 1 wholly invaded and 14
partially invaded.

The correlations between complex hypothalamic symptoms
(including cognitive impairment, affective disorder, hyperphagia,
weight gain, fever, and somnolence) and the lesion size (using the
maximum diameter in any of the three planes as the variable),
TVF identification, and third ventricle involvement were
analyzed. The absence of any of such symptoms was only seen
in cases with lesion sizes less than 1cm (see the blue bars in
Figure 3A). Also, a larger size is a marked predictor of
developing affective disorders and hyperphagia (P=0.032 and
0.005, respectively). Patients having cognitive impairment tend
to have larger lesions than those who didn`t too, but the
difference is not statistically significant (P=0.088). Similarly,
pat ients with whol ly identifiable TVFs showed no
manifestations of such complex hypothalamic symptoms
(Figure 3B). Those with more notable involvement of the
TVFs were more likely to have symptoms of affective disorders
and hyperphagia (P=0.042 for both). Generally, patients with
these complex symptoms had higher degrees of the third
ventricle involvement (Figure 3C), despite the statistic
insignificance. Patient No. 9, whose third ventricle was
completely invaded, developed all the six symptoms
described above.

High FDG metabolism of the solitary hypothalamic lesions
was found in 18-FDG-PET-CT for the nine evaluated cases, with
the maximum standardized uptake values (SUVs) ranging from
5.1 to 33 (Supplementary Table 1). In 6/9 of the cases whose
diagnoses were confirmed, the SUVs of those who had LCH were
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TABLE 1 | Short description of patients.

Treatment Follow-up
period

(months)

Outcome

adiotherapy 4 Stable lesion
16 Stable lesion

urgical resection 44 Stable lesion

adiotherapy 39 Lesion shrinkage
after radiotherapy
and stable
afterwards

adiotherapy 25 Lesion shrinkage
after treatment and
stable afterwards

amma knife
adiosurgery

9 Lesion shrinkage
after treatment and
stable afterwards

ethylprednisolone
nd azathioprine

47 Lesion shrinkage
after treatment and
stable afterwards

adiotherapy and
hemotherapy

25 Lesion shrinkage
after treatment and
stable afterwards

adiotherapy and
hemotherapy

110 Lesion shrinkage
after treatment and
stable afterwards

adiotherapy and
hemotherapy

40 Lesion shrinkage
after treatment,
death of systemic
disease spread
afterwards

ethylprednisolone / Lesion shrinkage,
lost to follow-up
afterwards

ethylprednisolone
nd azathioprine

/ Lost to follow-up

iagnostic
adiotherapy;
ethylprednisolone
nd azathioprine
fter biopsy

12 Lesion shrinkage;
sudden death of
unknown reason
afterwards

/ Lost to follow-up

(Continued)
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No Gender Age of
Onset
(y/o)

Initial symptoms All symptoms AI CHT CHG HPL Low
IGF-1

CDI Diagnosis DfOtD
(months)

1 F 38 polydipsia, polyuria polydipsia, polyuria, amenorrhea N* N Y† Y Y Y Unknown /
2 F 26 amenorrhea amenorrhea, polyphagia, irritability,

memory deterioration
N/A‡ Y Y Y N/A Y Unknown /

3 F 25 polydipsia, polyuria,
anorexia, weight loss

polydipsia, polyuria, anorexia, weight
loss, depressed mood, memory
deterioration, polyphagia, weight gain

N/A N/A N/A N/A N/A N/A LCH 66

4 F 17 irritability, memory
deterioration, difficulty
with problem-solving,
polyphagia, weight
gain

irritability, memory deterioration,
difficulty with problem-solving,
polyphagia, weight gain, amenorrhea

N/A N/A Y N/A N/A N/A Germinoma 15

5 F 58 polydipsia, polyuria polydipsia, polyuria, fever Y Y Y Y N Y LCH 48

6 F 21 polydipsia, polyuria,
somnolence

polydipsia, polyuria, somnolence,
amenorrhea, polyphagia, weight gain

Y Y Y Y Y Y Unknown /

7 M 34 polydipsia, polyuria polydipsia, polyuria, sexual
dysfunction

Y Y Y Y N Y Hypothalamitis 33

8 M 22 nausea, vomiting nausea, vomiting, headache, sexual
dysfunction

Y Y Y Y Y Y Germinoma 26

9 F 21 polydipsia, polyuria polydipsia, polyuria, amenorrhea,
visual disorder, irritability, memory
deterioration, polyphagia, weight
gain, fever, somnolence

Y Y Y N/A N/A Y Embryonic
germ cell
tumors

3

10 F 37 polydipsia, polyuria,
amenorrhea, weight
loss

polydipsia, polyuria, amenorrhea,
weight loss, apathy

Y Y Y N/A Y Y LCH 15

11 F 32 polydipsia, polyuria polydipsia, polyuria, polyphagia,
weight gain, fever, somnolence,
oligodipsia, disorientation, loss of
memory

Y Y Y Y N Y Hypothalamitis 29

12 F 17 polydipsia, polyuria,
amenorrhea, fever

polydipsia, polyuria, amenorrhea,
fever, irritability, polyphagia, weight
gain, somnolence, oligodipsia

Y Y Y Y Y Y Hypothalamitis 30

13 F 19 polydipsia, polyuria,
amenorrhea

polydipsia, polyuria, amenorrhea Y Y Y Y N Y Hypothalamitis 24

14 F 35 polydipsia, polyuria polydipsia, polyuria, amenorrhea,
irritability, polyphagia, weight loss

Y Y Y Y Y Y Granulosa cell
tumor

77
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TABLE 1 | Continued

nosis DfOtD
(months)

Treatment Follow-up
period

(months)

Outcome

35 Gamma knife
radiosurgery

25 Death

an
e

53 Gamma knife
radiosurgery

8 Lesion shrinkage;
death of acute
pancreatitis
afterwards

alamitis 3 Dexamethasone,
methylprednisolone
and azathioprine

132 Lesion shrinkage
after treatment and
stable afterwards

tatic
ma
ng

4 / / Lost to follow-up

wn / Radiotherapy,
methylprednisolone
and azathioprine

78 Lesion shrinkage in
the beginning;
death afterwards

77 Chemotherapy 56 Lesion shrinkage
after treatment and
stable afterwards

17 Chemotherapy / Lost to follow-up

81 Chemotherapy / Lesion shrinkage
after treatment and
stable afterwards

wn / Gamma knife
radiosurgery

14 No change after
treatment

wn / / 11 Stable lesion

ic
ytoma

3 Surgical resection / Lost to follow-up

tion from onset to diagnosis; LCH, Langerhans cell histiocytosis. N*: no. Y†: yes. N/A‡:

w-up period refers to the time span from the first admission to the timepoint of last
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No Gender Age of
Onset
(y/o)

Initial symptoms All symptoms AI CHT CHG HPL Low
IGF-1

CDI Dia

15 F 35 amenorrhea polydipsia, polyuria, amenorrhea,
lactation, fever, somnolence, apathy

N/A Y Y Y Y Y LCH

16 F 22 polydipsia, polyuria,
amenorrhea,
polyphagia

polydipsia, polyuria, amenorrhea,
polyphagia

N/A N Y N N/A Y Rosai
Dorfm
diseas

17 M 20 polydipsia, polyuria,
irritability, memory
deterioration,
polyphagia

polydipsia, polyuria, irritability,
memory deterioration, polyphagia,
sexual dysfunction

Y Y Y Y N/A Y Hypot

18 M 70 polydipsia, polyuria polydipsia, polyuria, sexual
dysfunction

Y Y Y Y N Y Metas
carcin
from l

19 F 19 amenorrhea polydipsia, polyuria, amenorrhea,
irritability, memory deterioration,
difficulty with problem-solving,
polyphagia, weight gain,
somnolence, oligodipsia

N/A Y Y Y N/A N/A Unkno

20 F 10 polydipsia, polyuria polydipsia, polyuria, amenorrhea,
headache, weight gain,
subcutaneous lump on the forehead

N Y Y N Y N LCH

21 F 15 polydipsia, polyuria,
amenorrhea

polydipsia, polyuria, amenorrhea,
subcutaneous lump on the occiput,
skin itches/ulceration/exudation

Y Y Y Y Y Y LCH

22 F 22 polydipsia, polyuria,
headache, loss of
memory

polydipsia, polyuria, headache, loss
of memory, amenorrhea, lactation

N/A N/A N/A N/A N/A N/A LCH

23 F 34 polydipsia, polyuria polydipsia, polyuria, amenorrhea,
mood swings, polyphagia, fever,
auditory hallucination, visual
hallucination, coma

N/A Y N/A Y N/A Y Unkno

24 F 40 polydipsia, polyuria polydipsia, polyuria, amenorrhea,
mood swings, visual disorder, loss of
memory, fever

Y Y Y Y Y Y Unkno

25 M 14 visual disorder,
dizziness

visual disorder, dizziness N N N Y N N Pilocy
astroc

AI, adrenal insufficiency; CHT, central hypothyroidism; CHG, central hypogonadism; HPL, hyperprolactinemia; CDI, central diabetes insipidus; DfOtD, dura
not available.
The follow-up period refers to the time span from the treatment to the timepoint of the last follow-up/death. For those no treatment was given, the foll
follow-up/death.
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significantly higher than those who didn`t (20.87 ± 5.92 vs. 6.37 ±
1.17, P=0.047). Besides the primary lesions, elevated uptake of
FDG was found in patient No.1 (bone marrow), No.6 (bilateral
cervical, axillary, mesenteric, and retroperitoneal lymph nodes),
No.18 (left upper lung, mediastinal, and bilateral pulmonary hilar
lymph nodes), No.21(hepatic hilar region, skins of bilateral chest
wall and axillae, muscles of the left buttock), No.22 (bilateral
temporal-mandibular joint, bilateral cervical, left clavicular lymph
nodes), and No.24 (bilateral submandibular, bilateral axillary,
right inguinal lymph nodes and a pulmonary nodule in the
right lung).

Diagnosis
Histopathological diagnoses were confirmed in 19 of the 25
patients. The mean timespan from onset to diagnosis was 34 ±
26 months. The diagnoses were various, and the most common
diseases were Langerhans cell histiocytosis (7/19) and
hypothalamitis (5/19). Figures 4, 5 show the histopathologic
findings of patients No. 10 and 17, which were diagnosed with
LCH and hypothalamitis separately. Marked histiocyte
proliferation was found in case No. 10. Immunohistochemistry
examination reflected significant abundance in CD1a cells,
scattered CD68 positive results for anti-CD68 antibody (KP1)
and leukocyte common antigen (LCA), and few CD138 cells.
Abundant lymphocyte, plasma cells, and histiocyte were seen in
case No.17. Immunohistochemical analysis revealed scattered
Frontiers in Endocrinology | www.frontiersin.org 6146
CD68, CD138, and CD3 cells, with IgG deposition. CD20 and
CD1a cells were absent. Those with hypothalamitis were treated
with glucocorticoids and/or azathioprine, and post-therapeutic
MRI revealed mass volume reduction. In the 20 patients
receiving neurosurgical biopsy/resection or stereotactic biopsy,
definite histopathological diagnosis was not achieved in 4 of
them (No.1, 6, 20, and 24). Only gliosis and inflammatory cell
infiltration were found, with no diagnostic immunohistochemical
features. For patient No.20, two years after the surgical biopsy
through craniotomy, a subcutaneous lump on the forehead
gradually arose. The biopsy of the lump later suggested the
diagnosis of LCH. Patient No.21 received a skin biopsy, and it
turned out to be LCH. Patient No. 18, the eldest case of all, was
found to have mediastinal lymph node enlargement in the chest
computed tomography (CT) scan. The lymph node biopsy helped
to confirm the histopathological diagnosis of low-differentiated
neuroendocrine carcinoma originated from the lung. Thus, the
mass of the patient’s hypothalamus was thought of as the
metastatic lesion of the lung carcinoma.

Pituitary Dysfunctions and
Metabolic Disorders
In the evaluation of pituitary functions, central hypogonadism
(21/22, 95.5%) and central diabetes insipidus (19/21, 90.5%) were
found the two most commonly affected axes (Figure 6A). The
prevalence of hypopituitarism of almost all different axes
A

B

FIGURE 1 | A summary of the prevalence of different symptoms. (A) The prevalence of initial symptoms; (B) The prevalence of all the symptoms.
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TABLE 2 | Summary of neuroradiological variables.

