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Central and peripheral neural circuits are crucial for glucose homeostasis. Technological advances
have extended our understanding of the roles of neural circuits in metabolic regulation, potentially
allowing the development of novel therapies for glucose control. Here we provide a brief overview of
the roles of neural circuits in glucose homeostasis, current therapies for metabolic regulation acting via
neural pathways, and opportunities to harness neural circuits as therapies for metabolic diseases.

The roles of neural signals in metabolic regulation have been recognized
for many decades. Building on the work of Claude Bernard', multiple
studies have identified central nervous system (CNS) regions and per-
ipheral neural pathways that regulate metabolism. Initial studies,
relying on neural ablation and direct electrical stimulation, identified
CNS regions as well as peripheral nerves that are crucial for metabolic
control. With the development of tools that allow greater spatial, cell-
type specific and temporal control of neural activity, we have been able
to refine our understanding of how central and peripheral neural cir-
cuits regulate blood glucose. These advances have led to renewed
interest in harnessing neural circuits to treat metabolic disease. Meta-
bolic diseases, such as type 2 diabetes, affect over 1 in 10 of the US
population®. Despite longstanding evidence that glucose control is key
to avoiding its devastating complications, only a quarter of people with
diabetes achieve the recommended goal’. In addition, studies using
continuous glucose monitoring demonstrate that hypoglycemic epi-
sodes (blood glucose below 70 mg/dL/3.9 mmol/L) occurred in almost
50% of individuals with treated type 2 diabetes". These studies highlight
the need for new approaches to develop therapies to treat metabolic
diseases. Here, we describe how technologies for targeted neural
modulation have expanded our understanding of the roles of central
and peripheral neural populations and circuits in metabolic regulation
and how neurometabolic circuitry could be harnessed to improve glu-
cose control.

Neural circuits regulating glucose homeostasis

CNS circuits play critical roles in the coordination and regulation of
metabolism. Key regions in the hypothalamus, brain stem and other CNS
regions directly and indirectly regulate their activity in response to nutrient
and other signals. These regions, in turn, modulate the activity of down-
stream central circuits and peripheral nerves, particularly the autonomic
nervous system (Fig. 1). The autonomic nervous system innervates per-
ipheral organs, including the liver, pancreas and adipose tissue, that are
crucial to metabolic and glucose regulation.

Glucose sensing neurons

Many CNS regions that are crucial to glucose regulation are thought to
mediate their actions via glucose-sensing neurons. Glucose sensing in the
brain relies on specialized neurons—glucose-excited (GE) and glucose-
inhibited (GI) neurons. As their names suggest, GE neurons increase their
firing rates while GI neurons decrease their activity as extracellular glucose
concentrations rise. GE and GI neurons are present in multiple brain regions
but particularly in the hypothalamus and brain stem.

In many GE neurons, glucose sensing is similar to the mechanism in
pancreatic -cells, relying on glucokinase to phosphorylate glucose, and
through a multi-step process, increase the intracellular ATP/ADP ratio
that leads to closure of ATP-sensitive potassium (KATP) channels. This
results in neuronal depolarization and increased firing rates. Evidence
for this glucokinase-dependent pathway is supported by both mouse and
clinical studies. Humans with activating glucokinase mutations have
increased insulin and hypoglycemia while those with mutations result-
ing in reduced glucokinase activity are diabetic’. Interestingly, both mice
and humans with reduced glucokinase activity had exaggerated gluca-
gon and epinephrine responses to low glucose, but only the epinephrine
response required CNS expression of glucokinase’. Glucokinase is
expressed in a significant proportion of GE and GI neurons in the VMH
and ARC, but not all glucose sensing neurons rely on this mechanism’™’.
Some GE neurons remain functional in mice lacking KATP channels,
suggesting that alternative mechanisms are involved. For example,
transient receptor potential canonical type 3 (TRPC3) channels and
sweet taste receptors (T1R2/T1R3) can mediate glucose responses
independently of metabolism'*". Sodium-glucose cotransporters
(SGLTs) may also contribute to glucose sensing by depolarizing neurons
through sodium influx with glucose. SGLTS are reported to be present in
subpopulations of GE neurons'’. Mitochondrial function further mod-
ulates glucose sensing, as changes in mitochondrial dynamics—regu-
lated by proteins like dynamin-related protein 1 (DRP1) and uncoupling
protein 2—affect the sensitivity and number of GE neurons, particularly
in the VMH".
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Fig. 1 | Central and peripheral circuits involved in the regulation of glucose
homeostasis (designed using Biorender). A Schema of peripheral neural circuits
innervating metabolic organs. Autonomic efferent circuits (sympathetic (blue) and
parasympathetic (magenta)) innervate organs such as liver, pancreas, and adipose
tissue to regulate their function. Peripheral sensory circuits (green) and peripheral
hormones, including leptin from adipose tissue and insulin from the pancreas, as
well as nutrients (not shown) signal organ function and nutritional status to the
brain. B Schema of key brainstem, hypothalamic and limbic regions regulating
metabolism. Peripheral hormonal signals act primarily on the arcuate nucleus (Arc)
of the hypothalamus, which integrates metabolic cues. Arc neurons project to
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downstream nuclei such as the paraventricular (PVH) and ventromedial (VMH)
hypothalamic nuclei. Brainstem regions, including the nucleus tractus solitarius
(NTS), dorsal motor nucleus of the vagus (DMV), and rostral ventrolateral medulla
(RVM), processes nutrient, hormonal and vagal afferent inputs. The hippocampus
and central amygdala, through their roles in stress and behavioral responses, also
modulate glucose control. Together these regions coordinate autonomic and neu-
roendocrine responses that regulate hepatic glucose release/storage, pancreatic
endocrine function, and adipose tissue metabolism. Black arrows represent hor-
monal signaling, green denotes vagal afferent pathways, magenta indicates vagal
efferent pathways, and blue indicates sympathetic efferent pathways.

GI neurons may also express glucokinase, but their activation during
hypoglycemia is linked to a reduction in ATP/ADP ratio. This may involve
inactivation of ATP-dependent chloride currents, such as those mediated by
the cystic fibrosis transmembrane conductance regulator (CFTR)". AMP-
activated protein kinase (AMPK) is another key player in GI neuron glucose
sensing, as its activation by low glucose or pharmacological agents mimics
hypoglycemic responses and is associated with increased nitric oxide
production”. Some GI neurons, such as orexin neurons in the lateral
hypothalamus, may sense glucose through metabolism-independent
mechanisms involving tandem-pore K+ channels (TASK1 and TASK3),
though these channels are not strictly required for glucose sensing, sug-
gesting further unidentified pathways'*".

In addition to these neural populations that directly sense extracellular
glucose concentrations, the activity of other hypothalamic, brainstem, and
limbic neural populations is indirectly modulated in response to changes in
systemic glucose levels. Together, these neural populations control and
coordinate the activity of peripheral circuits and metabolic organs to
maintain glucose homeostasis.

Hypothalamic control of glucose homeostasis

The hypothalamus is one of the main brain areas for the regulation of
feeding, energy expenditure, and glucose homeostasis. It is a central,
bilateral structure situated below the thalamus and adjacent to the
third ventricle that is comprised of cell clusters (nuclei). The hypo-
thalamus integrates blood-borne and neural sensory signals with
motor outputs to regulate endocrine and autonomic functions that are
central to metabolic regulation. Key hypothalamic nuclei associated
with glucose regulation include the arcuate hypothalamus (ARC),
paraventricular hypothalamus (PVH), ventral medial hypothalamus
(VMH), and the dorsal medial hypothalamus (DMH)"*"°. Initial stu-
dies using neural ablation, cell activation tools, such as glutamate
uncaging in vitro, or direct electrical stimulation via implanted elec-
trodes in vivo provided considerable information about the functions
of defined CNS areas. Recent studies have applied cell-type specific,

reversible neuromodulation to identify the contribution of discrete
neural populations and their circuits to glucose regulation.

Arcuate nucleus of the hypothalamus (ARC). The arcuate nucleus of
the hypothalamus (ARC) is located adjacent to the median eminence
which has a permeable blood brain barrier and is therefore in an ideal
position to receive humoral signals from the periphery, including
nutritional signals such as glucose and leptin. The ARC is composed of
multiple neural populations largely defined by the expression of neuro-
peptides and receptors. These include major populations of neurons
expressing receptors for leptin, a key nutrient-regulated hormone. Leptin
receptors are expressed on the main ARC neural populations expressing
Agouti Related Peptide (AgRP)/Neuropeptide Y and proopiomelano-
cortin (POMC). These neural populations are the major components of
the melanocortin pathway, best known for their role in feeding
regulation.

