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Abstract: The hypothalamus is indispensable in energy regulation and glucose homeostasis. Previous studies have shown that pro-
opiomelanocortin neurons receive both central neuronal signals, such as a-melanocyte-stimulating hormone, B-endorphin, and
adrenocorticotropic hormone, as well as sense peripheral signals such as leptin, insulin, adiponectin, glucagon-like peptide-1, and
glucagon-like peptide-2, affecting glucose metabolism through their corresponding receptors and related signaling pathways.
Abnormalities in these processes can lead to obesity, type 2 diabetes, and other metabolic diseases. However, the mechanisms by
which these signal molecules fulfill their role remain unclear. Consequently, in this review, we explored the mechanisms of these
hormones and signals on obesity and diabetes to suggest potential therapeutic targets for obesity-related metabolic diseases. Multi-drug
combination therapy for obesity and diabetes is becoming a trend and requires further research to help patients to better control their
blood glucose and improve their prognosis.
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Introduction

Type 2 diabetes' is a pressing global health concern. Notably, the incidence is higher among patients with obesity, and the
number of affected individuals is predicted to reach 700 million in 2045.% Currently, islet B cell dysfunction and insulin
resistance are considered to be the fundamental pathologic mechanisms of type 2 diabetes.® In addition to the disease,
poor lifestyle and compliance render it difficult for individuals to maintain normal glucose levels. Therefore, the risk of
microcirculation and macrovascular complications is extremely high, substantially increasing the incidence of cardio-
vascular and cerebrovascular disorders.* Most research has focused on the peripheral mechanisms of pancreatic p-cell
dysfunction; however, the central nervous system (CNS) also plays an indispensable role in regulating insulin sensitivity
and glucose balance.’

The hypothalamus is involved in energy metabolism by responding to signals such as hormones, neurotransmitters
and metabolites.® This effect is more prominent in pro-opiomelanocortin (POMC) neurons.” Specifically, POMC is the
common precursor of many neuropeptides, including a-melanocyte-stimulating hormone (a-MSH), beta-endorphin (B-
endorphin), and adrenocorticotropic hormone. It can respond to energy metabolism by sensing these central signals.®
Moreover, POMC neurons can also receive peripheral signals (Figure 1), such as leptin, insulin, adiponectin, glucagon-
like peptide-1 (GLP-1), and glucagon-like peptide-2 (GLP-2). Also, POMC affects glucose metabolism through its
corresponding receptors and related signaling pathways.® In addition, POMC can sense glucose levels and regulate the
excitability of POMC neurons in response to glucose.” Abnormalities in any of these processes may lead to metabolic

diseases such as obesity and type 2 diabetes.'*"
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Figure | Melanocortin system in glucose homeostasis. In the arcuate nucleus of the hypothalamus, there are many hormone receptors on pro-opiomelanocortin (POMC)
neurons. Leptin, insulin, glucagon-like peptide (GLP)-1, and GLP-2 act on liver, skeletal muscle, and the pancreas to regulate blood glucose levels by binding with their
corresponding receptors. At the same time, a-melanocyte stimulating hormone (a-MSH) on orexigenic or anorexigenic neurons binds with the melanocortin 4 receptor
(MC4R) to regulate appetite and glucose homeostasis.

Currently, the treatment of diabetes remains a challenge, and multi-drug combinations for obesity and diabetes are
increasingly becoming a trend. For example, metformin in combination with GLP-1 receptor agonists can lead to weight
loss in patients with type 2 diabetes and obesity while controlling blood glucose. In addition to traditional peripheral
hypoglycemic drugs, some drugs have been observed to maintain blood glucose stability and improve diabetes symptoms
through central regulation. However, the mechanism of POMC regulation on glucose homeostasis is still unclear. Based
on the influence of the POMC system on appetite, body weight, and energy expenditure, studying the mechanism could
help us identify novel therapeutic strategies for managing obesity and type 2 diabetes. Therefore, in the study, we
primarily explored the effects of these hormones and signaling molecules on the onset and progression of obesity and
diabetes to identify novel therapeutic targets for obesity-related metabolic diseases.

POMC Neurons Sense Peripheral Signals

Leptin and Its Receptor

Leptin is a protein encoded by obesity genes and secreted by white fat cells, which regulates energy balance throughout the
body and exerts potent anti-obesity effects. Notably, it can affect blood pressure, sympathetic excitability, and blood sugar
levels.'*'* Previous animal and clinical studies have demonstrated that leptin also has an anti-diabetic effect, revealing that
this effect is primarily mediated by stimulating leptin receptors in the CNS, subsequently activating POMC neurons and
melanocortin 4 receptor (MC4R).? Leptin plays a pleiotropic role by specifically binding to leptin receptors and subse-
quently activating the related signal pathways, ultimately reducing food intake and hepatic glucose production.'’'*
Additionally, both leptin deficiency and leptin resistance can exacerbate the onset of type 1 and type 2 diabetes.'”