Displacement
of MBs

Atrophy of
MBs

Pituitary stalk Optic chiasm
invasion

Third ventricle
involvement

TVF
identification

Y†(downward) N partially infiltrated partially infiltrated partial invasion only MBs visible

N N not affected partially infiltrated partial invasion not visible

Y(downward) N partially infiltrated partially infiltrated not affected only MBs visible

Y(downward) N wholly infiltrated partially infiltrated partial invasion only MBs visible

N N not affected partially infiltrated not affected wholly identifiable

N N not affected not affected not affected wholly identifiable

Y(downward) N wholly infiltrated wholly infiltrated whole invasion only MBs visible

Y(downward) N partially infiltrated partially infiltrated not affected only MBs visible

N N partially infiltrated partially infiltrated partial invasion not visible

N N partially infiltrated wholly infiltrated partial invasion not visible

N N not affected partially infiltrated not affected wholly identifiable

Y(downward) N wholly infiltrated wholly infiltrated whole invasion only MBs visible

N N partially infiltrated partially infiltrated partial invasion not visible

Y(upward) N not affected partially infiltrated partial invasion not visible

N N partially infiltrated not affected partial invasion not visible

Y(upward) N not affected partially infiltrated partial invasion not visible

Y(downward) N not affected partially infiltrated partial invasion only MBs visible

N N not affected partially infiltrated partial invasion not visible

N N partially infiltrated partially infiltrated partial invasion not visible

N N partially infiltrated partially infiltrated partial invasion not visible

Xiang
et

al.
D
iagnosis

ofH
ypothalam

ic
M
ass

Frontiers
in

Endocrinology
|
w
w
w
.frontiersin.org

S
eptem

ber
2021

|
Volum

e
12

|
A
rticle

693669
No Hydrocephalus T1WI T2WI Size (cm) Shape Lesion
consistency

Enhancement patter

1 N* hypointensity hyperintensity 1.2×1.3×0.9 elliptical pure solid marked homogeneous
enhancement

2 Images N/A‡

3 Images N/A
4 N mild hypointensity hyperintensity 2.1×2.1×2.5 lobulated mixed solid-cystic marked homogeneous

enhancement
5 N mild hypointensity mild

hyperintensity
0.8×1.3×1.2 elliptical pure solid marked homogeneous

enhancement
6 Y mild hypointensity mild

hyperintensity
1.6×1.3×2.1 polygonal pure solid marked homogeneous

enhancement
7 N hypointensity hyperintensity 0.5×0.9×0.7 round pure solid marked homogeneous

enhancement
8 N hypointensity hyperintensity 0.6×0.5×0.6 round pure solid marked homogeneous

enhancement
9 Y hypointensity hyperintensity 2.1×2.0×2.2 round mixed solid-cystic marked heterogeneous

enhancement
10 N mild hypointensity mild

hyperintensity
1.3×1.1×1.2 round pure solid marked homogeneous

enhancement
11 Y hypointensity hyperintensity 1.7×1.4×1.9 elliptical solid with small

cystic change
marked homogeneous
enhancement

12 N hypointensity hyperintensity 1.3×1.8×1.5 lobulated pure solid marked homogeneous
enhancement

13 N hypointensity hyperintensity 0.6×0.6×0.5 round pure solid marked homogeneous
enhancement

14 Y hypointensity hyperintensity 2.1×2.0×2.2 round mixed solid-cystic marked heterogeneous
enhancement

15 N mild hypointensity mild
hyperintensity

1.8×1.4×1.6 polygonal pure solid marked homogeneous
enhancement

16 N mild hypointensity mild
hyperintensity

2.1×1.9×1.1 elliptical pure solid marked homogeneous
enhancement

17 Y mild hypointensity mild
hyperintensity

1.8×2.0×2.2 round pure solid marked heterogeneous
enhancement

18 Images N/A
19 Y mild hypointensity mild

hyperintensity
2.0×1.9×1.3 polygonal pure solid marked homogeneous

enhancement
20 N hypointensity hyperintensity 1.7×1.2×1.5 round pure solid marked homogeneous

enhancement
21 N hypointensity hyperintensity 2.1×1.1×2.4 polygonal pure solid marked homogeneous

enhancement
22 Images N/A
23 Y hypointensity hyperintensity 2.4×2.3×1.6 elliptical pure solid marked heterogeneous

enhancement
24 N mild hypointensity mild

hyperintensity
1.8×1.1×1.7 elliptical pure solid marked homogeneous

enhancement
25 Images N/A

MBs, mammillary bodies; TVF, third ventricle floor; N*, no; Y†, yes; N/A‡, not available.
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(including the adrenal gland, thyroid gland, gonadal glands,
prolactin, and neurohypophysis) in the evaluated patients
exceeded 80%. Insulin-like growth factor-1 (IGF-1) levels
below the age- and gender-matched reference range were
found in 10 of the 16 patients.

Metabolic evaluation in the cases revealed remarkable
metabolic disorders. Pre-operation/treatment data of body
mass index (BMI) were available in 20 cases (Figure 6B).
Overweight (24≤BMI ≤ 27.9) was found in 8 (40.0%), and
obesity (BMI≥28) in 5 (25.0%). Hyperlipidemia developed in
13 of the 16 evaluated cases. The levels of triglyceride (TG), total
cholesterol (TC), low-density lipoprotein-cholesterol (LDL-c),
and high-density lipoprotein-cholesterol (HDL-c) were 4.87 ±
5.78, 5.77 ± 1.90, 3.00 ± 1.14, 0.90 ± 0.36 (mmol/L), respectively.
Among them, elevated triglyceride (TG) was found in all 13
cases. Patient No. 5 even had a TG level as high as 25.0mmol/L
(Figure 6C). In the evaluation of glucose metabolism, 7/16 cases
were proved to have diabetes mellitus (DM), 3/16 had impaired
glucose tolerance (IGT). Hyperuricemia was found in 10 of the
15 females and 2 of the 5 males, with serum uric acid levels of
0.460 ± 0.156mmol/L and 0.342 ± 0.120mmol/L separately
(Figure 6D). No onset of gout was reported. In the 12 patients
with hyperuricemia, 5 cases had no elevated serum sodium level.
Frontiers in Endocrinology | www.frontiersin.org 8148
Liver ultrasonography demonstrated hepatic adipose
infiltration in 11 of the 16 evaluated patients. No history of
excessive drinking was reported, nor evidence of viral/
autoimmune/congenital hepatic diseases was found. Levels of
the serum lipid profile, HbA1c, FBG, PBG, were not significantly
related to BMI, while levels of SUA were positively related to
BMI (r=0.652, P=0.003). The BMIs of those who had fatty liver
infi l tration were notably higher than patients who
didn`t (P=0.027).
DISCUSSION

Previous reports had given descriptions of the manifestations of
patients with hypothalamic lesions, resulting from the mass
effects or the dysfunction in the regulation of endocrine
disorders (insipidus diabetes, amenorrhea, sexual dysfunction),
sleep, food intake, body temperature, water metabolism, emotion,
which were called hypothalamic syndrome (1). Early in the 1950s,
Bauer reported 60 cases with various lesions in the hypothalamus
(8). Neurologic symptoms were the most common clinical
manifestations (including neuro-ophthalmologic abnormalities,
pyramidal tract or sensory nerve involvement, headaches,
FIGURE 2 | The T1-weighted postcontrast MR images of two typical cases. (A) Sagittal view of patient No. 7; (B) Coronal view of patient No. 7; (C) Sagittal view of
patient No. 10; (D) Coronal view of patient No. 10.
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extrapyramidal cerebellar signs, and recurrent vomiting). As for
the symptoms related to the hypothalamus itself, sexual
abnormalities, diabetes insipidus, and psychic disturbances were
the top three manifestations. Specially, precocious puberty was
seen in 40% of the cases, which may result from the selection bias.
However, few reports had described the symptoms of solitary
hypothalamic lesions. In our case series, diabetes insipidus was
the most common initial manifestation, affecting 76% of all cases,
and the prevalence of polyuria and polydipsia rose to 80% later.
Hypogonadism in females was another frequently reported initial
symptom (in 9 of the 20 cases). In addition, with the progress of
the diseases, manifestations of hypogonadism developed in all the
patients over 18 years old. Other symptoms include cognitive
impairment, affective disorders, food intake disorders, body
weight alternations (either gain or loss), fever, somnolence,
oligodipsia, lactation, neurologic symptoms, psychiatric
symptoms, and cutaneous/subcutaneous involvement. Our
institution mainly deals with adult patients. The youngest age
of onset was ten years old in our report. That`s why precocious
Frontiers in Endocrinology | www.frontiersin.org 9149
puberty wasn`t seen. Compared to Bauer`s report, symptoms
linked to hypothalamus dysfunction were more common in our
case series rather than neurological symptoms. This could be
explained by the localized involvement of the hypothalamus, with
the adjacent anatomic structures (such as the optic chiasm, the
optic nerve, the internal capsule, the pituitary, the pituitary stalk,
and the thalamus, etc.) less (or not) affected.

The lesions involving different nuclei and regions of the
hypothalamus can result in related symptoms. Central diabetes
insipidus mainly results from destructions of the supraoptic and
paraventricular nuclei (9). In addition, the dysfunctions of the
thirst center osmoreceptors lead to oligodipsia, which may cause
severe hypernatremia. As diabetes insipidus was the most
common initial symptom in our report, it could be inferred
that a primary hypothalamus lesion often firstly affects the
supraoptic and paraventricular nuclei. The susceptibility of
developing hypogonadism can be another characteristic of
solitary hypothalamus lesions. In our study’s evaluation
of pituitary functions, central hypogonadism had the highest
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FIGURE 3 | The correlations between complex hypothalamic symptoms and the lesion size (A), the third ventricle floor (TVF) identification (B) and third ventricle
involvement (C). *P < 0.05, **P < 0.01.
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FIGURE 4 | Histopathology and immunohistochemistry manifestations of Langerhans cell histiocytosis (LCH) in patient No. 10. (A) H&E staining reflected marked
histiocyte proliferation (H&E, ×200 original magnification); Immunohistochemistry indicated clusters of various immunophenotypical markers [(B): CD68+, (C): CD1a+,
(D): leukocyte common antigen (LCA)+, (E): CD138+, ×200 original magnification].
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FIGURE 5 | Histopathology and immunohistochemistry manifestations of hypothalamitis in patient No. 17. (A) Notable proliferation of lymphocyte, plasma cells and
histiocyte was found in H&E staining (H&E, ×200 original magnification); Immunohistochemical analysis revealed scattered CD68 (B), CD138 (C) and CD3 (D) cells,
with IgG deposition (E). CD20 (F) and CD1a (G) cells were absent.
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prevalence (95.5%) of all axes. Similarly, as one of the most
frequently affected axis in sellar lesions, the previously reported
prevalence of central hypogonadism could be as high as 95% in
patients with sellar tumors and after surgery or radiotherapy (5).
The mechanisms of hypothalamic hypogonadism are complex,
including the disorders of gonadotropin-releasing hormone
(GnRH) secretion/transportation, pulsatile release of
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH), and/or hyperprolactinemia, etc. (1) Manifestations of
somnolence were common in our and the previous reports (8).
The mechanisms of sleep-wake cycle regulation are rather
complex. The hypothalamus harbors nuclei and regions
controlling sleep-wake cycles, and they communicate with
other areas of the brain, especially the reticular activating
system of the brain stem, to maintain a normal circadian
rhythm (10). Destructions of the hypothalamus could impair
normal wakefulness and arousal and lead to prolonged hours of
sleep (1). Fever with no evidence of infection occurred in 7 cases.
The preoptic area (POA) of the hypothalamus is thought to be
the key integratory site for thermoregulation in the brain (11).
The symptoms of fevers in such patients could very possibly
result from the abnormal central regulation of body temperature.
Affective disorders, especially irritability, were found in some of
our cases. Lesions in the ventromedial nucleus have been found
to be related to aggressive and even violent behaviors in animals
(1). Early in 1969, Reeves and Plum described a case whose
Frontiers in Endocrinology | www.frontiersin.org 11151
ventromedial hypothalamus was destroyed by a small neoplasm
manifested rage attacks, hyperphagia, and dementia (12).
Bilateral involvement of ventromedial nuclei and adjacent
pathways contribute to such a triad. Cognition impairment in
our reports mainly manifested as memory deterioration, which
might be associated with dysfunctions of ventromedial nuclei
and the communications between the hypothalamus and brain
stem reticular formation and limbic system (1). Also, posteriorly
the tuber cinereum lie the mammillary bodies. They include
important nuclei of the memory circuit, and hypothalamic
lesions affecting the fornices and the afferent input to the
mammillary bodies could cause memory defects (13). Such
manifestations had been widely described in Korsakoff’s
syndrome, which is mainly characterized by amnesia (both
retrograde and anterograde) (14). The pathology in Korsakoff’s
syndrome almost always involves the mammillary bodies.
Although Korsakoff’s syndrome is most frequent in alcoholics,
it is also described for craniopharyngiomas affecting the third
ventricle (15). It can be inferred that Korsakoff-like amnesia
could be a significant determinant of memory deteriorations in
our case series. Besides, disorders of the sleep-wake cycle and
poor quality of sleep could increase the possibility of cognitive
impairment as well (10). In addition to emotional and cognitive
alterations, strange behaviors and changes in personality, even
accompanied by psychotic symptoms can occur, as was in the
case No. 23. Such symptoms reflect lesions affecting more
A

B

C

D

FIGURE 6 | Pituitary dysfunctions and metabolic disorders. (A) Description of hypopituitarism of all the cases; (B) BMIs of the evaluated cases (n = 20); (C) Blood
lipid levels of the evaluated cases (n = 16); (D) Serum uric acid levels of the evaluated cases (n = 20). CAI, central adrenal insufficiency; CHT, central hypothyroidism;
CHG, central hypogonadism; HPL, hyperprolactinemia; CDI, central diabetes insipidus; N/A, not available.
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diffusely the hypothalamic networks and the connectivity of the
hypothalamus with the medial-basal frontal cortices and limbic
system (16). Our study validates the hypothalamic lesions as a
clinical model of psychiatric disturbances, similarly to the case of
craniopharyngiomas developing or invading the third ventricle.
Accordingly, a wider set of symptoms than the insufficiency of
hormones of the endocrine axes controlled by the hypothalamus
can be grouped under the term “hypothalamic syndrome” in
contrast to the restricted involvement of the infundibulum-
tuber cinereum.