Leptin receptor-expressing neurons in the ARC contribute to glucose
metabolism as well as feeding. Low dose leptin treatment reduces blood
glucose without significant changes in body weight'”. Leptin treatment also
improves blood glucose in mice even when compared to pair-fed mice with
similar weight'®. Leptin may exert its effects on glucose metabolism via
modulation of the melanocortin pathway. Leptin inhibits the activity of
AgRP/NPY-expressing neurons and stimulates POMC neurons. These
changes in activity lead to increased energy expenditure and decreased food
consumption'” but both these neural populations have also been associated
with glucose regulation.

There have been multiple studies using neural activation tools to
investigate the role of AgRP neurons in glucose homeostasis. Optogenetic
tools use targeted expression of light-activated channels to modulate neural
activity while chemogenetic tools rely on cell-type or regional expression of
modified G-protein coupled receptors to activate or inhibit neural activity.
Both optogenetic and chemogenetic activation studies have shown that
AgRP neurons play a major role in inducing systemic insulin resistance, thus
increasing blood glucose”. Additionally, NPY, a neuropeptide co-expressed
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with AgRP, is critical in the development of insulin resistance. Ruud et al
showed that NPY expression is required for impaired insulin sensitivity and
insulin resistance induced by activity in AGRP/NPY neurons’'. Arcuate
POMC-expressing neurons also contribute to glucose homeostasis. POMC
neurons are glucose sensing neurons and their activity increases with rising
blood glucose levels. Glucose sensing by POMC neurons is crucial for their
ability to regulate blood glucose levels. Blunting glucose sensing in POMC
neurons via targeted expression of a mutant Kir6.2 subunit that blocks ATP-
mediated closure of K, rp channels resulted in impaired glucose tolerance.
Supporting these findings, intracerebraventricular (ICV) injection of the
melanocortin agonist, alpha-MSH, which is released by POMC neurons,
improved insulin sensitivity to increase glucose uptake and reduce glucose
production™. Interestingly, glucose-sensing by POMC neurons is impaired
by obesity and type 2 diabetes suggesting blunted glucose sensing by this
neural population may contribute to impaired glucose metabolism in
obesity”. Lastly, a newly discovered leptin-targeted neuron expressing
basonuclin2 (BNC2) in ARC regulates energy balance and glucose home-
ostasis. Chemogenetic activation of BCN2 neurons improved glucose tol-
erance and insulin sensitivity, thus lowering blood glucose levels in mice™.

Paraventricular nucleus of the hypothalamus (PVH). The para-
ventricular nucleus of the hypothalamus (PVH) is located adjacent to the
third ventricle. It has long been known that the PVH plays a role in the
release of stress hormones, sympathetic activation, and feeding behavior.
Like many other nuclei within the hypothalamus, the PVH contains
heterogenous populations of neurons expressing neuropeptides impor-
tant for the regulation of glucose homeostasis and energy expenditure,
including neurons expressing corticotrophin releasing hormone (CRH),
receptors for glucagon-like peptide 1 (GLP-1) and melanocortin 4
receptors (MC4R) that mediate the effects of alpha-MSH. Studies have
shown that populations of glucose-sensing neurons are present in the
PVH. PVH cFOS expression was increased after hypoglycemia sup-
porting the presence of glucose-inhibited neurons within the PVH*?
and suggesting a role for these neurons in the counter regulatory response
to hypoglycemia. Conversely, intracarotid glucose administration also
increased PVH cfos expression supporting populations of PVH GE
neurons™. In addition to directly sensing changes in systemic glucose,
PVH neurons also receive inputs about nutrient status via projections
from regions such as the ARC and nucleus of the solitary tract (NTS)”.

Specific PVH neural populations have been implicated in the regulation
of glucose homeostasis. Chemogenetic activation of oxytocin-expressing
neurons blunted insulin secretion and increased glucose levels likely via
activation of the sympathetic nervous system™. In response to stress, the
activity of corticotrophin releasing hormone (CRH) neurons increased to
initiate the hypothalamic-pituitary-adrenal axis (HPA-axis) response that in
turn, increased corticosterone and induced hyperglycemia”. Studies have
also shown a role for PVH arginine vasopressin (AVP) neurons in the
counter regulatory response (CRR) to hypoglycemia. Hypoglycemia acti-
vated AVP neurons resulting in increased circulating AVP that stimulated
glucagon secretion from pancreatic alpha-cells”. These studies and others
suggest PVH neurons play important roles in integrating external and
internal stimuli to regulate blood glucose levels.

Ventral medial nucleus of the hypothalamus (VMH). The ventromedial
nucleus of the hypothalamus (VMH) is one of the most important
hypothalamic nuclei for the regulation of glucose homeostasis. VMH
neuronal populations express multiple neuropeptides’” that play
important roles in hepatic glucose production and the counter-regulatory
response (CRR) to hypoglycemia'. A significant proportion of neurons
in the VMH are glucose sensing with subpopulations of both GE and GI
neurons'’. The VMH contains neurons that express steroidogenic-factor-
1 (SF-1) and subpopulations of these neurons respond to changes in
blood glucose. Multiple studies have demonstrated that SF-1 neurons
have the ability to bi-directionally regulate glucose homeostasis. Che-
mogenetic activation of these neurons increased insulin sensitivity in

muscles leading to a decrease in blood glucose levels”. In contrast,
deletion of the glutamate transporter vGlut2 to block glutamate release
from SF-1 neurons blunted glucagon release and lowered blood glucose
in response to insulin-induced hypoglycemia®. These findings suggest
VMH SF-1 neurons play a role in the CRR. Similarly, populations of
VMH neurons expressing glucokinase, a marker for both GE and GI
neurons, contribute to glycemic control. Chemogenetic and magneto-
genetic activation of VMH glucokinase-expressing neurons increased
blood glucose via effects on glucagon release and liver glucose production
while inhibiting this neural populations lowered blood glucose®. These
findings suggest glucokinase-expressing neurons in the VMH also con-
tribute to maintaining blood glucose during fasting or hypoglycemia.
Within the VMH, a population of GE neurons has been shown to depend
on the expression of uncoupling protein-2 (UCP2) for glucose sensing.
Toda et al. showed that loss of UCP2 in VMH-GE neurons impaired
glucose sensing which, in turn, resulted in impaired insulin sensitivity
and increased blood glucose during glucose tolerance testing™.

In addition to direct glucose sensing by VMH neurons, neuronal
populations in this region are also indirectly responsive to changes in
nutritional state as multiple populations receive inputs from nutrient-
responsive regions such as the ARC and NTS. Recent studies using single
cell and single nucleus RNA sequencing have begun to identify specific
VMH subpopulations™”’. Applying targeted neuromodulation to these
populations may reveal new roles for VMH neurons in the regulation of
glucose homeostasis.

Dorsomedial nucleus of the hypothalamus (DMH). Neurons in the
dorsomedial hypothalamus (DMH) play a significant role in energy
expenditure, food intake, and glucose regulation®. Like other hypotha-
lamic regions, neurons in the DMH express various neuropeptides
including corticotropin releasing factor (CRF), NPY and cholecystokinin
(CCK) as well as receptors such as MC4R, leptin receptors, and CCK-1
receptors” . Subpopulations of DMH neurons are glucose responsive as
both GE and GI neural populations are present in this region. In addition,
DMH neurons receive projections from the brainstem nucleus of the
solitary tract (NTS) so may be indirectly responsive to changes in per-
ipheral nutrients”. The NTS receives peripheral signals providing
information about circulating nutrients, glucose and gut hormones, such
as GLP-1. A population of NTS neurons also produces GLP-1, and these
neurons project to many other brain areas, including the DMH*** where
GLP-1 modulates the activity of GLP-1 receptor expressing neurons.
Optogenetic activation of GLP1 projection circuits to the DMH lowered
blood glucose via increased insulin release. Conversely, ablation of DMH
GLP-1 receptors increased post-prandial blood glucose®. Together these
findings suggest that DMH GLP-1 receptor expressing neurons con-
tribute to glucose homeostasis. Other DMH neural populations con-
tribute to glucose homeostasis, including DMH NPY-expressing
neurons. Knockdown of NPY in DMH neurons improved insulin sen-
sitivity, glucose clearance and normalized hyperinsulinemia in rats on a
high fat diet”. Together these data suggest specific DMH neural popu-
lations may contribute to glucose homeostasis but the contributions of
additional DMH populations identified in transcriptomic studies remain

unknown™.