The Leptin-POMC system is critical for glucose metabolism. Leptin can increase the expression of the POMC genes and
regulate the excitation of the POMC neurons.'® Furthermore, leptin receptors are abundant in the POMC neurons. They can
sense changes in peripheral energy metabolism at an early stage.'” Mobbs et al reported that POMC gene overexpression could
effectively improve hyperglycemia and insulin resistance in leptin-deficient mice so that the blood glucose level tended to be
normal and the symptoms of diabetes were improved.'®'® Recent studies have suggested that Zucker (FA/FA) rats with leptin
receptor deficiency were obese, hyperinsulinemic, and leptin-resistant.'” In addition, the expression of the POMC gene was
reduced.?” Leptin receptor deficiency could partly result in the re-expression of these receptors in the POMC neurons and

reverse hyperinsulinemia and hyperglycemia in mice.?' Furthermore, leptin resistance occurs when they cannot fully sense the
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leptin levels or when the leptin signal transduction pathway is damaged. Thus, the body is insensitive to leptin, which
manifests as increased appetite, obesity, type 2 diabetes, and other metabolic-related diseases.?? Notably, leptin also shows sex
differences in regulating glucose homeostasis. In the POMC neurons, leptin has a considerable effect on energy balance and fat
distribution in women and on glucose homeostasis in men. Thus, leptin receptor deficiency is associated with reduced energy
expenditure in women, whereas men present glucose intolerance and insulin resistance.'**

The central leptin-POMC system has potent anti-obesity and anti-diabetic effects, and the POMC neurons can improve
blood glucose levels by affecting the leptin-related signaling pathways (Figure 2). The first is the Janus kinase/signal
transducer and activator of transcription (JAK/STAT) signal pathway,?*> leptin binds to a leptin receptor to activate JAK2
and subsequently phosphorylate STAT3. Consequently, STAT3 binds to the POMC gene promoters to upregulate POMC
expression. The src homology region 2-containing protein tyrosine phosphatase 2-mitogen-activated protein kinase (SHP2-
MAPK) pathway*® may be crucial in mediating the chronic effects of leptin on glucose regulation. Specifically, SHP2 binds

985

to phosphorylated Tyr °” in the leptin receptor through its Src homology region 2 domain and stimulates the activation of

27,28 is

extracellular signal-regulated protein kinases 1 and 2 (ERK1/2). In the POMC neurons, the PI3K signaling pathway
particularly vital for regulating glucose metabolism. Forkhead box protein O1 (FoxOl) is a negative regulator of leptin
signaling, and leptin inhibits FoxO1 activity through the PI3K pathway in the hypothalamus and promotes STAT3 binding
to the POMC promoter, thereby upregulating POMC expression, reducing food intake, and increasing insulin sensitivity.

2939 which may

Moreover, leptin also regulates the mechanistic target of rapamycin/S6 kinase (mTOR/S6K) pathway,
be a downstream target of the PI3K pathway. Chronic activation of the mTOR/S6K pathway leads to leptin resistance and
obesity. Abnormal glucose metabolism may occur when the body cannot sense these signaling pathways or any of these
signals is damaged. Therefore, these signals may become new targets for diabetes treatment. Recent studies have found
that tea saponin, a substance extracted from tea leaves, can reduce the expression of POMC mRNA in the hypothalamus
of obese mice. Additionally, tea saponin can reduce hypothalamic inflammation and improve central leptin sensitivity and
signaling. Furthermore, treatment with tea saponin can increase the adiponectin level and improve insulin sensitivity in
obese mice.>' These results suggest that tea saponin could have a role in anti-obesity and anti-diabetes based on the
central POMC system. Therefore, further studies should be conducted to investigate the mechanisms underlying the

leptin-POMC system to identify therapeutic strategies to treat obesity and diabetes.
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Figure 2 Leptin- and insulin-related signaling pathways in pro-opiomelanocortin (POMC) neurons. Leptin and insulin bind to their corresponding receptors and activate
related signaling pathways, especially the phosphoinositide 3-kinase (PI3K) signaling pathway, which play important roles in glucose metabolism mediated by POMC neurons
in the arcuate nucleus.