In craniopharyngiomas, a clinical-topographical correlation
between the patient’s syndrome and the anatomical structures
involved by the tumor had been proven (17). Structural/
functional impairment of the infundibulum-tuber cinereum
complex encompassing damage of the median eminence,
arcuate nucleus, and tubero-mammillary nuclei, leads to the
infundibulo-tuberal syndrome. It was originally described by
French authors Claude and Lhermitte in 1917 (18), including
symptoms of Fröhlich`s syndrome, obesity, diabetes insipidus,
and/or sleep alterations due to lesion of the histaminergic
neurons in the tuberomammillary nucleus (19). Infundibulo-
tuberal syndrome was found to occur in craniopharyngiomas
which replaced or invaded the TVFs (17). Furthermore, injury
to structures above the infundibulum and tuber cinereum
level (ventromedial and dorsomedial hypothalamus and
fornices) induces complex psychiatric, behavioral, or emotional
alterations, memory impairment (including Korsakoff’s
syndrome), abnormal body temperature, and so on. In our
study, the clinical-topographical correlation was also confirmed.
Hyperphagia and somnolence, as typical manifestations of
infundibulo-tuberal syndrome, were only seen in cases with the
TVF involvement. Besides, those with complex hypothalamic
symptoms associated to cognition, mood and body temperature
tended to have larger mass sizes, wider involvement of third
ventricle and TVFs.

The solitary hypothalamic lesion occurs rarely, and patients
with different etiology could have similar clinical manifestations
and MR imaging features. Final diagnoses highly depend
on histopathological evidence. The surgical procedures in the
hypothalamus region could be risky and challenging. Diagnostic
radiation and steroid treatment are alternatives when the
etiology is hard to confirm. However, the treatment can be
ineffective and induce lots of complications. Only in very few
case reports the pathological diagnoses were established (2–4). In
our case series, stereotactic hypothalamic biopsy/surgical biopsy/
surgical resection was performed in 20 patients by the most
experienced surgeons in our institution. 16 of the 20 cases
achieved histopathological diagnoses. Either surgical or
stereotactic biopsy will be a reliable and relatively safe
procedure to help to reach the pathological diagnosis of
solitary hypothalamic mass. The stereotactic biopsy can be
used for most hypothalamic primary les ions with
diameters≥5mm. For lesions located at the bottom area of the
hypothalamus or close to the pituitary stalk, a surgical biopsy is
more likely to be chosen. In patients No.1, 6, 20, and 24, only
gliosis and inflammatory cell infiltration were found, with no
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diagnostic immunohistochemical features. However, the
following subcutaneous lump in patient No. 20 gave rise to the
final diagnosis of LCH. Similarly, the skin lesions in patient No.
22 made the diagnosis of LCH. The lymph node biopsy in Patient
No.18 helped to confirm the histopathological diagnosis of low-
differentiated neuroendocrine carcinoma originated from the
lung. So, the mass of the hypothalamus was thought of as a
metastatic lesion. Such cases indicated that careful systemic
evaluations are critical, including detailed physical examination
and history-taking, evaluation of important diagnostic markers,
and comprehensive radiological examinations. CT scan and
whole body 18-FDG-PET-CT scan can help to find potential
extracranial lesions for biopsy or surgery. Also, the multi-
disciplinary workup and consultation consisting of specialties
of different departments can be vital to reach the final diagnosis.
Here we present an algorithm of diagnosis of a solitary
hypothalamus lesion (Figure 7).

In our cases, the metabolic disorders were remarkable, which
appeared before any etiological therapy. Previous reports seldom
emphasized the problems of metabolism. The hypothalamus
plays a vital role in regulating body weight by balancing the
intake of food and energy expenditure and storage.
Hypothalamic obesity (HO) is defined as significant
hyperphagia and weight gain after any damage to the energy-
controlling center of the hypothalamus (20).HO is most
commonly described in the context of craniopharyngioma, and
most patients with HO have large lesions or extensive
involvement of the hypothalamus (21). Previous reports
indicate that obesity occurs in approximately 25% of
individuals with anatomically proven lesions in the
hypothalamus (8, 9). The prevalence of weight gain could be as
high as 90% in craniopharyngioma after surgery (21). In our
reports, hyperphagia was seen in 48% (12/25) of cases, and
overweight/obesity was found in 65% (13/20). The mechanisms
of HO could be various, including hyperphagia, impaired energy
expenditure and thermoregulation, vagally mediated
hyperinsulinemia, and defective hypothalamic leptin signal
transduction (1, 22). Lesions affecting the arcuate nucleus, the
paraventricular nucleus, the ventromedial nucleus, the
dorsomedial nucleus, and the dorsal hypothalamic area could
contribute to HO, which play vital roles in the regulation of
satiety and energy expenditure (23). Besides, some patients in
our study presented with amenorrhea, sexual dysfunction, HO
and hyperphagia. Early in 1901, Alfred Fröhlich published his
famous work describing a 14-year-old boy with a large pituitary
tumor presenting sexual infantilism and obesity (24). These
manifestations were defined as Fröhlich’s syndrome or
adiposogenital dystrophy, which featured excessive eating,
obesity, pubertal delay, and hypogonadism (25). The
destruction/anatomic distortion of the median eminence,
where axonal endings from GnRH neurons establish their
synaptic contacts with the complex capillary network of
fenestrated vessels and tanycytes, could contribute to the
development of Fröhlich’s syndrome (26, 27). In addition,
the interrupted communication between GnRH neurons and
the network of astrocytes processing the feedback metabolic
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information of blood energy molecules and hormones to the
arcuate nucleus is also a fundamental anatomical correlate of
such a functional impairment (26, 28, 29). HO has a significant
adverse impact on quality of life and increases the risk of cardio-
and cerebrovascular mortality. In spite of a great deal of
theoretical understanding, an effective treatment for
hypothalamic obesity has not been developed. The trials with
GLP-1 (30, 31) and gastric bypass surgery (32) have proved to be
effective. We expect more effective therapy in the future.
Hyperlipidemia developed in 81.3% (13/16), and hepatic
adipose infiltration in 68.8% (11/16) of the evaluated cases.
Fatty liver infiltration might be induced by obesity, considering
the significant difference in BMI between those with and without
fatty liver. Hyperglycemia and fatty liver infiltration were also
reported in the follow-up of craniopharyngioma (33). Abnormal
glucose metabolism (either DM or IGT) was found in 62.5% (10/
16). The disorders in lipid and glucose metabolism could be
caused by HO, hypopituitarism, and disturbed central metabolic
regulation. Specially, we had reported a case of hypothalamitis
Frontiers in Endocrinology | www.frontiersin.org 13153
who presented a notable elevation of blood glucose along with
the increase of the size of the lesion, and the blood glucose
returned to normal after post-therapeutic size decrease of the
lesion (4). For this case, it can be inferred that the hyperglycemia
was mainly caused by the lesion itself, which induced severely
impaired hypothalamic regulation of glucose homeostasis. The
diabetes mellitus resulting from reasons like this could be defined
as a new type: hypothalamic diabetes mellitus. SUA levels
were elevated in 60% (12/20) patients, in which 5 cases had no
elevated serum sodium level . All the patients with
hyperuricaemia were asymptomatic. Aside from diabetes
insipidus and the following dehydration, hyperuricaemia was
generally thought to be associated with genes, obesity, gender,
diet, insulin resistance, drug use, chronic kidney disease, and so
on (34). Levels of SUA were positively related to BMI in our
study, indicating the contribution of obesity in the development
of hyperuricaemia. Besides, it has been reported that electrical
stimulation of the ventromedial hypothalamus in rats can induce
a rise of plasma uric acid, which possibly can be due to the
FIGURE 7 | An algorithm of the diagnosis of an intracranial solitary hypothalamus lesion. MRI, magnetic resonance imaging; ACE, angiotensin-converting enzyme;
T-SPOT.TB, T-cell spot of tuberculosis test; CT, computed tomography; PET/CT, Positron emission tomography-computed tomography.
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acceleration of epinephrine release from the adrenal medulla (35,
36). More researches are needed to explore how serum uric acid
levels are regulated by the hypothalamus.
CONCLUSION

Either surgical or stereotactic biopsy will be a reliable and
relatively safe procedure to help to confirm the pathological
diagnosis of solitary hypothalamic mass. Metabolic disorders
were severe in patients with solitary hypothalamic mass. The
management of such cases should cover both the treatment of
the primary disease and the endocrine and metabolic disorders.
Effective therapy of the metabolism disorders related to
hypothalamus destructions, especially hypothalamic obesity,
are to be explored in the future.
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Objective: This study aims to investigate whether hypoxia-inducible factor 1a (HIF1a) in
the neurons of the mediobasal hypothalamus is involved in the regulation of body weight,
glucose, and lipid metabolism in mice and to explore the underlying molecular mechanisms.

Methods: HIF1aflox/floxmice were used. The adeno-associated virus that contained either
cre, GFP and syn, or GFP and syn (controls) was injected into the mediobasal
hypothalamus to selectively knock out HIF1a in the neurons of the mediobasal
hypothalamus. The body weight and food intake were weighed daily. The levels of
blood glucose, insulin, total cholesterol (TC), triglyceride (TG), free fatty acid (FFA), high-
density lipoprotein (HDL), and low-density lipoprotein (LDL)were tested. Intraperitoneal
glucose tolerance test (IPGTT) was performed. The insulin-stimulated Akt phosphorylation
in the liver, epididymal fat, and skeletal muscle were examined. Also, the mRNA
expression levels of HIF1a, proopiomelanocortin (POMC), neuropeptide Y (NPY), and
glucose transporter protein 4 (Glut4) in the hypothalamus were checked.

Results: After selectively knocking out HIF1a in the neurons of the mediobasal
hypothalamus (HIF1aKOMBH), the body weights and food intake of mice increased
significantly compared with the control mice (p < 0.001 at 4 weeks). Compared with that
of the control group, the insulin level of HIF1aKOMBHmice was 3.5 times higher (p < 0.01).
The results of the IPGTT showed that the blood glucose level of the HIF1aKOMBH
group at 20–120 min was significantly higher than that of the control group (p < 0.05). The
serum TC, FFA, HDL, and LDL content of the HIF1aKOMBH group was significantly
higher than those of the control group (p < 0.05). Western blot results showed that
compared with those in the control group, insulin-induced AKT phosphorylation levels in
liver, epididymal fat, and skeletal muscle in the HIF1aKOMBH group were not as
significantly elevated as in the control group. Reverse transcription-polymerase chain
reaction (RT-PCR) results in the whole hypothalamus showed a significant decrease
in Glut4 mRNA expression. And the mRNA expression levels of HIF1a, POMC, and NPY
of the HIF1aKOMBH group decreased significantly in ventral hypothalamus.
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Conclusions: The hypothalamic neuronal HIF1a plays an important role in the regulation
of body weight balance in mice under normoxic condition. In the absence of hypothalamic
neuronal HIF1a, the mice gained weight with increased appetite, accompanied with
abnormal glucose and lipid metabolism. POMC and Glut4 may be responsible for this
effect of HIF1a.
Keywords: HIF1a in the hypothalamus, obesity, glucose, lipid metabolism, insulin resistance
BACKGROUND

Obesity refers to a metabolic disease in which the energy intake
exceeds the energy expenditure, leading to increased body weight
and body fat content. In 2015, 107.7 million children and 603.7
million adults were obese in the world, and about 1.9 billion were
overweight (1, 2). The epidemics of obesity and obesity-related
diseases, such as dyslipidemia, hypertension, and type 2 diabetes,
are rapidly increasing worldwide (3, 4). Researchers never
stopped exploring the treatment of obesity, but to date, no
absolute safe and effective weight loss method or drug have
been found. Therefore, studying the pathogenesis of obesity from
different perspectives and finding possible treatments are
still necessary.

The hypoxia-inducible factor (HIF) is a transcription factor
that is stably expressed in hypoxic cells and participates in
various adaptive responses (5, 6). Three isoforms of HIF,
namely, HIF1a, HIF2a, and HIF3a, are identified. Studies
showed that HIF1a and HIF2a are stably expressed in the
brain, including hypothalamus under normoxic condition (7,
8). Moreover, studies showed that the hypothalamic HIFs play an
important role in appetite regulation in mice. Studies
demonstrated that increased hypothalamic glucose level
activates HIF and inhibits feeding in mice (7). The knockdown
of both HIF1a and HIF2a in proopiomelanocortin (POMC)
neurons or arcuate nucleus (ARC) results in pronounced weight
gain under high-fat diet (HFD) (7, 9). The HIF2a expression
decreases with the aging of the mice, and the deletion of HIF2a
in hypothalamic POMC neurons can lead to age-dependent
weight gain and increased body fat content in mice with mild
glucose intolerance and insulin resistance (8). These studies
suggested that HIFs, especially HIF2a, in hypothalamic ARC,
precisely POMC neurons may be involved in appetite regulation
and body weight regulation in mice fed with HFD. However, it is
not clear whether hypothalamic neuronal HIF1a itself plays a
role in body weight regulation in mice, especially under normal
diet and whether it affects the glucose and lipid metabolism.

Therefore, in our study, HIF1aflox/flox mice were selected, and
adeno-associated viruses containing cre fragments and neuron-
specific promoter syn were injected into mediobasal
hypothalamus to knock out HIF1a selectively in the neurons
of the mediobasal hypothalamus. The body weight and food
intake of the mice are recorded under chow diet. Also, the
glucose metabolism and the lipid metabolism of the mice were
examined. As a first step to understand the role of HIF1a in body
weight control, we aim to identify the metabolic phenotype of
n.org 2157
neuronal HIF1a-deficiency in mediobasal hypothalamus
in mice.
MATERIALS AND METHODS

Animals
Breeding pairs of HIF1aflox/flox mice were gifts from Polotsky
Laboratory (10) of Johns Hopkins University and bred at the
Animal Experimentation Center of Xinjiang Medical
University. Male HIF1aflox/flox mice aged 6–8 weeks and
weighing approximately 23 g were used for the study. Male
C57BL/6J mice aged 6–8 weeks were used to test the effect of
viruses on body weight. All mice had free access to water and
were housed in a standard specific pathogen free (SPF)-grade
laboratory environment at 22°C–23°C with a 12-h light/dark
cycle (09:00–21:00/21:00–09:00). Mice were anesthetized by
intraperitoneal injection of 4% chloral hydrate (0.13 ml/10 g)
for all surgeries. After virus injection, up to five mice were kept
in one cage on chow diet (9.4% kcal from fat) (11), and cages
were changed twice a week. The daily food intake of mice is
calculated by cage: the total food intake of the cage/the number
of mice. All animal experiments were approved by the Animal
Ethics Committee of Xinjiang Medical University and
conducted in accordance with the guidelines established by
this committee.