Brainstem control of glucose homeostasis

In addition to well-known hypothalamic regions, several brainstem areas
also contribute to glucose control”*. These include the nucleus of the
solitary tract (NTS), dorsal motor nucleus of the vagus (DMV) and the area
postrema, that together comprise the dorsal vagal complex (DVC), as well as
the parabrachial nucleus and regions crucial to control of the sympathetic
nervous system: the locus coeruleus (LC) and the rostral ventral medulla
(RVLM). The DVC receives inputs from peripheral organs that commu-
nicate the changes in nutrient and glucose levels but also contains glucose-
sensing neural populations. Additionally, DVC regions consist of para-
sympathetic neurons that receive visceral signals from the periphery and in
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turn are also involved in circuits that project to metabolically active organs to
regulate their function”””’. Neural populations in the DVC express neuro-
peptides that have been implicated in autonomic regulation in response to
changes in energy balance, food intake, and glucose homeostasis. The DVC,
together with other brainstem regions, play significant roles in glucose
homeostasis.

Nucleus of the solitary tract (NTS). The nucleus of the solitary tract
(NTS) is a highly heterogenous structure within the brainstem, con-
taining neurons that express neuropeptides heavily linked to energy
expenditure, food intake, and glucose homeostasis. These include neu-
rons expressing glucagon-like-peptide-1, neuropeptide-Y, POMC and
CCK, as well as receptors for many appetite-regulating peptides such as
MCA4R, GLPIR, gastric inhibitory peptide receptor (GIPR) and amylin
receptor (CALCR)”". In addition to receiving information about circu-
lating factors, the NTS is a primary relay station for signals from per-
ipheral organs via neural circuits: the afferent vagus nerve,
glossopharyngeal nerves and the dorsal horn of the spinal cord™.

In addition to their well-described roles in regulating feeding, neural
populations in the NTS contribute to glucose homeostasis. Glucose infusion
into the NTS reduced hepatic glucose production in rats, while knocking
down glucose transporter-1 (GLUT1), a glucose transporter, in the NTS
attenuated the response to glucose infusion and altered glucose and pyr-
uvate metabolism. These findings suggest the presence of glucose-excited
neurons in the NTS that regulate blood glucose™**. NTS neurons expressing
preproglucagon, and releasing GLP1, project to multiple brain regions and
contribute to glucose regulation. As described above, optogenetic stimula-
tion of nerve terminals from NTS GLP-1R expressing neurons projecting to
the DMH significantly decreased fasting blood glucose®.

NTS neurons may also play a role in the counter-regulatory response to
hypoglycemia. The NTS contains a hypoglycemia-responsive neuronal
population that expresses glucose transporter-2 (GLUT2). These neurons
are GABAergic and project to the dorsal motor nucleus of the vagus (DMV)
to regulate parasympathetic neurons to peripheral organs. Optogenetic
stimulation of GLUT2+ neurons in the NTS modulated the activity of the
DMV parasympathetic neurons to increase glucagon secretion and blood
glucose. Additional neural populations in NTS may also contribute to
restoring blood glucose in response to hypoglycemia. Chemogenetic acti-
vation of NTS GABAergic neurons inhibits parasympathetic neurons in the
DMV resulting in elevated plasma glucagon, increased liver glucose pro-
duction and hyperglycemia™. Together, these studies show the importance
of the NTS in regulating glucose homeostasis in response to the peripheral
signals and its regulation of the parasympathetic nervous system through
direct projections to the DMV.

Dorsal motor nucleus of the vagus nerve (DMV). The dorsal motor
nucleus of the vagus nerve (DMV) lies adjacent to the NTS. It is the major
site of parasympathetic preganglionic neurons that regulate para-
sympathetic activity to metabolically active peripheral organs (pancreas,
liver, and gut)**. Multiple studies have examined the roles of DMV
neurons in the regulation of glucose homeostasis. For example, chemo-
genetic activation of DMV choline acetyl transferase transporter
(ChAT +) neurons increased blood glucose through hepatic
gluconeogenesis”. DMV neurons also express receptors for several cir-
culating hormones including fibroblast growth factors (FGF), ghrelin and
GLPI. In mice with streptozotocin-induced hyperglycemia, fourth ven-
tricle injection of FGF19 lowered blood glucose via actions on DMV
neural activity’. DMV neurons also receive inputs from multiple
hypothalamic regions that are important for glucose regulation, includ-
ing the PVH. Glucose sensing neurons in the PVH project to the DMV to
regulate parasympathetic nervous system activity and glucose
homeostasis™. Arcuate neurons expressing POMC also project to the
DMV. Optogenetic stimulation of POMC-expressing fibers in the DMV
elevated blood glucose via actions at the MC4R to inhibit cholinergic
neurons and increase liver glucose production. Since activity in POMC

neurons is increased by hypoglycemia, it is possible that this ARC to
DMV circuit contributes to restoring blood glucose levels to normal
during hypoglycemia.

Parabrachial nucleus (PBN). Like the NTS, the parabrachial nucleus
(PBN) is a major area for the integration of sensory information from
internal and external stimuli. The PBN includes subpopulations impli-
cated in the regulation of glucose homeostasis, such as CCK, GLP-1,
leptin and peptide-YY (PYY)-expressing neurons®’. For example, CCK-
expressing neurons in the lateral PBN (LPBN) are activated by
glucoprivation® and chemogenetic activation of these neurons increases
blood glucose, corticosterone, glucagon and hepatic glucose-
6-phosphatase gene expression. The PBN may contribute to circuits from
both brainstem and hypothalamic areas that regulate glucose levels.
Published studies demonstrate that noxious stimuli, such as pain, activate
leptin receptor neurons in the periaqueductal gray that project to the
PBN. This PAG to PBN circuit increases sympathetic activity and blood
glucose®”. Importantly, there are also dense projections into the PBN
from stress-activated regions such as the PVH, therefore it is possible that

PBN neurons may contribute to stress-induced glucose responses®.

Locus Coeruleus (LC) & the rostral ventrolateral medulla (RVLM).
Two key brainstem regions, the rostro-ventrolateral medulla (RVLM)
and the locus coeruleus (LC), play critical roles in regulating the sym-
pathetic nervous system (SNS) and, therefore, blood glucose. Catecho-
lamine neurons in the RVLM regulate epinephrine release,
cardiovascular function, and blood glucose levels***. Studies show that
disinhibition of the RVLM using bicuculline (GABA (A) antagonist)
resulted in hyperglycemia®. Similarly, optogenetic activation of RVLM
neurons increased epinephrine and blood glucose via both activation of
the SNS and increased plasma corticosterone via ascending circuits to the
PVH. Conversely, ablation of RVLM catecholaminergic neurons blunted
the glucose response to physical and psychological stress®. RVLM neu-
rons project to and activate catecholaminergic neurons in the LC.
Hypoglycemia and glucopenia®~® in addition to other forms of stress
(i.e., restraint) activate LC neurons leading to increased SNS activity to
drive blood glucose increases in response to stress’’.

Limbic control of glucose homeostasis

Alongside better-known circuits from hypothalamic and brainstem regions,
a number of limbic structures have been implicated in both direct and
indirect control of glucose metabolism. Several studies suggest neural
populations in the bed nucleus of stria terminalis (BNST) regulate glucose.
For example, Meek et al demonstrated that optogenetic activation of pro-
jections from VMH SF-1 neurons to the anterior BNST increased plasma
corticosterone and blood glucose”. BNST neurons directly regulated blood
glucose via GAD** projections to the arcuate nucleus that increased blood
glucose in response to an environmental stressor’”. In addition, BNST
neurons may also indirectly regulate glucose metabolism via inhibition of
glutamatergic neurons in the LH to reduce feeding””. Published studies also
suggest that these differential functions are regulated by distinct regions of
the BNST. Activation of AgRP neurons projecting to the dorsomedial part of
the anterior BNST (aBNST4y,,) controlled feeding behaviors, while activat-
ing projections to the ventrolateral anterior bed of the BNST (aBNST,)
resulted in systemic insulin resistance via upregulation of myostatin and
Asb15 expression in BAT”.