Abbreviations: (+), Positive regulatory factors; (-), Negative regulatory factors; IRS, insulin receptor substrate; JAK2, Janus tyrosine kinase 2; STAT3, signal transducer and
activator of transcription 3; FoxOl, forkhead box protein OI; TRPC5, transient receptor potential channels-5; mTOR, mammalian target of rapamycin; S6K, Sé kinase;
PLCyl, phospholipase C-yl; PDE3B, phosphodiesterase 3B; SHP2, Src homologous region protein tyrosine phosphatase 2; MAPK, mitogen-activated protein kinase; ERK1/2,
extracellular signal-regulated kinase 1/2; AMPK, AMP-dependent kinase; ACC, acetyl-CoA carboxylase.
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Insulin and Its Receptor

Insulin is the only hormone in the body that can reduce blood glucose. It can regulate glucose balance through peripheral
and central pathways and has been widely used in clinical practice. Over the years, the central regulatory mechanism of
insulin has been gradually revealed. In 1855, Claude Bernard first observed that the brain was involved in glucose
homeostasis in animals.*> In 1973, Roth et al first identified insulin receptors (IR) in the brain and suggested that
injecting insulin into the hypothalamus could reduce blood glucose.*® Furthermore, peripheral insulin is transported to
the brain via the median eminence and cerebrospinal fluid, which is essential for regulating glucose homeostasis across
the blood-brain barrier.>**> Neurogliaform cells in the cortex may be one of the sources of insulin in the brain.*®* When
the blood-brain barrier is damaged and insulin in the brain is reduced, intranasal insulin administration can increase
insulin concentration in the brain and affect peripheral insulin sensitivity.’” In addition, insulin receptors in the brain are
mainly expressed in the POMC neurons. Deficiency in insulin receptors results in their re-expression in the POMC
neurons, resulting in increased hepatic glucose production in mice.*® Also, abnormalities in insulin and the insulin
receptors in the brain may lead to glucose metabolic diseases.

As shown in Figure 2, the PI3K signaling pathway>® is particularly important in glucose metabolism. When the
hypothalamus senses glucose level changes, peripheral insulin crosses the blood-brain barrier and binds to its receptors
on the POMC neurons. This leads to the phosphorylation of insulin receptor substrate (IRS) protein and the activation of
PI3K, consequently modulating the excitability of the POMC neurons.***" After activating the POMC neurons, insulin
promotes the expression and secretion of a-MSH, which specifically binds to the melanocortin-3 receptor (MC3R) or
MCA4R. Thus, it can reduce food intake, improve the basal metabolic rate, and lower blood glucose.

Insulin resistance can lead to reduced insulin sensitivity and glucose utilization in the body. Moreover, compensatory
secretion of insulin leads to hyperinsulinemia, which can lead to type 2 diabetes and obesity. In recent years, studies have
found that some central factors are associated with insulin resistance, such as obesity,** hypothalamic inflammation,*’
endoplasmic reticulum stress,** and the cilia and autophagy mechanism,* which can prevent insulin from transmitting peripheral
metabolic information to the center, resulting in impaired glucose metabolism. A long-term high-fat diet (HFD) or hypothalamic
inflammation can activate some inflammatory factors such as toll-like receptor-4 (TLR4), tumor necrosis factor (TNF), myeloid
differentiation factor 88 (MyD88), and nuclear factor-kappa B (NF-«xB). These inflammatory factors can affect insulin and leptin
activity, leading to glucose metabolism disorders.** In addition, the loss of cilia and autophagy in the POMC neurons can disrupt
insulin signaling, prevent insulin-dependent glucose uptake, and eventually lead to obesity and insulin resistance in mice.*’

Recently, novel molecules and mechanisms related to insulin resistance have gradually been revealed. For instance, inositol-
requiring enzyme 1o (IRE1a),* spliced X-box binding protein 1 (XBP1s),*” and other positive regulatory factors can activate the
POMC neurons, enhance peripheral insulin sensitivity, improve glucose tolerance, inhibit liver glucose production, and thus,
prevent obesity and type 2 diabetes. In contrast, negative regulatory factors, such as transforming growth factor-p,** ethanol,**
and resistin,"’ can lead to type 2 diabetes. Resistin, a kind of adipokine, activates the TLR4-NF-kB pathway of the POMC
neurons (Figure 3), up-regulates suppressor of cytokine signaling 3 and protein tyrosine phosphatase 1B expression, and inhibits
the activation of the insulin receptor, AKT, and ERK1/2 in the POMC neurons. This inhibits IRS-1 phosphorylation, leading to
insulin resistance and symptoms associated with peripheral type 2 diabetes.”® Consequently, the central regulatory mechanism of
insulin is highly complex and must be further explored. We suggest that there might be several potential targets in the insulin
receptors and related signal pathway mechanisms to maintain glucose homeostasis.