Mediobasal Hypothalamic Injection of
Virus to Knock Down HIF1a
For both HIF1aflox/flox mice and C57BL/6J mice, AAV-hSyn-cre-
GFP (cre) and AAV-hSyn-GFP (GFP) (serotype 9, GENE,
AAV9CON323) were injected into the mediobasal
hypothalamus by stereotaxic injection at the following
coordinates: 1.5 mm form bregma; midline, ± 0.5 (both sides);
and dorsoventral, −5.8 (from cranial surface). Each side was given
an injection of 0.5 µl virus at a concentration of 1.45 E+13 v g/ml.

Experimental Design
The mice with significant weight gain were divided into three
batches 28–35 days after the virus injection. In the first batch, the
brain of the mice was harvested after whole body perfusion for
frozen section. Intraperitoneal glucose tolerance test (IPGTT)
and insulin signaling pathway were examined in the mice of the
second batch. The blood and the fresh hypothalamus were
harvested in the mice of the third batch for future use.
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Frozen Sections to Observe the Location
of Injections and Expression of Viruses
The HIF1aflox/flox mice were anesthetized and rapidly perfused
with sterile normal saline and 4% paraformaldehyde 28–35 days
after virus injection. The brains were carefully removed,
postfixed in 4% paraformaldehyde at 4°C for overnight. The
next morning, the brains were cytoprotected in 20% sucrose
solution at 4°C for 24 h. Then, the brains were frozen and stored
at −80°C. Whole brains were fixed with the O.C.T. compound
and 30 µm of sections were cut and stored in PBS buffer. Then
the brain slices were mounted on the slide. After sealing with
antifade solution (Solarbio, S2100, Beijing, China), the injection
location and virus expression were observed and pictured by
confocal microscope (Leica, SP8, Wetzlar, Germany) with full-
slice scanning using ×10 magnification.

IPGTT
IPGTT were performed after 6 h fasting. The glucose solution
(1 g/kg) (BIOFROXX, 1179GR500, Einhausen, Germany) was
intraperitoneally injected into the mice after testing blood
glucose at baseline. The blood glucose was measured at the tip
of the tail using a handheld glycemic meter (Roche Accu-Chek,
Active, Indianapolis, IN, USA) at 10, 20, 30, 60, 90, and 120 min
after injection of glucose.

Biochemical Measurements
The triglyceride (TG) assay kit (Elabscience, E-BC-K238, Wuhan,
China) was used to detect TG content in serum. The total
cholesterol (TC) ELISA kit (Elabscience, E-BC-K179) was used to
detect the content of TC in serum. Themouse free fatty acids (FFA)
ELISA kit (TW-reagent) was used to detect the content of FFA in
serum. The glucose content in serumwas detected using themouse
glucose ELISA Kit (Elabscience, E-BC-K268). The serum insulin
content was measured using the mouse insulin ELISA Kit (Raybio,
ELM-Insulin, Peachtree Corners, GA, USA).

Insulin Signaling Pathway Detection
Insulin signaling pathway activation in mice was performed by
administering 5 U/kg insulin intraperitoneally 15 min prior to
the sacrifice of the mice. In control mice, saline was injected.
Liver, epididymal fat, and skeletal muscle tissue were collected,
snap frozen in liquid nitrogen, and stored at −80°C. Tissues were
homogenized through the Ripa buffer (ThermoFisher,
VH310061, Waltham, MA, USA). The gels for Western blot
were made by a gel-making kit (Solarbio, PC0020). Proteins (30
mg) were applied to each lane. For total and phosphorylated Akt
measurements, we used antibody phospho-Akt (Ser473) (D9E)
XP rabbit mAb (Cell Signaling, #4060, Danvers, MA, USA) and
Akt (pan) (11E7) rabbit mAb (Cell Signaling, #4685). The optical
densities of bands were measured using the ImageJ software.
Insulin signaling was assessed by calculation of the ratio of pAkt
to actin or total Akt after insulin injection.

Quantitative RT-PCR of HIF1a, POMC,
Neuropeptide Y, and Glut4
The total RNA was extracted from the homogenized
hypothalamus by using TRIzol (Takara, 15596026, Ambion,
Frontiers in Endocrinology | www.frontiersin.org 3158
Austin, TX, USA), and the RNA was reverse transcribed into
cDNA by using rapid reverse transcription kits (RR047A,
Kusatsu, Japan). Real-time fluorescence quantitative PCR was
performed (Takara, RR820A). The amplification reaction
conditions were as follows: stage 1: one cycle at 95°C for 30 s;
stage 2: 40 cycles at 95°C for 5 s and 60°C for 34 s; stage 3: one
cycle at 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The CT
values of the samples were measured using the Applied
Biosystems 7500 Real-time PCR System. The relative
expression level was calculated using 18S as reference, and the
2−DDCt method was used to analyze the data. The primers of the
target mRNAs are as follows: HIF1a: sense, 5′-CAGCAAG
ATCTCGGCGAAGC-3′; antisense, 5′-TGATGGTGAGCC
TCATAACAGA-3′. POMC: sense, 5′-CAAGGACAAGC
GTTACGGTG-3′; antisense, 5′-GGGGCCTTGGAATGAGAA
G-3′. Neuropeptide Y (NPY): sense, 5′-AGAAAACGCCCCCA
GAACAA-3′; antisense, 5′-TAGTGGTGGCATGCATTGGT-3′.
Glucose transporter protein 4 (Glut4): sense, 5′-CCAACAGCT
CTCAGGCATCA-3 ′ ; ant i sense , 5 ′ -CCGAGACCAA
CGTGAAGA-3′. 18S: sense, 5′-TTGACGGAAGGGCACCA
CCAG-3′; antisense, 5′-GCACCACCACCCACGGAATCG-3′.

Statistical Analyses
Mean ± SEM was used to calculate the results, and two-sided
unpaired t-tests were used for both data sets. Pearson correlation
tests for correlation between variables and normal distributions
were performed using IBM SPSS Statistics 26 analysis software,
as well as repeated measures ANOVA for weight and food intake
for HIF1aKOMBH, C57BL/6J, and controls, and Bonferroni was
used for multiple comparisons. GraphPad Prism 9 was used to
calculate the area under the curve. Data are expressed as mean ±
SEM, and p < 0.05 was considered statistically significant.
RESULTS

Localization and Expression of Viruses
Frozen sections of the brains were collected 28–35 days after
HIF1aflox/floxmice were injected with AAV-hsyn-GFP and AAV-
hsyn-cre-GFP to observe the locations and expressions of virus
injection. The green fluorescence in Figures 1A, B are the
expression locations of AAV-hsyn-GFP and AAV-hsyn-cre-
GFP, respectively. The green fluorescence in Figures 1C, D are
the expression locations of AAV-hsyn-GFP and AAV-hsyn-cre-
GFP in wild-type (WT) C57BL/6J mice. The injection and
expression sites of viruses can be seen around the third
ventricle, in the mediobasal hypothalamus. Due to variations
of the injections, the small differences of expression positions can
be seen in the figure. The leakage of the viruses can also be seen
through the injection route.

Increased Body Weight and Food Intake in
HIF1aKOMBH Mice
No significant difference in mean body weight was found
between the HIF1aKOMBH and control groups before virus
injection. On 16 to 28 days after virus injection, the body weights
October 2021 | Volume 12 | Article 668193
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of HIF1aKOMBH mice increased significantly compared with
the control mice (Figure 2B). The repeated measures ANOVA
analysis showed that the interaction term was statistically
significant, F (23, 897) = 17.880, p < 0.05, bias h2 = 0.314,
suggesting an interaction effect of group and time change on
body weight in mice. By comparing the difference in body weight
of mice seen in the two groups, the results showed that F = 7.006,
p < 0.05, deviation h2 = 0.152, indicating that the difference in
body weight of mice in the two groups was significant. Twenty-
eight days after virus injection, the mean body weight of mice in
the HIF1aKOMBH group reached 33.68 ± 1.43 g (n = 26), which
was 1.3 times that of the control mice (26.01 ± 0.48 g, n = 15;
Figure 2B). The maximum body weight of mice in the
HIF1aKOMBH group reached 46.2 g (Figure 2A). For wild-
type C57BL/6J mice, significant increases in body weight on days
24 and 27 after virus injection were seen in the cre group
compared with the control group (p < 0.05) (n = 9,
Figure 2D). However, the maximum body weight of the
C57BL/6J mice in the cre group on day 27 after virus injection
was only 30.9 g. The two-way ANOVA analysis showed that the
interaction term for wild-type C57BL/6J mice in this study was
statistically significant, F (8, 128) = 79.076, p < 0.05, deviation
h2 = 0.832, but there was no significant difference in weight
between the two groups (F = 0.825, p > 0.05, deviation
h2 = 0.049).

The food intake of HIF1aflox/flox mice injected with AAV-
hsyn-cre-GFP significantly increased compared with that of the
Frontiers in Endocrinology | www.frontiersin.org 4159
control mice. The two-way ANOVA analysis showed that the
interaction term was statistically significant, F (23, 575) = 2.389,
p < 0.05, bias h2 = 0.087, suggesting an interaction effect of group
and time change on the change of food intake. Statistical
significance was observed between the two groups of mice
from days 10 to 13, 15, and 17–29 (p < 0.05, p < 0.01, and p <
0.001, respectively; Figure 2C). The results of the comparison of
the difference in the amount of food eaten by the mice between
the different groups showed a significant difference in the weight
of food eaten by the mice between the two groups (F = 10.914,
p < 0.05, deviation h2 = 0.304). For WT C57BL/6J mice,
the number of days and group interaction had a significant
effect on mouse feeding (F (5, 75) = 7.476, p < 0.05, deviation
h2 = 0.333). However, there was no difference in mouse feeding
between groups (F = 0.044, p > 0.05, deviation h2 = 0.003)
(n = 9, Figure 2E).

Blood Glucose and Insulin Levels in
HIF1aKOMBH Mice
Thirty days after AAV-hsyn-GFP and AAV-hsyn-cre-GFP
injection in the mediobasal hypothalamus of HIF1aflox/flox

mice, serum insulin and fasting blood glucose were detected.
No significant differences were shown in fasting blood glucose
level between HIF1aKOMBH mice (n = 8) and control mice
(n = 7) (Figure 3A). However, the serum insulin level of
HIF1aKOMBH mice reached 49.70 ± 14.18 UIU/ml (n = 12),
which was 4.9 times higher than that of the control mice (n = 23,
A

B

C

D

FIGURE 1 | Injection site of viruses. (A) Brain sections of HIF1aflox/flox mice injected with AAV-hSyn-GFP virus in the mediobasal hypothalamus. (B) Brain sections of
HIF1aflox/flox mice injected with AAV-hSyn-cre-GFP virus in the mediobasal hypothalamus. (C) Brain sections of wild-type C57BL/6J mice injected with AAV-hSyn-GFP
virus at the mediobasal hypothalamus. (D) Brain sections of wild-type C57BL/6J mice injected with AAV-hSyn-cre-GFP virus at the medial mediobasal hypothalamus.
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p < 0.01, Figure 3B). The correlation analysis in HIF1aKOMBH
mice showed that the serum insulin level was positively
correlated with weight gain (p < 0.05, r = 0.669, n =
11; Figure 3C).

Impaired Glucose Tolerance in
HIF1aKOMBH Mice
IPGTT was performed 28–35 days after virus injection to
investigate the glucose tolerance of mice. The results showed
that both groups had peak blood glucose levels 20 min after
glucose injection. There were no significant differences for the
baseline glucose level of the two groups, similar with the fasting
glucose level we tested before. However, HIF1aKOMBH mice
had higher blood glucose levels at each time point after glucose
injection than control mice, and the statistical significances were
Frontiers in Endocrinology | www.frontiersin.org 5160
seen at 20, 30, 60, 90, and 120 min after glucose injection (n = 11;
p < 0.05, p < 0.01, and p < 0.001, Figure 4A). The area under the
curve (AUC) of the HIF1aKOMBH knockout mice (1,880.38 ±
138.69) was 1.2 times higher than that of the control mice
(1,350.38 ± 49.51, p < 0.01; Figure 4B).

Attenuated Insulin Signaling Pathway in
HIF1aKOMBH Mice
In control mice, p-Akt protein expression significantly increased
in the liver, epididymal fat, and skeletal muscle in insulin
injection group (n = 5; Figure 5), which implied a normal
insulin signaling pathway in these mice. However, there was
no significant difference in Akt phosphorylation in liver,
epididymal fat, and skeletal muscle of HIF1aKOMBH mice
between insulin injection group and saline injection group
A B C

D E

FIGURE 2 | Changes in the body weight and food intake of HIF1aflox/flox mice injected with AAV-hSyn-cre-GFP and AAV-hSyn-GFP at the mediobasal
hypothalamus. (A) HIF1aflox/flox mice injected with AAV-hSyn-GFP (left) and AAV-hSyn-cre-GFP (right) at the mediobasal hypothalamus for 28 days. (B) Changes in
body weight of HIF1aflox/flox mice after injections of AAV-hSyn-cre-GFP and AAV-hSyn-GFP at the mediobasal hypothalamus. (C) Effects of AAV-hSyn-cre-GFP and
AAV-hSyn-GFP injections at the medial mediobasal hypothalamus of HIF1aflox/flox mice on food intake. (D) Changes in body weight of wild-type C57BL/6J mice after
injections of AAV-hSyn-cre-GFP and AAV-hSyn-GFP at the mediobasal hypothalamus. (E) Effects of AAV-hSyn-cre-GFP and AAV-hSyn-GFP injections at the
mediobasal hypothalamus of wild-type C57BL/6J mice on food intake. *p < 0.05, #p < 0.01, and △p < 0.001.
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(Figure 5), indicating the impaired insulin sensitivity in
HIF1aKOMBH mice.