Other limbic regions such as the central nucleus of the amygdala
(CeA) also play a complex role in glucose control. Retrograde tracing from
pancreatic islets using PRV-BaBlu specifically labeled CeA neurons sug-
gesting anatomical connections between CeA and the endocrine
pancreas’™”. Furthermore, amygdala neurons are activated by
hypoglycemia”™ and responsive to GLP-17. Functional studies also sup-
portarole for CeA neurons in glucose regulation. Deletion of both insulin
and IGF-1 receptors in the CeA in mice resulted in impaired glucose
tolerance without affecting insulin levels or sensitivity’”. These findings
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suggest CeA neural populations, and their downstream circuits regulate
glucose independent of insulin.

In addition to the BNST and CeA, there is some evidence that hip-
pocampal neurons may contribute to glucose regulation. Deletion of insulin
and IGF receptors from hippocampal neurons resulted in elevated blood
glucose and glucose intolerance with impaired insulin sensitivity and
reduced insulin secretion”’. Additional studies demonstrated a temporal
relationship between hippocampal sharp wave ripples (SWRs) and
decreased interstitial glucose levels, a mechanism believed to proceed from
the hippocampus to the HPA-axis by way of the lateral septum’®. The
magnitude of SWR activity during sleep is also enhanced in proportion with
the caloric value of the most recent meal. In turn, SWR increased the activity
of GABAergic neurons linked to the regulation of food intake in the lateral
hypothalamus™, potentially implicating SWRs in the regulation of food
intake and glucose metabolism.

Sex differences

Research on sex-dependent neural control of glucose has shown that there
are distinct differences between males and females. In humans, men have a
higher risk of developing type 2 diabetes throughout adulthood, while
women have a higher risk of developing obesity compared to men”. Males
and females also differ in insulin sensitivity. In adulthood, women are more
insulin sensitive compared to males and estrogen may play an important
role®’. Before menopause, estrogen exerts its protective effects via the acti-
vation of estrogen alpha receptors (ERalpha) but with menopause, estrogen
levels decrease and insulin sensitivity becomes impaired in females
increasing the risk of developing metabolic disorders®'.

In mice, there are reported sex differences in hypothalamic neu-
ropeptide expression levels including AgRP and NPY that are involved
in glucose regulation™. Estrogen regulates the activity of hypothalamic
neurons crucial to glucose and insulin control, such as ARC POMC and
AgRP/NPY neurons®”. Sex differences have been reported in the effects
of POMC deficiency with glucose intolerance and insulin resistance
reported in female but not in male mice*, while the hepatic insulin
response in POMC deficient male mice seems to be worse than that in
females®” supporting estrogen’s role in regulating brain and liver
function in glucose homeostasis. Other studies have also identified sex-
differences in SF1+ neurons in the VMH. Fagan et al. found that
deletion of the metabotropic glutamate receptor, mGluR5, altered
estrogen’s effects on SF1+ neuron activity. Under normal conditions,
estrogen increased SF1+ neuron activity but without mGIuR5 recep-
tors, estrogen decreased the activity of SF1+ neurons to impair glucose
tolerance and insulin sensitivity in female but not male mice®. There
have also been reports of sex-dependent differences in glucose regula-
tion by PVH neurons. Beck et al. found that vitamin D receptor
knockdown within the PVH reduced neural activity and impaired
glucose tolerance in obese male but not female mice”. Brainstem
regions may also play a role in the observed sex differences of regulation
of glucose. The NTS contains abundant estrogen receptors (ERalpha &
ERbeta)***. Estrogen implants on the surface of the hindbrain over the
NTS inhibited feeding, potentially by increasing the effectiveness of
CCK as a satiety signal”. In males, the sex hormone testosterone also
plays a key role in the control of metabolic function, specifically insulin
sensitivity. Clinical studies have shown that males with low testosterone
levels are predisposed to diabetes particularly as they get older and
testosterone levels decrease further’"”. Supporting these findings, tes-
tosterone replacement therapy in hypogonadal men improved insulin
resistance”.

These studies support the roles of sex hormones in contributing to
sex differences in metabolic function via actions on CNS circuits, but
further studies are needed to dissect the roles of chromosomal sex
dosage on metabolic health. Individuals with Turner’s syndrome
(complete or partial loss of one X chromosome in biological females),
and those with Klinefelter Syndrome (XXY) are both at increased risk of
type 2 diabetes™.

Peripheral neural circuits regulating metabolic function

Central circuits regulate blood glucose by modulating the function of
metabolic organs via the peripheral nervous system. Organs such as the
liver, pancreas, brown and white adipose tissue are richly innervated by
autonomic nerves that convey signals from the CNS. As outlined above, the
autonomic nervous system can be broadly divided into parasympathetic
and sympathetic branches, but the architecture and density of these circuits
differs between and within metabolic organs.

Organization of peripheral innervation regulating metabolic func-
tion. Peripheral innervation of glucose-regulatory tissues such as the
liver, pancreas, and adipose tissue is dense, including sympathetic,
parasympathetic and sensory fibers. Sympathetic inputs are transmitted
from brainstem regions such as the LC and RVLM via preganglionic
spinal cord neurons to prevertebral and paravertebral ganglia, and then
to the peripheral organs. The coeliac-superior mesenteric ganglia (C-
SMG) are the major sympathetic ganglia for the liver, with post-
ganglionic axons extending in the splanchnic nerves to innervate hepa-
tocytes. Similarly, the pancreas also receives sympathetic innervation via
the C-SMG and splanchnic nerves, with sympathetic fibers innervating
exocrine, endocrine, and vascular compartments. The stellate ganglia is
the major sympathetic ganglion for brown adipose tissue, while neurons
at T12-L2 of the sympathetic chain convey sympathetic inputs to inguinal
white adipose tissue.

Preganglionic neurons in the parasympathetic nervous system project
from the DMV via the vagus nerve to synapse on parasympathetic ganglia -
clusters of post-ganglionic neurons. In the pancreas, the post-ganglionic
parasympathetic ganglia are scattered through the exocrine tissue but are
often found in close proximity to the endocrine islets of Langerhans. Pan-
creatic postganglionic fibers innervate the islets, exocrine pancreas and
vasculature™. In the liver, evidence for parasympathetic innervation is
conflicting with initial studies using acetylcholinesterase staining reporting
cholinergic fibers innervating hepatocytes, bile ducts and blood vessels™,
while other groups suggest parasympathetic innervation is sparse or
absent”. Parasympathetic innervation of BAT and WAT has not been
convincingly demonstrated.

Alongside autonomic circuits conveying signals from the CNS to
peripheral organs, a network of sensory nerves monitors the internal
state of the metabolic organs. There are two main sensory pathways in
many organs— vagal sensory and spinal sensory— transferring infor-
mation to the CNS via the vagus nerve and spinal cord, respectively. Both
vagal and spinal sensory circuits innervate the pancreas™, with ante-
rograde tracing studies demonstrating cell bodies in the nodose ganglia
and dorsal root ganglia from T6 to T13”. Published studies suggest
pancreatic vagal afferents convey information about chemical signals™,
while spinal afferents encode mechanical stimuli'”. Similarly, sensory
fibers from the liver also convey information via both vagal and spinal
sensory circuits'”’. Sensory fibers in the liver respond to changes in
osmolality, glucose, lipids, and gut hormones'”. Anterograde tracing
from inguinal WAT suggests both vagal and spinal sensory circuits may
also contribute sensory innervation of adipose tissue'”” with innervation
by thoraco-lumbar DRGs. Brown adipose tissue is also innervated by
spinal sensory nerves. In Siberian hamsters, tracing with Fast Blue
demonstrated sensory fibers to BAT originated from cervical and
thoracic DRGs from Cl1 to T5.

Sympathetic nervous system. The sympathetic nervous system (SNS)
is a key driver of glucose mobilization. While the sympathetic nervous
system is well known to be activated by stressors to elicit the “fight or
flight” response, activity in the SNS is also modulated by nutrient signals,
particularly hypoglycemia'®. As well as its actions at the adrenal to elicit
the release of epinephrine and norepinephrine, SNS activity results in
release of neurotransmitters and neuropeptides such as norepinephrine,
neuropeptide Y, and ATP within metabolic organs. These neuro-
transmitters/peptides act locally to modify cell function.
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Sympathetic activation stimulates hepatic glucose production through
both gluconeogenesis and glycogenolysis. These actions are primarily via the
actions of norepinephrine on hepatocyte adrenergic receptors™'®. In
addition, sympathetic activation increases liver blood flow'”. There is some
evidence that SNS activity also modulates immune function in the liver.
Epinephrine infusion into isolated rat liver promoted IL6 cytokine and
blunted TNF responses to lipopolysaccharide'””. However, low sympathetic
activity reduced hepatic natural killer T cells and increased hepatic cytokine
production in mice.'”.