Abnormal Lipid Metabolism in
HIF1aKOMBH Mice
The investigation of TC, TG, FFA, high-density lipoprotein
(HDL), and low-density lipoprotein (LDL) levels in the serum
of HIF1aKOMBH mice showed that lipid metabolism was also
abnormal in HIF1aKOMBH mice. No significant difference was
found in the serum TG content between the two groups
(Figure 6A). The serum total cholesterol and FFA level in
HIF1aKOMBH mice was significantly higher than control
Frontiers in Endocrinology | www.frontiersin.org 6161
mice (p < 0.01 and p < 0.05, respectively, Figures 6B, C). For
lipoprotein levels, the HDL and LDL content in HIF1aKOMBH
mice was also significantly higher than those in control mice
(p < 0.01 and p < 0.05, respectively, Figures 6D, E).

Changes in the Expression of Protein and
Appetite-Related Neuropeptides
Associated With Systemic Energy
Homeostasis in HIF1aKOMBH Mice
Fresh hypothalamus were harvested 28–35 days after virus
injections to detect the mRNA expression of HIF1a, POMC,
NPY, and Glut4 by RT-PCR. Tests on the whole hypothalamus
A B C

FIGURE 3 | Changes in blood glucose and insulin content and the correlation between serum insulin content and body weight of mice after injections of AAV-hSyn-
GFP and AAV-hSyn-cre-GFP in the mediobasal hypothalamus of HIF1aflox/flox mice. (A) Serum blood glucose levels of HIF1aflox/flox mice injected with AAV-hSyn-cre-
GFP and AAV-hSyn-GFP. (B) Serum insulin contents of HIF1aflox/flox mice injected with AAV-hSyn-cre-GFP and AAV-hSyn-GFP. (C) Correlation analysis between
serum insulin content of HIF1aflox/flox mice and body weight changes after injections of AAV-hSyn-GFP and AAV-hSyn-cre-GFP (△p < 0.001).
A B

FIGURE 4 | Effects of AAV-hSyn-GFP and AAV-hSyn-cre-GFP injections into the mediobasal hypothalamus HIF1aflox/flox mice on the intraperitoneal glucose
tolerance (IPGTT) and subsurface area (AUC). Changes in (A) glucose tolerance, (B) area under the glucose tolerance test curve. (*p < 0.05, #p < 0.01, and
△p < 0.001).
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A B

C D

E F

FIGURE 5 | Effects of AAV-hSyn-GFP and AAV-hSyn-cre-GFP injections into the mediobasal hypothalamus of HIF1aflox/flox mice on insulin signaling pathway.
(A) Detection of the p-Akt and Akt protein expression levels in the mouse liver after AAV-hSyn-GFP and AAV-hSyn-cre-GFP injection into the mediobasal
hypothalamus of HIF1aflox/flox mice. (B) Quantitative analysis results of p-Akt, Akt, and actin protein expression in the liver of HIF1aflox/flox mice after injections of AAV-
hSyn-GFP and AAV-hSyn-cre-GFP into the mediobasal hypothalamus. (C) Expression of p-Akt and Akt protein in mouse epididymal fat detected after injections of
AAV-hSyn-GFP and AAV-hSyn-cre-GFP into the mediobasal hypothalamus of HIF1aflox/flox mice. (D) Quantitative analysis results of p-Akt, Akt, and actin protein
expression in the epididymal fat of HIF1aflox/flox mice after injections of AAV-hSyn-GFP and AAV-hSyn-cre-GFP into the mediobasal hypothalamus. (E) Expression of
p-Akt and Akt protein in mouse skeletal muscle detected after injections of AAV-hSyn-GFP and AAV-hSyn-cre-GFP into the mediobasal hypothalamus of HIF1aflox/
flox mice. (E) Quantitative analysis results of p-Akt, Akt and actin protein expression in the skeletal muscle of HIF1aflox/flox mice after injections of AAV-hSyn-GFP and
AAV-hSyn-cre-GFP into the mediobasal hypothalamus (*p < 0.05).
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showed no significant changes in HIF1a (n = 16), POMC (n =
17), and NPY (n = 17) between two groups. However, a 2.05
times increase in Glut4 mRNA levels compared with the controls
were seen (n = 18) (Figure 7A). While tests on the ventral
hypothalamus showed that the expression of HIF1a in
HIF1aKOMBH mice (n = 4) was 74% less than the control
group (n = 3) (p < 0.05), indicating that the neuronal HIF1a
knockout in mediobasal hypothalamus of mice was successful. In
ventral hypothalamus, the expression of POMCmRNA and NPY
mRNA in HIF1aKOMBHmice (n = 4) was significantly reduced
(p < 0.05) compared with the control group (n = 3), but the Glut4
expression in the hypothalamus of HIF1aKOMBH mice (n = 4)
was not significantly different from the control group (n = 3) in
ventral hypothalamus (Figure 7B).
DISCUSSION

In the central nervous system, the hypothalamus is the basic
center for the regulation of energy metabolism and has a
Frontiers in Endocrinology | www.frontiersin.org 8163
powerful regulatory role in energy intake, energy expenditure,
and weight control (12–15), but the underlying mechanisms are
unclear. Our study showed that HIF1a in neurons of mediobasal
hypothalamus plays an important role in the regulation of body
weight in mice under normoxic conditions. In the absence of
HIF1a in neurons of mediobasal hypothalamus, the mice gained
weight with increased food intake, accompanied with abnormal
glucose and lipid metabolism.

The hypothalamus senses and regulates many signals of
biometabolic dynamics (16, 17). In food-induced obesity, the
whole-body energy homeostasis is disrupted (18), which may be
related to abnormalities in hypothalamic neurons, e.g., NPY/
agouti gene-related peptidergic neurons stimulating POMC/
cocaine- and amphetamine-induced transcriptergic neurons
(19–21). Conditional knockout of HIF in mouse hypothalamic
POMC neurons using genetic methods and the knockout of
HIF1b in the hypothalamic ARC have not revealed significant
changes in feeding and body weight in mice fed with chow diet,
but a significant increase in feeding and body weight is observed
in those mice fed with HFD (7). In the present study, adeno-
A B C D E

FIGURE 6 | Changes in triglyceride, total cholesterol, free fatty acid, high-density lipoprotein and low-density lipoprotein content in the serum of HIF1aKOMBH mice.
(A) Serum triglyceride, (B) serum total cholesterol, (C) free fatty acid contents, (D) high-density lipoprotein, and (E) low-density lipoprotein (*p < 0.05, #p < 0.01).
A B

FIGURE 7 | mRNA expression levels of HIF1a, POMC, NPY, and Glut4 in the hypothalamus of HIF1aflox mice after injection of AAV-hSyn-cre and AAV-hSyn-GFP
(*p < 0.05, #p < 0.01, and △p < 0.001). (A) Changes in the expression levels of HIF1a, POMC, NPY, and Glut4 mRNA in the whole hypothalamus. (B) Changes in
HIF1a, POMC, NPY, and Glut4 mRNA expression levels in the ventral hypothalamus.
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associated viruses containing syn (neuron-specific promoter)
and cre fragments were injected into mediobasal hypothalamus
of mice by stereotaxic injection, and HIF1a was conditionally
knocked out in this site, confirmed by RT-PCR. Although we
knocked out only HIF1a, rather than the HIF precursor, the
body weight and food intake of mice with the chow diet
increased significantly (p < 0.05), suggesting that neuronal
HIF1a itself in mediobasal hypothalamus could be important
for body weight and appetite control, although part of the reason
may be due to broad regional HIF1a knockout neurons in the
hypothalamus in our study. In addition to the hypothalamic
POMC neurons and ARC region, HIF1a in other parts of the
hypothalamic neurons may be involved in the regulation of body
weight as well. In our results, the increase in body weight
occurred earlier than the increase in food intake, suggesting
that HIF1a in neurons of mediobasal hypothalamus might affect
both the appetite and metabolic rate in mice. To exclude the
effect of AAV-cre on body weight and food intake, we injected
the same viruses in WT C57BL/6J mice. We did see the increase
of body weight on 24 and 27 days after virus injection, but the
increase of body weight was much less than HIF1aflox/flox mice.
Moreover, the increase in food intake was not seen in WT mice.
These results confirmed that the prominent weight gain and
increased food intake in HIF1aKOMBH mice was due to loss of
neuronal HIF1a in mediobasal hypothalamus.

Studies found that the loss of HIF1a in the vascular
endothelial cells of mice leads to a significant increase in the
fasting glucose level, slow insulin response after intravenous
glucose injection, delayed glucose clearance in the blood, and
significantly impeded glucose absorption by the brain and heart
(22). These results indicated that HIF1a plays an important role
in glucose metabolism. Other studies showed that HIF induction
can enhance hypothalamic glucose sensing (7), and the
inhibition of hypothalamic HIF1 lead to glucose intolerance
and increased serum insulin level (8). In our study, impaired
glucose metabolism was present in HIF1aKOMBH mice.
Although there were no significant changes in blood glucose
levels in HIF1aKOMBH mice, the serum insulin levels of
HIF1aKOMBH mice were significantly increased, suggesting
that mice with neuronal HIF1a knockout in the mediobasal
hypothalamus developed insulin resistance. In addition, the
normal blood glucose levels might be the result of increased
insulin secretion. The results of correlation analysis showed that
the increase in insulin content was positively correlated with
increased body weight in mice, indicating that the increase in
insulin secretion might be the consequence of the increased body
weight in mice.

IPGTT and insulin signaling results further confirmed
abnormal glucose tolerance and insulin resistance in
HIF1aKOMBH mice. The higher blood glucose levels in the
knockout mice after glucose injection suggested that the
mediobasal hypothalamic neuronal HIF1a knockout mice
caused abnormal glucose tolerance in mice. The HIF1a
KOMBH mice had a significantly delayed decrease in blood
glucose after glucose injection, indicating that the absence of
HIF1a in the neurons of medial basal hypothalamus might
Frontiers in Endocrinology | www.frontiersin.org 9164
lead to impaired glucose clearance in the blood of mice. The
glucose intolerance in HIF1aKOMBH mice may be due to
higher insulin secretion baseline in these mice, which leads to
insulin deficiency when facing glucose challenge. Akt, also
known as PKB or Rac, plays a critical role in the control of
survival and apoptosis (23–25). Insulin promotes a variety of
important biological responses (26) and can stimulate the
disposal of blood glucose primarily in target tissues, such as
skeletal muscle and adipocytes, where the sugar is either oxidized
or stored as glycogen or fatty acids. In both tissues, insulin
promotes a rapid activation of specific PKB isoforms. Our results
showed that the insulin-induced activation of AKT signaling
pathway in the liver, epididymal fat, and skeletal muscle of
HIF1aKOMBH mice was significantly lower than that of the
control mice, confirming the reduced insulin sensitivity in
these mice.

To investigate the lipid metabolism of HIF1a knockout mice
in the mediobasal hypothalamus, we measured the serum TG,
TC, FFA, HDL, and LDL levels in HIF1aflox/flox mice after virus
injection. Although there are no significant changes in the serum
TG content, the serum TC and FFA content in knockout mice
significantly increased. The abnormal blood lipid content still
appeared in the mice under chow diet, suggesting that HIF1a in
the neurons in the mediobasal hypothalamus was also involved
in blood lipid metabolism to some extent. The increased HDL
and LDL level may be the consequence of increased lipid level.

To confirm that the HIF1a was indeed knocked out in
HIF1aKOMBH mice, the RT-PCR of HIF1a was performed.
When we checked the HIF1a in the whole hypothalamus, we
found that the HIF1a did not decrease. Since the virus injections
are mainly in the mediobasal hypothalamus, we took the ventral
part of the hypothalamus to perform the RT-PCRagain. As a result,
the expression ofHIF1amRNA inHIF1aKOMBHmice decreased
by 74%, indicating that AAV-hSyn-cre-GFP had a knockdown
effect on HIF1a. Considering the knockout is neuronal specific,
74% decrease in HIF1a expression is reasonable.

The ARC in the hypothalamus has two distinct functional types
of neurons that are important for appetite regulation. These
neurons are related peptide agouti-related protein (AGRP)/NPY
neurons, which express food-derived (appetite-stimulating) NPY
andAGRP, and POMCneurons, which express POMC and inhibit
appetite (27).NPY,as apolypeptidewidely distributed in the central
and peripheral nervous systems, plays an important role in body
weight regulation. The main role of NPY is to increase food intake
and reduce the thermogenic effect of satiated animals. The RT-PCR
in the whole hypothalamus suggested nonchanged expression
of POMC and NPY. Interestingly, however, in ventral
hypothalamus, the mRNA expression of POMC and NPY were
significantly reduced in HIF1aKOMBH group. The decreased
POMC expression may explain the increased food intake in
knockout mice, while the decrease in NPY mRNA expression
might be the result of negative feedback regulation due to
overeating in mice.