In the pancreas, ex vivo studies examining the effects of neuro-
transmitters and in vivo studies using targeted neuromodulation suggest
that SNS activity increases glucagon release and suppresses insulin secretion
to increase blood glucose'”'"’. Experimental stimulation of pancreas-
projecting sympathetic neurons impaired glucose tolerance, while their
inhibition improved it, underscoring their critical role in glucose home-
ostasis. SNS activity also results in vasoconstriction resulting in reduced
blood flow to the islet''™'". In the immune system, islet macrophages
express adrenergic receptors, and norepinephrine has dose-dependent
effects, with reduced expression of T helper 1 and increased expression of T
helper 2 cytokines at high NE concentrations while low NE concentrations
had the opposite effect'™.

Sympathetic innervation also extends to white and brown adipose
tissue. In adipose tissue, sympathetic tone induced thermogenesis in brown
fat while sympathetic activity increased lipolysis and transition of white to
brown adipocytes (“beiging”) in WAT'". In addition, SNS activation
inhibited adipocyte proliferation and differentiation'"”. In brown adipose
tissue, sympathetic activation increased glucose uptake and thermogenesis,
contributing to energy expenditure and metabolic flexibility'**. Sympa-
thetic activation in adipose tissue increases innate lymphoid cells that may
contribute to beiging'"®. This, in turn, may also recruit eosinophils produ-
cing nerve growth factor to adipose tissue resulting in increased sympathetic

innervation'".

Parasympathetic nervous system. The parasympathetic nervous sys-
tem efferent vagal activity is increased by both increases and decreases in
blood glucose''®. Parasympathetic activity releases neurotransmitters
such as acetylcholine and neuropeptides including vasoactive intestinal
peptide and gastrin releasing peptide. In the liver, electrical vagus nerve
activation regulated glycolysis, gluconeogenesis, and glycogen synthesis
to lower blood glucose'”’. Neurons expressing the melanocortin 4
receptor in the dorsal motor nucleus of the vagus contribute to para-
sympathetic regulation of liver function. MC4R activation reduced
neuronal activity that resulted in increased blood glucose, possibly acting
as a component of the counter-regulatory response to hypoglycemia'”.
Parasympathetic neurotransmitters, acetylcholine and VIP, result in liver
sinusoid dilation'”” and also act to inhibit the expression of TNF and
IL-6"".

Multiple studies have examined the effects of parasympathetic inner-
vation on pancreatic function. Targeted chemogenetic parasympathetic
nerve activation in the pancreas augmented insulin release in response to
glucose and elicited a mild increase in glucagon secretion'’. Similarly,
optogenetic modulation of pancreatic parasympathetic innervation also
increased insulin to improve glucose control**'** and increased pancreatic
blood flow'”. The roles of parasympathetic innervation on pancreatic
immune cell function are conflicting with cholinergic signaling reported to

be both pro- and anti-inflammatory'*.

Sensory innervation. Sensory fibers act locally within tissues through
the release of neuropeptides, such as substance P and calcitonin gene
related peptide, and transmit information back to the CNS. Early studies
demonstrated that sensory innervation played important roles in meta-
bolic function. Systemic loss of sensory fibers expressing transient
receptor potential vanilloid type 1 (TRPV1 + ) in obese rats increased
blood glucose'*. Although recent studies have begun to dissect the organ-
specific roles of sensory circuits in metabolic regulation, our

understanding of the roles of the vagal and spinal sensory innervation on
metabolic function remains incomplete. In mice, ablation of vagal sen-
sory neurons conveying information from the liver improved glucose
homeostasis and insulin sensitivity'”' however, the roles of hepatic spinal
sensory innervation in metabolic function are not yet understood. In the
pancreas, ablation of vagal and spinal sensory fibers expressing transient
receptor potential vanilloid type 1 (TRPV1) inhibited insulin release to
increase blood glucose'”*. Pancreatic vagal sensory nerves that express
FGF3 enhanced insulin secretion'””. In WAT, spinal sensory nerves likely
limit the effects of sympathetic innervation as DRG ablation and deletion
of the mechanoreceptor PIEZO2 from adipose tissue innervating DRGs
shifted adipose tissue function to increase lipolysis and beiging'**'*.

Enteric nervous system. In addition to autonomic and sensory inner-
vation, the gastrointestinal tract has additional innervation - the enteric
nervous system (ENS). This comprises two layers of innervation: the
submucosal plexus lying below the epithelial cells and the myenteric
plexus between the smooth muscle layers of the GI tract'*’. Although the
ENS expresses many neurotransmitters and neuropeptides, enteric
excitatory neurons are primarily cholinergic"’' while inhibitory neurons
use nitric oxide (NO) as a neurotransmitter'””. Enteric neurons play
multiple roles including regulation of gut motility, secretory function,
blood flow, and interacting with immune cells in the gut. In addition, they
contribute to glucose homeostasis. Enteric neurons are activated in
response to glucose infusion into the GI tract as well as by gut hormones
released in response to nutrients, including GLP1. Enteric neurons are
innervated by vagal sensory nerves, allowing local ENS signals to be
conveyed to the CNS. In keeping with this, Grasset et., demonstrated that
GLP1 produced by enteroendocrine cells in the gut acted on enteric
neurons to increase enteric NO signaling and improve glycemic
control'”. Additional studies by Abot et al. demonstrated the ENS neu-
ropeptide, galanin, slowed gut motility and resulting in increased
hypothalamic NO that in turn enhanced glucose uptake by muscle and
liver™.

The ENS plays a key role in detecting changes in the gut microbiota.
Germ free mice have decreased enteric neuron number and activity'** and
gut microbiota also release serotonin to regulate the maturation of the
ENS'. The gut microbiome increases serotonin, resulting in activation of
enteric neurons and vagal sensory neurons. These, in turn, are known to
regulate the activity of neurons in regions, such as the NTS and PVH, that
are crucial to glucose homeostasis'”’. In keeping with this, consumption of
nondigestible carbohydrates to alter the gut flora resulted in improved
glucose homeostasis in both mice and humans"*'”. Similarly, fecal
transplants from lean to obese individuals increased insulin sensitivity'*.

These studies and others support key roles for peripheral sensory,
autonomic and ENS innervation in metabolic regulation. As these circuits
are more accessible and could potentially be modulated at the level of
specific organs, they also offer the opportunity for pharmacological and
biomedical interventions to prevent and treat metabolic disease.

Neural regulation of glucose and metabolic dysfunction
Obesity is a major risk factor for metabolic disease, and the effects of obesity
to disrupt glucose homeostasis are likely mediated in part by actions on
neural circuits crucial to blood glucose regulation'*'~*". Excess nutrients and
increased adiposity increase the release of pro-inflammatory cytokines such
as IL-1p, IL-6, and TNF-a in the periphery and CNS'“. These effects are
partly mediated by leptin, an adipokine whose circulating levels are pro-
portional to fat mass, which acts as a pro-inflammatory molecule to increase
immune cell activation with overnutrition'”’. Within the CNS, these pro-
inflammatory cytokines activate microglia resulting in inflammation of
hypothalamic regions that play key roles in glucose regulation, such as
the ARC.

Mechanistically, obesity-induced inflammation impairs leptin and
insulin signaling to disrupt their ability to regulate neural circuits controlling
blood glucose. Proinflammatory cytokines activate intracellular signaling
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cascades, such as inhibitor of kB kinase/nuclear factor kB (IKKB/NF-kB), to
disrupt leptin and insulin signaling'**'*’. Activation of IKKB in Agrp neu-
rons blunted insulin sensitivity and impaired glucose homeostasis without
changes in body weight'*. Interestingly, male mice seem to be more sus-
ceptible to neuroinflammation, specifically in the hypothalamus'***".
Clinical studies also support the findings of increased inflammation in
metabolic disease. Individuals with insulin resistance have increased cir-
culating interleukin-17 (IL-17) and interferon-gamma (IFN-Y) that further
blunt insulin signaling'”'. Further, MRI studies in obese individuals
demonstrated increased T2-weighted signals indicative of hypothalamic
inflammation'”. Obesity also has marked effects on peripheral innervation
in metabolic organs. High fat diet resulted in liver sympathetic neuropathy”’,
but if and how this contributes to changes in liver glucose production in
obesity is not known. Similarly, HFD-fed mice are reported to have sig-
nificant reductions in enteric neurons that may contribute to disrupted gut-
brain signaling'™ to impair glycemic control. In contrast, sympathetic
innervation of islets was increased in genetically obese db/db mice'” which
may contribute to disrupted glucose homeostasis.