Previous study found that Glut4 is also expressed in the
hypothalamus (28) and plays an important role in sensing
glucose and regulating systemic glucose homeostasis. The
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knockdown of Glut4 in the mouse brain leads to impaired
glucose tolerance, reduced insulin sensitivity, and impaired
glucose-lowering regulation in mice (29). Moreover, the
deletion of HIF1a in skeletal muscle cells leads to impaired
Glut4 function (30). By contrast, the insulin receptor substrate 1-
associated phosphatidylinositol 3-phosphate kinase can activate
Glut4 translocation to the plasma membrane, thereby importing
glucose into the cell. Therefore, Glut4 is a key factor in skeletal
muscle insulin sensitivity. The results of the present study showed
a decreased Glut4 mRNA expression in HIF1aKOMBH mice in
the whole hypothalamus, suggesting that Glut4 may be involved in
the weight gain and abnormal glucose metabolism of these mice.
However, the expression of Glut4 did not change in ventral
hypothalamus, suggesting that the effect of HIF1a may act on
the dorsal part of hypothalamus.

In summary, our study showed that neuronal HIF1a
knockout at the mediobasal hypothalamus could lead to weight
gain in mice accompanied with impaired glucose metabolism
and lipid metabolism. POMC and Glut4 may be related to this
effect of HIF1a. Whether the abnormal glucose metabolism and
lipid metabolism was directly and causally related to the deletion
of HIF1a at the mediobasal hypothalamus in mice remained
unclear. In the future study, we will further investigate the effects
of hypothalamic neuronal HIF1a on hypothalamic glucose
Frontiers in Endocrinology | www.frontiersin.org 10165
sensing, insulin signaling pathway, and lipid regulatory
pathway and mechanisms.
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Brain Permeable AMP-Activated
Protein Kinase Activator R481 Raises
Glycaemia by Autonomic Nervous
System Activation and Amplifies the
Counterregulatory Response to
Hypoglycaemia in Rats
Ana M. Cruz1, Katie M. Partridge1, Yasaman Malekizadeh1, Julia M. Vlachaki Walker1,
Paul G. Weightman Potter1, Katherine R. Pye1, Simon J. Shaw2, Kate L. J. Ellacott 1

and Craig Beall1*

1 Institute of Biomedical and Clinical Sciences, College of Medicine and Health, University of Exeter, Exeter, United Kingdom,
2 Rigel Pharmaceuticals Inc., South San Francisco, CA, United States

Aim: We evaluated the efficacy of a novel brain permeable “metformin-like” AMP-
activated protein kinase activator, R481, in regulating glucose homeostasis.

Materials and Methods: We used glucose sensing hypothalamic GT1-7 neuronal cells
and pancreatic aTC1.9 a-cells to examine the effect of R481 on AMPK pathway activation
and cellular metabolism. Glucose tolerance tests and hyperinsulinemic-euglycemic and
hypoglycemic clamps were used in Sprague-Dawley rats to assess insulin sensitivity and
hypoglycemia counterregulation, respectively.

Results: In vitro, we demonstrate that R481 increased AMPK phosphorylation in GT1-7
and aTC1.9 cells. In Sprague-Dawley rats, R481 increased peak glucose levels during a
glucose tolerance test, without altering insulin levels or glucose clearance. The effect of
R481 to raise peak glucose levels was attenuated by allosteric brain permeable AMPK
inhibitor SBI-0206965. This effect was also completely abolished by blockade of the
autonomic nervous system using hexamethonium. During hypoglycemic clamp studies,
R481 treated animals had a significantly lower glucose infusion rate compared to vehicle
treated controls. Peak plasma glucagon levels were significantly higher in R481 treated
rats with no change to plasma adrenaline levels. In vitro, R481 did not alter glucagon
release fromaTC1.9 cells, but increased glycolysis. Non brain permeable AMPK activator R419
enhanced AMPK activity in vitro in neuronal cells but did not alter glucose excursion in vivo.

Conclusions: These data demonstrate that peripheral administration of the brain
permeable “metformin-like” AMPK activator R481 increases blood glucose by activation
of the autonomic nervous system and amplifies the glucagon response to hypoglycemia in
rats. Taken together, our data suggest that R481 amplifies the counterregulatory
response to hypoglycemia by a central rather than a direct effect on the pancreatic
n.org December 2021 | Volume 12 | Article 6974451167
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a-cell. These data provide proof-of-concept that central AMPK could be a target for future
drug development for prevention of hypoglycemia in diabetes.
Keywords: AMPK, hypoglycemia, glucagon, hypoglycemic clamp, glucose homeostasis, counterregulation
INTRODUCTION

Achieving more time in the target blood glucose (BG) range is a
daily challenge for people with diabetes. This can become
increasingly challenging with tightening glycemic control using
insulin treatment, which increases the risk of hypoglycaemia.
Moreover, disease progression and frequent exposure to
hypoglycaemia can lead to impaired awareness of and defective
counterregulatory responses (CRR) to hypoglycaemia (1).

AMP-activated protein kinase (AMPK) has emerged as a
central component of cellular energy sensing over the past two
decades. The enzyme is a heterotrimeric complex composed of a,
b and g-subunits, with the a-subunit containing the catalytic
domain (2). There are two isoforms of the a-subunit, AMPKa1
and AMPKa2, with the latter isoform having a more prominent
role in glucose sensing (3–5). This enzyme plays an important
role in regulating whole body energy homeostasis through its
actions in the hypothalamus (6) and pancreas (7, 8). Previous
studies have shown that direct pharmacological activation of
AMPK in the ventromedial nucleus of the hypothalamus
(VMH), an important hypoglycemia-sensing brain region (9),
increases the response to hypoglycemia in healthy (10),
recurrently hypoglycemic and diabetic BB rats (11) by
increasing hepatic glucose production (HGP) with or without
concomitant increases in glucagon and adrenaline levels.
Moreover, suppression of AMPK activity using shRNA
diminishes the glucagon and adrenaline response to
hypoglycemia (12). Recurrent glucoprivation in rats leads to
attenuated AMPK activation in hypothalamic nuclei during
hypoglycemia (13), suggesting, at least in part, that recurrent
hypoglycemia (RH) may lead to defective CRR through
suppression of hypothalamic AMPK activity. Importantly,
previous studies have, thus far, only used direct injection of
AMPK activators into the brain. Rigel Pharmaceuticals (CA,
n.org 2168
USA) has developed novel AMPK activating compounds with a
similar mechanism of action to metformin [complex I inhibition
(14)] but with greater potency. One novel compound, R481, is
brain permeable and has a positive brain:plasma distribution. We
assessed the effect of R481 on glucose homeostasis and used this
novel compound to test the hypothesis that peripheral delivery of
a brain-permeable AMPK activator may improve the CRR
to hypoglycemia.
RESEARCH DESIGN AND METHODS

Reagents
R481 and R419 were kindly gifted by Rigel Pharmaceuticals Inc
(San Francisco, USA). Chemical structures for compounds are
shown in Figure 1. SBI-0206965 was purchased from Cayman
Chemical, hexamethonium bromide from Sigma Aldrich, 50%
glucose solution from Centaur Services, and Novo Nordisk
Actrapid insulin was purchased from Covetrus.

Cell Culture
Immortalized GT1-7 mouse hypothalamic cells were a kind gift
from Pamela Mellon, Salk Institute, San Diego, California, USA.
GT1-7 cells were cultured in growth medium, as previously
described (15), and experiments conducted at physiological
brain glucose levels (2.5 mmol/L) in experimental medium
(Table 1). The murine pancreatic a-cell line aTC1 clone 9
(referred to as aTC1.9) was a kind gift from Hannah Welters,
University of Exeter, UK. aTC1.9 cells were cultured in growth
medium at physiological peripheral glucose levels (5.5 mmol/L)
and experiments conducted in experimental medium, KBH
buffer or XF medium (Table 1). Cell lines were confirmed
as mycoplasma free using a commercial kit (MycoAlert, Lonza,
Slough, UK).
A

B

FIGURE 1 | Structures of indirect AMPK activators R481 and R419. Chemical structures of brain permeable R481 (A) and non-brain permeable R419 (B) indirect
AMPK activators.
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Immunoblotting
Cells were grown to 60-80% confluence in 60 mm round petri
dishes. Following drug treatment, cell lysates were collected for
protein quantification using the Bradford method (16). For tissues,
brains were dissected from healthy Sprague Dawley rats following
administration with R481 (20 mg kg-1; i.p), R419 (20 mg kg-1; i.p)
or vehicle (0.5% HPMC, 0.1% TWEEN-80; i.p) during glucose
tolerance tests (2 g kg-1) 120minutes following drug administration
and snap frozen in liquid nitrogen. 2 mm sections encompassing
the medial basal hypothalamus (MBH) were cut using the rat brain
matrix (A1TO 1mm World Precision instruments) and MBH
dissected with a scalpel. Protein was extracted from the region of
interest by mechanical homogenisation, in lysis buffer, and
quantified using the Bradford method. Extracted protein was
separated using SDS-PAGE and transferred to nitrocellulose
membranes. Immunoreactivity for total and phosphorylated
protein was detected and semi-quantified using infrared
fluorescence on the Licor Odyssey scanner. Primary antibodies
used were: pThr172 AMPK (1:1,000; catalogue #2531), AMPKa
(total AMPK 1:1000, catalogue #2535), pSer79 acetyl CoA
carboxylase (ACC; 1:1000; catalogue #3661) from Cell Signalling
Technologies, total ACC (1:1,000; catalogue #05-1098) fromMerck
Millipore and b-actin (1:10,000; catalogue #NB600-501)
from Biotechne.

Determination of ATP Concentrations
GT1-7 cells were cultured in 96-well plates overnight and
intracellular ATP concentrations were measured using the
ATPlite two-step assay (PerkinElmer, UK) as per manufacturer’s
instructions and as previously described (17).

Measurement of Glucagon Release
For glucagon assessments, aTC1.9 cells were seeded in 12-well
plates overnight, incubated in serum-free medium for 2 hrs
and treated for 1 hr with R481 (50 nmol/L) or vehicle in KBH
buffer (Table 1) supplemented with 0.5 mmol/L glucose. Media
was collected for glucagon quantification using glucagon
ELISA (Mercodia, Uppsala, Sweden) and cells lysed for
protein quantification. Data analyzed by 4-parameter logistic
curve analysis.
Frontiers in Endocrinology | www.frontiersin.org 3169
Assessment of Cellular Metabolism
Measurement of basal oxygen consumption rate (OCR),
extracellular acidification rate (ECAR) and glycolytic rate
assays were performed using the Agilent Seahorse Bioanalyzer
according to manufacturer ’s instructions with minor
modifications (Agilent, United Kingdom). Briefly, aTC1.9 cells
were plated on poly-L-lysine (PLL; 4 µg/ml) coated XFe96
microplates (3 x 104 cells/well) in growth medium (Table 1)
and incubated overnight at 37°C, 5% CO2 before experiments.
For glucose concentration response experiment, following
overnight incubation, cells were washed and incubated in
glucose-free XF DMEM at 37°C in non-CO2 incubator (de-
gas) and treated with R481 (50 nmol/L) or vehicle for 60 minutes.
Baseline OCR and ECAR measurements were taken before
injection of increasing glucose concentrations (0.1-11.7 mmol/L).
For glycolytic rate assays, cells were incubated overnight, as above,
and subsequently treated with R481 (50 nmol/L) or vehicle with and
without SBI-0206965 (30 µmol/L) for 60 minutes in 0.5 mmol/L
glucose containing XFDMEM. Basal ECARwasmeasured and used
to determine glycolytic proton efflux rate (glycoPER), calculated
according to manufacturer’s instructions using in house buffer
capacity assays. After assays, cells were lysed with NaOH (50
mmol/L) for protein quantification using the method of Bradford.
Baseline OCR and ECAR represent an average of the first 4 cycles of
each assay.

Animals
All animals in these studies were male Sprague-Dawley rats (200-
350 g) purchased from Charles River Laboratories (Margate, UK).
Rats were group-housed in double decker clear plastic cages with
ample bedding material and environmental enrichment (wooden
chew blocks and a cardboard tube) and maintained on a 12-hour
light cycle (06:30 am lights on), temperature 22-23°C, 55%
humidity with ad libitum access to food (Lab Diet; catalogue
number 5LF2) and water. Animals were randomized to treatment
groups (computerized randomization) and for most studies, the
lead investigator was blinded to treatments (excluding pilot and/
or dose finding studies). Rats were fasted for 16 hrs prior to all
experiments. All procedures were approved by the University of
Exeter Animal Welfare and Ethical Review body and were
TABLE 1 | Media composition for in vitro experiments.

Cell
line

Medium Components

GT1-7 Growth medium High glucose (25 mmol/L) DMEM (D5671, Sigma) supplemented with 10% FBS (102070-106 Gibco), 4% L-glutamine
(ThermoFisher) and 2% penicillin/streptomycin (pen/strep; 100 U/ml; 100 µg/ml; Gibco)

GT1-7 Plating medium Glucose-free DMEM (11966, ThermoFisher) with 2% L-glutamine supplemented with 7.5 mmol/L glucose, 10% FBS and 2% pen/
strep

GT1-7 Experimental medium Glucose-free DMEM, serum free, supplemented with 2.5 mmol/L glucose
aTC1.9 Growth/plating medium Glucose free DMEM supplemented with 5.5 mmol/L glucose, 10% FBS (102070-106), 0.02% wt/vol fatty acid free BSA, 0.34 mmol/

L mixed essential amino acids, 1 mmol/L pyruvate, 15 mmol/L HEPES and 2% pen/strep
aTC1.9 Experimental medium Glucose-free DMEM, serum free, supplemented with 1 mmol/L glucose
aTC1.9 Kreb’s-Ringer

bicarbonate HEPES
(KBH)

In sterile ddH2O, 130 mmol/L NaCl, 3.6 mmol/L KCl, 1/5 mmol/L CaCl2, 0.5 mmol/L KH2PO4, 0.5 mmol/L MgSO4, 2 mmol/L
Na2CO3, 10 mmol/L HEPES and 0.1% wt/vol fatty acid free BSA, pH 7.4

aTC1.9 Seahorse XF medium XF DMEM pH 7.4 supplemented with 2.5 mmol/L sodium pyruvate and 2 mmol/L L-glutamine with 0.5 mmol/L glucose or glucose
free.
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performed in accordance with the UK Animals Scientific
Procedures Act (1986).