Aging also contributes to metabolic dysfunction. In a study examining
over 2700 non-diabetic participants, researchers found that plasma glucose
levels in response to an oral glucose tolerance test increased with advancing
age, peaking at around the seventh decade, with men showing higher glu-
cose levels than women'”'. Aging induced metabolic changes have been
previously reported in multiple animal models, including mice'”, rats',
and even zebrafish'”.

Within the hypothalamus, the activity of neural populations involved
in feeding and glucose regulation within the ARC is disrupted in older mice.
Yang et al. found that the activity of POMC expressing neurons decreased in
mice as they age'*®. Additionally, Wolden-Hanson et al. demonstrated that
while AgRP mRNA levels did not change in older rats, the effects of fasting
on AgRP neuron activity were significantly blunted, suggesting an impaired
response to hypoglycemia'”. In addition, NPY protein expression'®” and
NPY receptor activity decreased in aged rats''. Although the impact of
aging on other glucose control circuits in brain regions such as the brainstem
remain understudied, these studies in the hypothalamus suggest alterations
in circuit activity and neuropeptide expression may contribute to the decline
in glucose regulation with aging.

Pharmacological approaches for glucose control
GLP-1 receptor agonists

A major advance in the treatment of diabetes in the last decade has been the
development of therapies that target GLP1 signaling. Endogenous GLP-1 is
secreted from intestinal L-cells in response to nutritional signals but as
described above, it is also synthesized in preproglucagon-expressing neu-
rons in the CNS. Central GLP-1 actions regulate both appetite and glucose
metabolism. Both GLP1R agonists and dipeptidyl peptidase 4 inhibitors
(DPP4i), that reduce GLP1 breakdown to increase physiological GLP1
levels, are FDA approved for glucose regulation. GLP1RA and DPP4i are
very effective at reducing blood glucose, primarily via actions in the nervous
system'® and at the pancreatic islet to increase insulin secretion and reduce
glucagon release, respectively'®. Although GLPIR are expressed on pan-
creatic beta cells in multiple species, only a subpopulation of human beta
cells demonstrates high levels of GLP1R expression'®. The capability of
GLPI1RA, such as exendin-4, to readily cross the blood brain barrier and
interact with GLP1R in the brain'® is a massive breakthrough in their ability
for these agonists to exert their glucose regulatory effects. However, other
drugs, such as semaglutide which is hydrophobic and bound to albumin,
may only be able to acutely access brain regions that have an incomplete
blood brain barrier, such as the median eminence and area postrema, or
circumventricular brain regions'®. Recently developed oral small molecule,
non-peptide GLP1RA, currently in clinical trials for diabetes and obesity, are
likely to be able to freely access CNS GLP1R. This characteristic of small
molecule GLP-1 agonists allows for activation of GLP1R in key brain areas
for glucose regulation and potentially exerting a greater effect on blood
glucose'”. For example, CNS administration of GLP-1 transiently lowers

blood glucose, possibly via actions in the arcuate nucleu'*”. Furthermore,
chemogenetic activation of CNS GLP1-producing neurons reduced hepatic
glucose output'”. These findings suggest that a number of GLP1RA
therapies may harness neural circuits to improve glucose control.

The success of GLP-1 agonists has led to the development of dual and
triple agonist therapies. These treatments have the ability to broaden the
tissue targets compared to single agonist treatments, and/or synergizing
within certain CNS regions and cell types that express multiple targetable
receptors. Early trials suggest that these regimens outperform single agonists
schemes in both weight loss terms as well as long term glycemic
improvement'”*'”". One such therapy is a dual gastric inhibitory polypeptide
(GIP)/GLP-1 receptor co-agonist which is also highly effective at lowering
blood glucose levels'”. GIP increases insulin release at the beta cells'”* but
GIP receptors are also present in multiple CNS regions that are crucial for
glucose regulation. Mouse studies demonstrate that CNS GIP receptors
regulated feeding but they may also regulate blood glucose. At high doses,
ICV infusion of a long-acting GIP receptor agonist produced a significantly
greater reduction in blood glucose and improved insulin sensitivity than
pair-fed, vehicle-treated mice'”. These results suggest that central GIP
receptor activation might also contribute to the glucose-lowering effects of
GIP/GLP1R co-agonists.

Finally, agonists targeting both GLP-1 and glucagon receptors have
been developed. Initial studies tested glucagon receptor antagonists as a
therapy to lower blood glucose. However, these treatments increased body
weight and liver fat content. Therefore, glucagon receptor agonism was
hypothesized to have potential as an antiobesity therapy if used in combi-
nation with GLP1RA to counter the effects on blood glucose. Current trials
suggest that some therapies targeting both GLP-1 and glucagon receptors
are effective at improving glycemic control””. It is possible that this is a
consequence of greater weight loss, but there is some evidence that glucagon
may also act at the beta cell to stimulate beta cell insulin release. In addition,
glucagon may act within the CNS to improve glucose regulation. Hypo-
thalamic infusion of glucagon in rats and ICV glucagon infusion in mice was

sufficient to inhibit hepatic glucose production'”®.

SGLT2 inhibitors
Sodium glucose cotransporters (SGLT2) inhibitors are a relatively new class
of drug to improve glucose regulation. SGLT2 is a key glucose transporter
that is highly expressed in the proximal tubules of the kidney. Here SGLT2
inhibitors block the reabsorption of glucose in the kidney increasing the
urinary glucose excretion leading to lowering blood glucose levels'”.
However, SGLT?2 is also expressed in the brain, including in hypo-
thalamic and amygdala regions'” where it has been implicated in regulating
appetite, energy balance and autonomic control' . Multiple studies support
a role for CNS SGLT?2 receptors in the glucose-lowering actions of SGLT2
inhibitors. In rats, SGLT2 inhibitors enhance insulin sensitivity'”. This
finding has been confirmed in clinical studies where SGLT2i treatment
improved CNS insulin sensitivity, reduced liver glucose production and
improved glucose control'*. In mice, SGLT2 inhibitors reduced activity of
RVLM neurons that lowered activity in the sympathetic nervous system'*".
These actions would not only contribute to decreased blood pressure with
SGLT2i treatment'* but may also play a role in reducing blood glucose.

Future directions for pharmacological therapies

Traditionally, therapies for diabetes have centered on targeting insulin
release from pancreatic islets'”. However, insulin-independent glucose
uptake is a major contributor to glucose control'®, often mediated by CNS
action'®. Targeting these mechanisms may result in new approaches to
combat metabolic diseases such as diabetes.

Currently, GLP1R agonists are the most prominent therapies targeting
CNS circuits for weight loss but also contributing to improved glucose
lowering'®. A significant challenge for many of these drugs is the route of
administration, as injectable treatments face inherent challenges with
patient compliance. Less frequent administration with long-acting inject-
able medications increases compliance'”’. Therefore, numerous half-life
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extension strategies have been successfully pursued'® to reduce required
administration from twice daily to once per week. There has also been
significant investment to create an oral alternative for GLP1R agonists with
several therapies currently in development'” and clinical trials'”.

Another shortcoming of these pharmacological treatments are side
effects associated with both short and long-term use, as well as differential
efficacy. Almost 60% of GLP1R agonist patients report gastrointestinal
symptoms ranging from nausea to emesis and diarrhea, while 10-15% of all
patients are ‘non-responders’ to the treatment and thus see little to no effect
in terms of weight loss'”'. Efficacy is further reduced by roughly a third when
considering type two diabetics and male patients in general”'. Long term use
of GLP1R agonists can also complicate efficacy, as the desired reduction in
post-prandial glucose is partially attributable to reduced gastric motility
alongside the effects on pancreatic hormone release. In mice, the effects of
GLPIR on gut motility wane after 4 weeks treatment with liraglutide/exe-
natide ER through GLP1R desensitization in the NTS'”.

Given these challenges, there is clearly a need for safe and effective
therapies to improve glucose control. Other peptides have therapeutic
potential. Oxyntomodulin, derived from preproglucagon and released with
GLP-1 acts on both GLP-1R and glucagon receptors in the CNS to regulate
feeding'”’ and improve glucose control”*. Amylin analogs combined with
GLP1RA may also improve metabolic indices. Amylin, a peptide co-
released with insulin from beta cells, lowers blood glucose, via actions on
receptor-activity modifying proteins/calcitonin receptor complexes in the
NTS and VMH. These central actions regulate food intake, delay gastric
emptying, suppress pancreatic glucagon secretion and reduce liver glucose
production'”. Combined treatment with a once weekly amylin analog,
cagrilintide, and semaglutide lowered body weight and blood glucose.

Newer therapies targeting central circuits to regulate glucose meta-
bolism and appetite control are also in development. Recent studies
demonstrated that selective, long-acting neurokinin 2 receptor (NK2R)
agonists suppress feeding, reduce blood glucose and enhance insulin
sensitivity'”. The effects on feeding are mediated by CNS circuits but the
effects on glucose metabolism are only seen with peripheral administration.
However, NK2R are widely expressed in the peripheral nervous system and
have been reported to modulate autonomic function'”. Further work is
needed to determine if NK2R agonists exert their effects on glucose control
via peripheral innervation or other mechanisms.

Bioelectronic modulation for glucose regulation
CNS modulation for glucose regulation
In contrast to pharmacological tools, bioelectronic approaches use elec-
tronic devices to modulate central or peripheral neural circuits to improve
organ function. Bioelectronic modulation of central or peripheral neural
circuits have the potential to improve glucose homeostasis. Deep brain
stimulation (DBS) uses focal modulation of specific brain circuits to
control their activity'”®. Although the precise mechanisms underlying the
effects of DBS are not completely understood, DBS affects neuronal net-
work activity'” thus changing neurotransmitter release’”’. DBS is most
commonly used for movement disorders, but multiple studies report
changes in glucose metabolism in animal models and patients receiving
DBS. Rats implanted with electrodes in the nucleus accumbens showed
DBS-stimulated release of glucagon resulting in increased in plasma
glucose'. Individuals with Parkinson’s disease receiving subthalamic
nucleus-DBS (STN-DBS) to control motor deficits had lower endogenous
glucose production during stimulation periods, independent of plasma
insulin or glucagon'”. Similarly, in one study, 19 PD patients showed a
significant decrease in resting energy expenditure (-16.5%) and marked
reductions in lipid (-27%) and protein oxidation (-46%), with a con-
current 81% increase in glucose oxidation following DBS’”. These results
point to a potential central regulatory mechanism, possibly involving
hypothalamic or midbrain relay circuits that mediate peripheral glucose
metabolism.

Hypothalamic DBS has emerged as a promising neuromodulatory
approach for regulating metabolism, particularly in the treatment of

morbid obesity. The ventromedial hypothalamus (VMH) and lateral
hypothalamic area (LHA) are two primary targets due to their well-
established roles in appetite, energy homeostasis, and autonomic reg-
ulation. In an open-label clinical trial, hypothalamic inhibition through
DBS significantly reduced food intake and promoted weight loss, even in
the absence of dietary changes™”. One notable case involved a patient
receiving stimulation at 50 Hz, 210 ps, and 3-4 V, who experienced a
12 kg reduction in body weight alongside a marked decline in food
cravings, indicating that hypothalamic circuits may mediate not only
metabolic rate but also hedonic eating behaviors®”. However, parameter
sensitivity remains a challenge; an attempted follow-up using higher
frequency (135 Hz) and shorter pulse width (60 ps) led to acute induction
of panic symptoms, resulting in immediate discontinuation of the
intervention’™. In a separate pilot study targeting the LHA, DBS was
tailored individually using data from metabolic chambers, which allowed
for optimization of energy expenditure. This personalized stimulation
protocol increased resting metabolic rate and facilitated significant weight
loss (up to 16.4%) in all three enrolled patients, without inducing adverse
psychological outcomes™”. These findings support the hypothesis that
distinct hypothalamic nuclei can be differentially targeted to modulate
specific aspects of metabolism, though safety and long-term efficacy still
require more robust clinical validation.

The limbic system, particularly the nucleus accumbens (NA),
represents a compelling target for neuromodulation in obesity due to its
dual role in regulating reward-based behavior and metabolic activity.
DBS of the NA has traditionally been explored as a treatment for
refractory depression and obsessive-compulsive disorder, but recent
evidence has also pointed to its potential in influencing body weight and
eating patterns. In a case study’”, a woman with comorbid major
depressive disorder and morbid obesity underwent bilateral NA DBS
(130 Hz, 90 us, 4V). The intervention produced a striking weight
reduction from 183.6kg to 106 kg over a 14-month period, corre-
sponding to a decrease in BMI from 66 to 38. Importantly, this weight
loss was accompanied by diminished binge eating behavior and sus-
tained psychological stability, suggesting a regulatory role of the NA in
both affective and metabolic domains. While this individual case pre-
sents encouraging results, broader trials have yielded mixed outcomes.
In a 3-year study involving multiple subjects, although all participants
initially experienced some degree of weight loss, only one completed the
full protocol, achieving a 30% reduction in BMI (from 55.7 to 39.3).
Another participant chose to have the device explanted, and tragically,
one subject died by suicide 27 months into the study’”. Recent studies
report individuals with bilateral DBS of the striatal region to treat
obsessive-compulsive disorder (OCD) showed increased insulin sen-
sitivity in the liver, muscle and adipose tissue during stimulation, an
effect that was reproduced by optogenetic stimulation of striatal
dopamine receptor neurons’”. These outcomes underscore the com-
plexity of targeting limbic structures for metabolic purposes, particu-
larly in populations with psychiatric comorbidities. It also raises
questions about whether observed weight loss is a primary effect of DBS
or a secondary consequence of improved mood and behavioral control.
These studies also illustrate the importance of careful monitoring of
metabolic parameters in individuals with DBS.

Non-invasive transcranial magnetic stimulation (TMS) therapy is
widely used for conditions such as major depressive disorder (MDD) and
OCD. TMS uses electromagnetic induction to depolarize cells in cortical
regions to improve symptoms. However, investigators have also described
changes in glucose metabolism in animal models and individuals that
receive TMS. Repeated TMS applied over the sagittal suture for 10 days in
diabetic rats improved insulin sensitivity and glucose tolerance*”. In clinical
studies in male volunteers, transcranial direct current stimulation over the
motor cortex lowered serum cortisol and improved glucose uptake™.
Although these findings are promising, further, longer term studies are
needed to determine if non-invasive neuromodulation approaches are
effective for metabolic diseases.
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Peripheral bioelectronic modulation of glucose

Peripheral nerve stimulation offers an alternative approach to neu-
romodulation. Vagal nerve modulation is extensively used to treat
epilepsy and depression by employing an invasive electrode cuff
around the left cervical vagus nerve. More recently, noninvasive,
transcutaneous auricular vagus nerve stimulators (VNS) are also
used. The effects of VNS on metabolic parameters have been widely
studied. In rats exposed to chronic stress, 14-day treatment with VNS
improved metabolic parameters®''. Further, chronic bilateral stimu-
lation of the abdominal vagus nerve in obese adult minipigs reversed
hallmark features of metabolic syndrome. These included restoration
of insulin sensitivity, enhanced hepatic and whole-body glucose
uptake, and improved cerebral glucose metabolism”'. A recent meta-
analysis examined the effects of VNS using transcutaneous stimula-
tors, acupressure or acupuncture in obese individuals. It concluded
that VNS was safe and significantly reduced weight, body mass index
(BMI), insulin and insulin resistance though the effect size was
small*”’. Transcutaneous auricular vagus nerve stimulation (taVNS),
a non-invasive approach, has demonstrated efficacy in improving
glucose tolerance and lowering systolic blood pressure in prediabetic
adults, suggesting a modulatory role on autonomic function and
glycemic control”. A recent trial in individuals with type 1 and 2
diabetes with diabetic autonomic neuropathy demonstrated that
twice daily transcutaneous VNS over 8 weeks significantly reduced
glucose variability in individuals with T1D*". Clinical trials with
implanted vagal nerve stimulators/blockade have also proved effec-
tive in metabolic regulation. In obese individuals with type 2 diabetes,
a 12-month trial of intermittent vagal blockade significantly reduced
body weight, BMI, blood glucose and hemoglobin Alc (HbAlc)*".
Interestingly, improvements in blood glucose occurred rapidly and
were maintained over the course of the study. While these findings
demonstrate some efficacy in improving glucose control, the
mechanisms by which vagal nerve modulation improve metabolic
indices are not well understood. An alternative approach is to
selectively reduce sympathetic inputs to metabolic organs. In mice,
surgical removal of the celiac and superior mesenteric ganglia
resulted in improved glucose tolerance and reduced pancreatic islet
size, despite stable insulin and C-peptide levels’"’. While this invasive
approach is not appropriate as a treatment for metabolic disease,
bioelectronic methods for sympathetic inhibition may improve glu-
cose control.