Glucose Tolerance Tests and
Feeding Studies
For glucose assessments using SBI-0206965 (3 mg kg-1) and
hexamethonium (50 mg kg-1) or saline vehicle, either drug was
delivered 30 minutes before glucose (2 g kg-1) ± R481 (5-20 mg
kg-1); R419 (20 mg kg-1) or vehicle (0.5% HPMC + 0.1%
TWEEN-80) in a single injection. Substances were
administered via the intraperitoneal (i.p.) route. Blood glucose
was measured at 0, 15, 30, 60 and 120 minutes from a tail vein
prick by handheld glucometer (AccuCheck, Roche). Blood
samples at 15 minutes were collected from the tail vein using
sodium heparin coated capillary tubes. Blood was centrifuged at
5000 rpm for 10 minutes at 4°C and plasma collected and snap
frozen in liquid nitrogen for insulin quantification. For feeding
studies, food hopper containing chow was weighed after 1-24
hours, depending on the study.

Hyperinsulinemic Clamp Studies
Male Sprague-Dawley rats (200-300 g) with pre-implanted
jugular vein and carotid artery catheters were purchased from
Charles River (Margate, UK). Catheters were exteriorized using a
dual-channel vascular access button (Instech, USA) and covered
using a lightweight aluminium cap, enabling social housing
following surgery. This improved body weight curves post-
surgery. Catheter patency was maintained by flushing the
catheters every 3-5 days with heparinized glucose catheter lock
solution. R481 (20 mg kg-1; i.p.) or vehicle (0.5% HPMC, 0.1%
TWEEN-80; i.p.) were administered following overnight fast, 1
hr prior to the hyperinsulinemic-euglycemic or hypoglycemic
clamp. Blood glucose was measured every 5-10 min and larger
blood samples for hormone analysis were collected every 30 min
from the carotid artery catheter. During euglycemic clamps,
animals received a fixed continuous insulin infusion of 20 mU
kg-1 min-1 and a variable dextrose (20% w/v; i.v.) infusion rate to
maintain glycaemia at approximately 5.5 mmol/L. To induce
hypoglycemia, rats received a bolus insulin infusion of 80 mU kg-
1 min-1 for 10 minutes, followed by a maintenance dose of 20 mU
kg-1 min-1 for the remainder of the clamp. A variable 20% (w/v)
dextrose infusion was used to maintain blood glucose levels at
approximately 2.8-3 mmol/L at nadir. Six animals were excluded
from the study for poor catheter patency issues. Overall patency
rates were approximately 85% for animals maintained up to 21
days post-surgery.

Hormone and Metabolite Analysis
Plasma glucagon, C-peptide and insulin were measured using
ELISA (Mercodia, Uppsala, Sweden). Plasma adrenaline was
measured using the Demeditec Adrenaline ELISA (Kiel, Germany).

Statistical Analysis
A one-sample t-test was used to determine significant changes in
phosphorylated or total protein expression relative to control in
immunoblotting experiments. Unpaired t-tests were used to
compare groups in non-normalized immunoblotting data.
Frontiers in Endocrinology | www.frontiersin.org 4170
Blood glucose levels, glucose infusion rates and plasma analytes
were analyzed using a two-way ANOVA with repeated measures
or mixed-effects analysis in cases where datasets were missing
data points. Peak hormone levels were analyzed using an unpaired
t-test. Analyses were performed using the GraphPad Prism
(Prism 8, GraphPad, La Jolla, CA, USA). Results are expressed
as mean ± SEM, with p < 0.05 considered statistically significant.
RESULTS

R481 Activates AMPK in Hypothalamic
Neuronal Cells
To confirm that R481 activated AMPK in neuronal cells, we
utilized the mouse hypothalamic glucose-sensing GT1-7 line (3).
In GT1-7 cells, treatment for 30 minutes with increasing
concentrations of R481 (0-50 nmol/L) increased AMPK
phosphorylation at threonine 172 (Figures 2A, B).
Phosphorylation of the downstream AMPK substrate, ACC,
was also significantly increased by R481 (Figures 2A, C).
Despite AMPK activation, total intracellular ATP levels were
not compromised by R481, even at concentrations up to 200
nmol/L (Figure 2D). Treatment with R419 (50 nmol/L) did not
alter AMPK phosphorylation in GT1-7 cells (Supplementary
Figure 2) but did increase phosphorylation of ACC, suggesting
modest AMPK activation by an AMP-dependent mechanism, as
expected for a mild mitochondrial complex I inhibitor.

R481 Raises Peak Glycaemia Which Is
Attenuated by AMPK Inhibitor SBI-0206965
and Abolished by Autonomic Blockade
Dosing studies in mice demonstrated that R481 rapidly enters the
brain (Supplementary Figure 1A), displaying a brain:plasma ratio
of >3 (Supplementary Figure 1B) and increases whole brain
AMPK phosphorylation following bolus intravenous infusion in
mice (Supplementary Figure 1C). In contrast, a related
compound R419 did not display significant brain permeability
(data courtesy of Rigel Pharmaceuticals. Inc). To determine
whether R481 altered glucose tolerance, rats were given a
combined intraperitoneal injection of R481 (5-20 mg kg-1) and
glucose (2 g kg-1). R481 treated rats showed significantly higher
peak glucose excursions yet glucose levels were not significantly
different between groups at 2 hrs post-injection, suggesting
effective clearance of glucose. This effect was not reproduced
following treatment with non-brain permeable R419 (peak
glucose 15.7 ± 1.7 mmol/L in Veh, 23.4 ± 1.8 mmol/L in R481
and 18.3 ± 1.6 in R419 groups; Figure 3A). The R481-mediated
increase in peak glucose levels was attenuated by pre-treatment
with AMPK/Uncoordinated (Unc)-51-like kinase (ULK-1)
inhibitor SBI-0206965 (3 mg kg-1; peak glucose 20.7 ± 1.2 mmol/
L in R481 vs 17.4 ± 1.1 mmol/L in R481+SBI group; Figure 3B)
(18), which has demonstrated brain penetrance and been shown to
inhibit autophagy in the brain (19). To examine whether the
autonomic nervous system (ANS) played a role in raising glucose
levels, we pre-treated rats with pan autonomic blocker
hexamethonium (50 mg kg-1) prior to glucose tolerance testing.
Glucose excursion in hexamethonium treated rats was not altered
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by R481 treatment, suggesting that autonomic blockage completely
abolished the effect of R481 on glycaemia (peak glucose 22.3 ± 0.7
mmol/L R481 vs 17.6 ± 1.1 mmol/L in R481 + Hex group;
Figure 3C). At peak glucose levels (15 minutes), insulin
concentrations were comparable between vehicle and R481
treated rats (37.2 ± 8.3 pmol/L Veh vs 45.3 ± 22.6 pmol/L R481;
Figure 3D). Together with R419 data this supports a central action
of R481 in regulating glycaemia. On examination of AMPK
phosphorylation in the medial basal hypothalamus of R481 and
R419 treated rats, there was modestly but not significantly increased
levels compared to vehicle controls (>10% increase), with no change
seen following R419 treatment (Supplementary Figure 3).

As hypothalamic AMPK activation increases feeding (6) and
leptin-induced repression of feeding requires inhibition of
AMPK (20), we postulated that a brain permeable AMPK
activator may increase feeding behavior. However, R481
treatment did not alter ad libitum, fasting or hypoglycemia-
induced feeding in rats (Supplementary Figure 4).

R481 Does Not Alter Glucose Infusion
Rates During a Hyperinsulinemic-
Euglycemic Clamp
R481 (20 mg kg-1) or vehicle were administered 60 minutes before
insulin infusion (see study design, Figure 4A; blood glucose target:
5.5 mmol/L). Baseline glucose levels were moderately increased in
R481 treated animals (t = -60 minutes; 7.2 ± 0.2 mmol/L vs t = 0;
7.5 ± 0.2 mmol/L), compared to vehicle group, as blood glucose
Frontiers in Endocrinology | www.frontiersin.org 5171
levels decreased in the latter following drug treatment (t= -60
minutes 7.1 ± 0.6 to t= 0 6.3 ± 0.2 mmol/L). This produced a
significant relative increase in blood glucose at the start of the clamp
in R481 treated animals (n=8; Figure 4B). Glucose levels were well-
matched during the last 30 minutes of the clamp (Figure 4B), with
no difference in the glucose infusion rate (GIR; Figure 4C). The
levels of C-peptide were not different between groups (Figure 4D).

R481 Reduces the GIR and Increases
Glucagon Levels During A
Hyperinsulinemic-Hypoglycemic Clamp
To determine the potential influence of central AMPK activation,
using R481, on CRR, we induced hypoglycemia (2.8 mmol/L)
during a 90 minute clamp study (Study design Figure 5A).
Glucose levels during the clamp were well-matched between
vehicle and R481-treated rats (Figure 5B). Exogenous glucose
infusion required to maintain hypoglycemia was significantly
lower in R481-treated animals (Figure 5C). Peak plasma
glucagon levels were significantly higher in the R481 treated
group (Figures 5D, E). Adrenaline levels were not different
between groups (Figures 5F, G).

R481 Activates AMPK and Enhances
Glucose Utilization in Pancreatic a-Cells
During Low Glucose Exposure
Given that R481 significantly augmented peak glucagon levels,
murine aTC1.9 cells were used as a model of pancreatic a-cell to
A B

DC

FIGURE 2 | AMPK is activated in GT1-7 hypothalamic neuronal cells by R481. Mouse GT1-7 hypothalamic neurons treated with increasing concentrations of R481
for 30 minutes. (A) Representative Western blots for AMPK (pT172), total AMPK, ACC (pS79), total ACC and Actin. Densitometric analysis of the mean pooled data
for phospho-AMPK normalized to total AMPK shown in (B) (n=6) and phospho-ACC normalized to total ACC in (C) (n=8; **P<0.01; ***P<0.001; One-sample t-test in
comparison to control). (D) Intracellular ATP levels of GT1-7 cells treated with R481, normalized to vehicle (30 minutes; n=6).
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examine the effect of R481 on AMPK activation, glucagon
secretion and cellular metabolism during low glucose exposure.
Treatment of aTC1.9 cells for 60 minutes with R481 (50 nmol/L)
at 1 mmol/L glucose significantly enhanced AMPK
phosphorylation at threonine 172 (Figures 6A, B) and ACC
phosphorylation at serine 79 (Figures 6A, C). Glucagon release
following 60 minute treatment with R481 (50 nmol/L) or vehicle
at 0.5 mmol/L glucose was not different between groups (Veh
1044 ± 141.3; R481 832.6 ± 68.0 pg/mg; Figure 6D). To assess
changes to cellular metabolism in these glucose sensing cells,
aTC1.9 cells were treated for 60 minutes with R481 (50 nmol/L)
in the absence of glucose; oxygen consumption rate (OCR) was
measured, and cells were treated with increasing glucose
concentrations to assess changes to extracellular acidification
rate (ECAR) as a proxy for glycolysis. Baseline OCR levels were
modestly but significantly decreased in R481 treated cells
compared to vehicle, as expected (Figure 6E). The glucose-
dependent increase in ECAR was augmented by R481, which
tended to increase at 0.5 mmol/L and was significantly elevated
in R481 treated cells from 1 mmol/L to 11.7 mmol/L glucose
(Figure 6F). Finally, to test the effect of AMPK inhibition on the
R481-mediated ECAR response, cells were treated with R481 (50
Frontiers in Endocrinology | www.frontiersin.org 6172
nmol/L) with or without AMPK inhibitor SBI-0206965 (30
µmol/L) for 60 minutes in 0.5 mmol/L glucose. The R481-
mediated increase in basal ECAR was blunted by treatment
with SBI-0206965 (Figure 6G). To distinguish whether this
represents mitochondria derived proton acidification or
glycolysis derived acidification, glycoPER, or glycolytic proton
efflux rate was measured. Cells treated with R481 showed
significantly higher glycolytic rates compared to vehicle and
this increase was completely abolished by SBI-0206965
treatment. Moreover, SBI-0206965 treatment alone
significantly lowered basal glycoPER, most likely driven by
endogenous increases in AMPK activity during low glucose
exposure (Figure 6H).
DISCUSSION

AMPK activators have been developed for glucose lowering in
Type 2 Diabetes (T2D), largely by acting on skeletal muscle to
promote glucose disposal (21, 22). The R481 analogue, R419
(non-brain permeable), activates AMPK in skeletal muscle
and increases insulin sensitivity in high-fat fed mice (23).
A B

DC

FIGURE 3 | R481 increases peak glucose excursion in a manner that is attenuated by AMPK inhibitor SBI-0206965 and ANS blocker hexamethonium and does not
alter insulin levels. Glucose tolerance tests in male Sprague-Dawley rats fasted for 16 hrs. (A) Rats were administered glucose (2 g kg-1; i.p.) together with either
vehicle (HPMC/Tween-80; n=6), R419 (20 mg kg-1; n=6) or R481 (20 mg kg-1;n=6) Two-way ANOVA with repeated measures, *P(drug)<0.05, ***P(time)<0.001, **P
(interaction)<0.01, with Bonferroni’s analysis *P<0.05, **P<0.01, ***P<0.001 for R481 against vehicle; no significant difference between R419 and vehicle groups.
(B) Rats were administered SBI-0206965 (3 mg kg-1; i.p.) or vehicle 30 minutes before R481 (5 mg kg-1; i.p.) or vehicle (HPMC/Tween-80; i.p.) together with
glucose (2 g kg-1; i.p.)(SBI-0206965 n=6; R481 n=10; R481+SBI-0206965 n=8); Two-way ANOVA with repeated measures *P(drug)<0.05, ***P(time)<0.001, ***P
(interaction)<0.001 and Bonferroni’s multiple comparisons analysis, **P<0.01, ***P<0.001 for R481 against vehicle, $P<0.05 for R481 versus R481+SBI-0206965.
(C) Rats were treated with hexamethonium (Hex; 50 mg kg-1) or vehicle (saline) 30 minutes before combined administration of glucose (2 g kg-1; i.p.) and R481 (20
mg kg-1; i.p.) or vehicle (HPMC/Tween-80; i.p.); Two-way ANOVA with repeated measures ***P(drug)<0.001, ***P(time)<0.001, ***P(interaction)<0.001 Veh (n=8);
Hex (n=3); R481 (n=7); R481/Hex (n=8) with Bonferroni’s analysis **P<0.01 for R481 against vehicle and $P<0.05 for R481 against R481/Hex. (D) Plasma insulin
levels measured from 15 minute sample of vehicle (n=7) and R481 (n=7) groups in C by ELISA.
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We demonstrate here that R481 (brain permeable) raises glucose
levels during GTTs, without negatively impacting glucose
clearance, in a manner that was attenuated by AMPK
inhibition and completely abolished by autonomic blockade,
suggesting R481 acts centrally to mediate these effects. Previous
studies have shown that genetic or pharmacological suppression
of hypothalamic AMPK activity decreases hepatic glucose
production [HGP (24)]. Conversely, direct infusion of non-
specific AMPK activator AICAR into the hypothalamus
stimulates HGP (24, 25). In addition, fructose ingestion has
been shown to increase hypothalamic AMPK activity and
increase HGP (26). In combination, these studies indicate that
hypothalamic AMPK activity regulates HGP and supports the
suggestion that R481 may require hypothalamic AMPK
activation to stimulate HGP, possibly via the brain stem
circuit, as demonstrated previously (25). Our data concur with
these earlier observations and extend them by demonstrating
that peripheral delivery of a brain permeable AMPK activator
can increase glycaemia. Defining the specific brain nuclei and the
neural circuitry involved will be important in future studies.

Kume and colleagues (27) demonstrated that activation of
hypothalamic AMPK suppressed first phase glucose-stimulated
insulin secretion (GSIS) through autonomic innervation of a-
adrenergic pancreatic nerves. This was suggested to be a
physiological response to promote glucose delivery to the brain
during fasting (27), a mechanism that may also occur during
hypoglycemia. However, in our study, R481 did not alter
glucose-stimulated insulin secretion nor did it alter C-peptide
Frontiers in Endocrinology | www.frontiersin.org 7173
levels during the clamp studies, suggesting that R481 does not
suppress basal insulin secretion and likely increases glycaemia by
stimulating HGP, as has been previously reported following viral
and pharmacological manipulation of hypothalamic AMPK
activity (24–26).

We postulated that R481 treatment may increase the GIR
during the euglycemic clamp by enhancing skeletal muscle
glucose uptake. However, the GIR during the euglycemic
clamp was not altered by R481. This suggests that the
compound is not having a direct metformin-like effect in the
liver to suppress HGP. However, given that R481 has a positive
brain:plasma ratio, it is plausible that there is insufficient
compound accumulation in the liver to significantly change
glucose production directly. Moreover, we examined glucose
homeostasis following a single injection of the drug in lean rats
and saw no direct evidence of glucose lowering, again suggesting
that there is little effect in peripheral tissues such as skeletal
muscle or adipose tissue. Whether acute and/or chronic R481
treatment would have a glucose lowering effect in rats fed a high-
fat diet (HFD) remains to be determined. However, a previous
study demonstrated that the R481 analogue R419, given
chronically to HFD fed mice (23), enhanced skeletal muscle
glucose uptake and insulin sensitivity. It is important to highlight
that our data suggest the transient increase in blood glucose
levels by R481 was not mediated by a change to insulin secretion
or sensitivity. Moreover, despite the fact that glucose levels
peaked higher in the R481 treated animals during the GTT,
glucose levels at 2 hours post glucose administration were not
A B

DC

FIGURE 4 | R481 does not alter glucose infusion rate during hyperinsulinemic-euglycemic clamp or alter endogenous insulin secretion. Hyperinsulinemic-euglycemic
clamps performed in male Sprague-Dawley rats. (A) Study design. (B) Blood glucose profiles (Vehicle n=8, R481 n=8; 20 mg kg-1; i.p.). No overall drug effect P(drug)
>0.05; mixed-effects analysis of repeated measures, but *P<0.05 for R481 against vehicle at t=0 minutes, using Bonferroni’s post-hoc test. (C) Glucose infusion rate
(GIR; mg kg-1 min-1) during the clamp using a 50% dextrose solution (Vehicle n=8; R481 n=8). (D) Plasma C-peptide measured by ELISA (Vehicle n=8; R481 n=7).
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different from controls, suggesting that glucose clearance was not
altered and possibly greater compared to vehicle treated animals.
Using glucose tracers to determine the rates of glucose
appearance and disappearance will be important going forward
to closely examine HGP and skeletal muscle glucose uptake.

In previous studies with non-diabetic rats, direct
pharmacological activation of AMPK in the VMH using AICAR
amplified HGP during hypoglycemia, without altering glucagon or
adrenaline release (10). In line with this, basal glucagon and
adrenaline release in our study were not altered by R481.
Importantly, previous studies have demonstrated that
pharmacological and genetic activation of AMPK in pancreatic
a-cells was sufficient to stimulate glucagon release (7, 8). Taken
Frontiers in Endocrinology | www.frontiersin.org 8174
together with our data, it is plausible that R481 may have direct
actions in pancreatic a-cells to augment glucagon release. To
assess this further we treated pancreatic a-cells in vitro with
R481 during exposure to low glucose. Our data suggest that
treatment with R481 increases AMPK activation at low glucose
and, like other indirect AMPK activators, appears to cause
mild mitohormesis, evidenced by decreased basal oxygen
consumption. However, R481 did not alter glucagon secretion
during low glucose treatment, at least in this cell model. In
contrast, R481 treatment significantly enhanced glucose
utilization by amplifying glucose-dependent glycolytic rate,
which would be expected to result in suppression of glucagon
release. This R481-mediated increase in glycolysis was completely
A

B

D E

F G

C

FIGURE 5 | R481 delays exogenous glucose requirements during hyperinsulinaemic-hypoglycaemic clamp by augmenting glucagon levels during hypoglycaemia.
Hyperinsulinaemic-hypoglycaemic clamps performed in male Sprague-Dawley rats. (A) Study design. Animals were fasted for 16 hrs. R481 (20 mg kg-1; i.p.) or
vehicle (HPMC/Tween-80; i.p.) were administered 60 minutes before the start of the clamp. (B) Blood glucose profiles before and during clamp (Vehicle n=10; R481
n=8). (C) Glucose infusion rates (GIR; mg kg-1 min-1) during the clamp using a 20% dextrose solution. *P(drug)<0.05, ***P(time)<0.05, *P(interaction)<0.05; Two-way
ANOVA with repeated measures. (D) Plasma glucagon profile with peak shown in (E), measured by ELISA (Vehicle n=9; R491 n=9; *P<0.05, unpaired t-test).
(F) Plasma adrenaline profile with peak shown in (G), measured by ELISA (Vehicle n=8; R481 n=8; ns, not significant).
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abolished by pre-treatment with allosteric AMPK inhibitor SBI-
0206965, indicating the R481-induced changes in cellular
metabolism are most likely AMPK mediated, although it should
be noted that SBI-0206965 can also inhibit ULK1 at these
concentrations (18). Taken together, these actions of R481
suggest that the compound does not alter glucagon secretion
through a pancreatic a-cell-mediated mechanism and provides
evidence that in vivo, R481 may raise glucagon levels during
hypoglycemia by a centrally-mediated pathway.

In streptozotocin-induced diabetic rats, VMH AICAR
injection can augment both glucagon and adrenaline responses
during hypoglycemia (11). Given that both hyperglycemia and
recurrent hypoglycemia/glucoprivation suppress hypothalamic
Frontiers in Endocrinology | www.frontiersin.org 9175
AMPK activation (6, 13) and that direct genetic suppression of
VMH AMPK expression/activity suppresses the glucagon and
adrenaline responses to hypoglycemia (12), it is plausible that
hypothalamic AMPK activity is blunted in diabetes, leading, at
least in part, to defective CRR. In our study, R481 may activate an
AMPK-ANS-HGP axis, whilst also increasing plasma glucagon
levels to better defend against hypoglycemia. Delineating the
central versus peripheral actions of pharmacological AMPK
activation during hypoglycemia requires further study. It will
also be interesting to determine the effect of R481 when given
chronically and by a method that provides slower release of
R481, such as with an osmotic mini-pump, as the action of R481
was limited to 2-2.5 hours when delivered by the intraperitoneal
A B D

E F

G H

C

FIGURE 6 | R481 activates AMPK and enhances glycolysis during low glucose in murine pancreatic a-cells. Murine aTC1.9 pancreatic a-cells treated with R481
during hypoglycemia. (A) Representative Western blot for AMPK (pT172), total AMPK, ACC (pS79), total ACC and Actin. Densitometric analysis of the mean pooled
data for phospho-AMPK normalized to total AMPK in (B) (n=5) and phopho-ACC normalized to total ACC in (C) (n=6) for cells treated with R481 (50 nmol/L) or
vehicle in 1 mmol/L glucose (*P<0.05 unpaired t-test). (D) Glucagon measured by ELISA in aTC1.9 cells treated with R481 (50 nmol/L) or vehicle for 1 hr in 0.5
mmol/L glucose (Veh n=8; R481 n=10). Measurement of baseline oxygen consumption rate in (E) (n= 138; *P<0.05; unpaired t-test) prior to and change in
extracellular acidification rate in (F) (n= 24; delta reflects change from baseline glucose-free levels) following acute treatment with glucose (0.1-11.7 mmol/L) in cells
treated for 1 hr with R481 (50 nmol/L) or vehicle. (G) Representative trace of basal ECAR for cells treated with R481 (50 nmol/L) or vehicle with or without SBI-
0206967 (Vehicle n=54; R481 n=60, SBI n=59, R481+SBI n=54) in 0.5 mmol/L glucose with assessment of glycolytic proton efflux rate (glycoPER) in (H)
(***P<0.001 compared to vehicle; ###P<0.001 compared to R481 group).
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route. One of the limitations of our study was that we were
unable to conclusively demonstrate increased AMPK
phosphorylation or activity in brains from rats treated with
R481. We have demonstrated a trend towards increased
AMPK phosphorylation following R481 but not R419
treatment in the medial basal hypothalamus. However, we did
not observe statistically significant differences, which may be due
to increased basal AMPK activation as a consequence of hypoxia
during anaesthesia prior to tissue extraction (28).

Importantly, our data highlight that the likely net effect of
brain AMPK activation is to increase glucose delivery to the
brain (27), indicating that, at the level of the whole organism,
central AMPK activation may supersede peripheral activation in
a hierarchical manner, akin to that suggested for subcellular
pools of AMPK (29). This raises the interesting possibility that
centrally biased AMPK activating drugs could be used to raise
blood glucose levels and peripheral activators to reduce
glycaemia, meaning that a drug or combination of drugs that
activate central and peripheral AMPK could be used to attenuate
the peaks and troughs in blood glucose seen in diabetes. Our data
also raise the interesting possibility that if metformin were to
activate AMPK in the brain, this possible glucose-raising action
could compete with the effect of metformin in the liver to
suppress gluconeogenesis (30). The blood brain barrier is more
leaky in T2D/obesity (31–33) and several clinical studies have
shown possible central effects of metformin (34, 35), suggesting
that metformin may enter the brain at efficacious levels in some
circumstances. Taken together, this could raise the possibility
that metformin “failure” in T2D could be caused by metformin-
induced activation of brain AMPK, stimulating ANS-mediated
HGP, competing against the actions of the drug in the liver.

In summary, our data indicate that peripheral delivery of a
brain permeable AMPK activator raises glycaemia, likely to
protect brain function. We provide proof-of-concept that
pharmacological activation of central AMPK may be a suitable
therapeutic target for amplifying the defense against
hypoglycemia. This requires testing in rodent models of T1D
and T2D and in rodents with defective CRR where careful
optimization of the dose to amplify CRR without worsening
fasting/fed hyperglycemia will be needed. To be clinically useful,
any anti-hypoglycemic drug would need to be taken prior to the
unpredictable development of hypoglycemia. A drug with an
optimized pharmacodynamic/pharmacokinetic profi le
permitting dosing, for example, before bedtime, could be taken
to prevent the development of nocturnal hypoglycemia. It will
also be interesting to determine whether central AMPK
activating drugs could be used as a treatment for severe
hypoglycemia to promote rapid recovery of blood glucose
levels. In conclusion, development of brain permeable allosteric
activators of AMPK could be useful for the prevention/treatment
of hypoglycemia in diabetes.
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