Ultrasound also offers a non-invasive method to produce exci-
tatory or inhibitory effects on nerve activity’**’. A recent study
assessed the effects of peripheral focused ultrasound stimulation
(pFUS) on glucose regulation in animal models. Targeting pFUS to
the porta hepatis region in pre-clinical animal models modulated
sensory inputs to the hypothalamus resulting in improved insulin
sensitivity and lower blood glucose®. In individuals with type 2
diabetes, porta hepatis pFUS for 3 days was well tolerated and lowered
fasting insulin levels with a trend to lower glucose levels post-
ultrasound™'. While further studies are needed, these results, along
with those using transcutaneous vagal neuromodulation, suggest that
targeting peripheral nerves may provide a safe method to improve
glucose control.

Future directions for Bioelectronic regulation

Both transcutaneous nerve stimulation and ultrasound use non-invasive
approaches for neuromodulation. These methods have been shown to be
safe, but they can lack circuit and organ specificity. FUS of the porta hepatis
is thought to have its effects via modulating sensory circuits and subsequent
activation of downstream circuits, likely to many organs. Current implan-
table vagal nerve stimulators have limited spatial resolution so may alter
activity in both afferent and efferent vagal circuits to affect multiple organs.

In some respects, this could be advantageous as glucose regulation requires
the coordinated regulation of multiple organs. However, it may also result in
unwanted effects. Newer, flexible materials and miniaturization may allow
more targeted modulation of peripheral nerves. Stretchable conductors are
being developed and their ability to monitor peripheral nerve activity has
been tested in preclinical models’”. These materials may also allow greater
specificity in targeting peripheral nerves to metabolic organs. Other
advances include the development of wireless, battery-free, bioresorbable
implants for short-term neuromodulation, without the need for surgery to
remove the implant. In animal models, this approach has been used for
peripheral nerve modulation for up to a month*”. While longer term nerve
stimulation is likely to be needed for glucose homeostasis, recent techno-
logical advances may allow greater organ and/or fiber specificity for per-
ipheral neuromodulation™.

At the moment, cell-type and organ-specific targeted neuro-
modulation is largely limited to basic research. Optogenetic mod-
ulation, controlling the activity of targeted opsin-expressing neurons
using light, allows both temporally and spatially precise control of
neural activity. In animal studies, this approach has been used to
improve glucose homeostasis. In mice, optogenetic activation of
cholinergic fibers in the pancreas significantly increased plasma
insulin and lowered blood glucose'”. Similarly, Kawana and collea-
gues demonstrated that optogenetic modulation of pancreatic cho-
linergic fibers using a subdiaphragmatic optical fiber enhanced
glucose-stimulated insulin secretion. Furthermore, two weeks after
the initial stimulation, they also found beta cell mass to be increased
by 1.6-fold without impacting alpha, gamma or exocrine cells'”’. To
overcome the need for an implanted optical fiber, they introduced
light-emitting lanthanide microparticles into the pancreatic ducts of
mice expressing the opsin to regulate neural activity. This approach
increased plasma insulin and improved glucose control in diabetic
and non-diabetic mice for up to two months. These studies demon-
strate that stimulating pancreatic cholinergic innervation effectively
increases plasma insulin and may result in beta cell expansion.
However, optogenetic modulation requires opsin expression through
gene therapy and targeted light delivery. Opsins are now being used in
non-human primates and highly sensitive opsins may allow
external light delivery rather than implanted fibers*® but there are
still significant barriers to their use in humans.

Conclusion

There have been enormous advances in our understanding of the
neural regulation of glucose metabolism. In animal models, the use of
neuromodulatory technologies for pinpoint regulation of neural
activity, tissue clearing approaches that allow us to visualize the
central and peripheral circuits regulating metabolism, and new
transcriptomic approaches that allow identification novel cell
populations in regions crucial for metabolic control have vastly
expanded our knowledge of the cells and circuits that contribute to
glucose control (Table 1). Over the last decade, these studies have
been translated into new pharmacological therapies, including
GLP1RA and SGLT], that have significant effects on metabolic dis-
ease, in part via actions in the CNS. Translational studies using nerve
stimulation approaches suggest targeting peripheral innervation to
metabolic organs may also be fruitful. With recent advances in
miniaturization and the development of new materials, neuromo-
dulator implants may become even more precise and allow effective
modulation to improve glucose control. In parallel, adapting non-
invasive technologies such as ultrasound and transcutaneous nerve
stimulation to improve circuit and organ specificity may result in
even greater efficacy in metabolic regulation. Targeting neural con-
trol of glucose offers huge potential to expand the effective treatments
for metabolic diseases and prevent their devastating consequences.
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Table 1 | Summary table of discussed neural populations and their regulatory effects on glucose homeostasis

Brain Region Neural Population Activating/Inhibitory Analytical Tools A Blood Glucose Source
ARC AgRP/NPY Inhibitory Optogenetics, Chemogenetics  Increases (Steculorum et al.*)
(AGRP)
(Engstrém Ruud et al.?')
(APY)
BNC2 Activating Chemogenetics Decreases (Tan et al.**)
PVH Oxytocin Activating Sympathetic Chemogenetics Increases (Papazoglou et al.?®)
System
CRH Activating HPA axis Natural stress responses Increases (Liu et al.*®)
AVP Activating Hypoglycemia studies Increases (Kim et al.*®)
VMH SF-1 Activating Chemogenetics Activation: Decreases (Coutinho et al.*)
SF-1 Inhibitory Knockouts Glutamate blockade: (Tong et al.**)
Decreases
Glucokinase+ Activating Chemogenetics, Activation: Increases Stanley et al.*®)
Magnetogenetics
Glucokinase+ Inhibitory Chemogenetics, Inhibition: Decreases Stanley et al.*)
Magnetogenetics
UCP2 + GE Inhibitory Knockout studies Knockout: Increases (Toda et al.*®)
SF-1 VMH — BNST (GAD2 +)  Activating Optogenetics Increases (Meek et al.”)
DMH GLP-1R+ Inhibitory Optogenetics, Ablation studies  Activation: (Huang et al.*®)
Decreases
Ablation:
Increases
NPY Activating Knockdown Decreases (Bi, Kim, & Zheng*)
NTS GLUT2+ Activating Optogenetics Increases (Lamy et al.”®)
GABAergic Activating Chemogenetics Increases (Boychuk et al. *)
DMV ChAT+ Activating Chemogenetics Increases (Song et al.”’)
POMC Activating Optogenetics Increases (Stanley, Moheet, &
Seaquist™)
FGF-responsive Inhibitory Hormone injection Decreases (Wean & Smith®®)
PBN CCK+ Activating Chemogenetics Increases (Garfield et al.”")
Leptin receptor+ PAG — PBN Activating Noxious Stimuli Increases (Flak et al.®?)
Sympathetic System
RVLM & Catecho-laminergic Activating Sympathetic Optogenetics, Disinhibition w/  Increases (Verberne & Sartor®)
LC System Bicuculline (Zhao et al.®®)
Periphery Peripheral Sympathetic (Liver,  Activating Electrical vagus nerve Decreases (Shimazu'"9)
Pancreas) activation
Peripheral Para-sympathetic Inhibitory Chemogenetics, Optogenetics  Increases (Jimenez-Gonzalez
(Pancreas) etal.")
TRPV1 sensory neurons Inhibitory Ablation studies Ablation: Increases (Bou Karam et al.'®®)
(Pancreas)
FGF3+ Vagal sensory Inhibitory Genetic tools Decreases (Tahiri et al.'*")
(Pancreas)
Data availability 4.  Silbert, R. et al. Hypoglycemia among patients with type 2 diabetes:
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