Currently, based on the effects of leptin and insulin, some factors such as Smad7, hypoxia-inducible factor (HIF), liver
kinase B1 (LKB1), sirtuin 6 (Sirt6), and steroid receptor coactivator-2 (SRC-2) can mediate hypothalamic inflammation
through the POMC system, thus, affecting insulin resistance. A TGF-B inhibitor, Smad7,”" is widely expressed in tissues
throughout the body. Yuan et al’*> demonstrated that an HFD increased the expression of Smad7 and that Smad7 over-
expression in the POMC neurons markedly reduced insulin sensitivity, leading to impaired glucose tolerance. This change
may be due to the activation of the Smad7-AKT pathway, resulting in decreased insulin signaling in the hypothalamus. In
contrast, glucose tolerance and insulin resistance improved when Smad7 was knocked out. The HIF is a transcriptional
activator and is involved in the regulation of body weight and glucose homeostasis.” HIF-1-alpha (HIF 1 o) is associated with
hypothalamic inflammation, apoptosis, and autophagy. Thus, HIF1a deletion leads to decreased POMC neuron activity and
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Figure 3 Toll-like receptor 4 (TLR4)-NF-kB pathway. Resistin can activate the TLR4-NF-«kB pathway of pro-opiomelanocortin (POMC) neurons and inhibit expression of the
insulin receptor, thereby regulating glucose homeostasis.

impaired glucose uptake,”* whereas HIF-2-alpha deletion leads to weight gain in an age-dependent manner, accompanied by
abnormal glucose and lipid metabolism.”®> LKBI1 is a metabolic regulator with potential anti-inflammatory activity.*®
Hypothalamic LKB1 overexpression can reduce hypothalamic inflammation and increase insulin sensitivity. After HFD
induction, LKB1 deficient mice showed increased appetite and obesity, increased leptin resistance, decreased POMC neuron
expression, and worsening hypothalamic inflammation.>” Additionally, Sirt6, a member of the Sirtuin family, has a vital role in
maintaining glucose metabolism.>® The overexpression of Sirt6 can reverse HFD-induced obesity in mice. Conversely, the
loss of Sirt6 can affect leptin activity in the POMC neurons, which impairs glucose homeostasis.”® Furthermore, SRC-2°° is a
molecule that regulates nuclear receptors and transcription factors. Also, SRC-2 can reduce energy consumption during fasting
in the POMC neurons. Moreover, SRC-2 can co-activate FoxO1 to inhibit POMC gene expression and affect glucose balance,
which is a defensive mechanism to prevent severe hypoglycemia. Overall, these factors, as hypothalamic inflammatory

regulators, could become a therapeutic target for HFD-induced obesity and metabolic diseases.

Adiponectin and Adiponectin Receptor |

Adiponectin is an adipocyte-derived hormone with anti-inflammatory and insulin-sensitizing effects.’’ The peripheral
mechanism of adiponectin has been thoroughly studied, however, the regulation of central energy homeostasis and glucose
metabolism remains unclear. Peripheral adiponectin can be transported to the brain through the blood-brain barrier. Rapid
central injection of adiponectin significantly reduces food intake and increases energy expenditure, whereas chronic
infusion improves glucose homeostasis and does not appear to affect food intake.®>** Subsequently, adiponectin receptors
1 and 2 are also expressed in the POMC and neuropeptide Y (NPY)-expressing neurons of the hypothalamus and peripheral
organs.® In the POMC neurons, adiponectin and leptin can exert synergistic regulatory effects on glucose homeostasis by
activating the AMP-activated protein kinase (AMPK) pathway and PI3K pathway.®®®” Previous studies have shown that
the action of adiponectin on the POMC neurons correlates with glucose levels. Elevated blood glucose levels result in an
AMPK pathway-dependent inhibition of POMC neurons and increased food intake. Conversely, low blood glucose levels
exert the opposite effect through phosphorylation of the PI3K pathway, thereby suppressing appetite.”® In addition,
adiponectin, as an anti-inflammatory factor, can also play a hypoglycemic role by affecting the hypothalamic inflammatory
response and reversing proinflammatory signals.®” Based on the insulin-sensitizing and anti-inflammatory properties of

adiponectin, this hormone may be a crucial target for treating metabolic-related diseases.
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Glucagon-Like Peptide-1 and -2 and Their Receptors

The gut-derived endocrine hormones, GLP-17° and GLP-2,”" control energy balance and glucose homeostasis in the brain and
pancreas. The receptors, GLP-1 receptor (GLP-1R)’? and GLP-2 receptor (GLP-2R),”* are expressed in the endocrine cells, as
well as widely expressed in the POMC and NPY neurons in the arcuate nucleus (ARC). Specifically, GLP-1 and GLP-2 play a
vital role in the regulation of glucose homeostasis through the gut-brain axis. Many studies have been conducted on GLP-1,
whereas GLP-2 is rarely studied.

Injecting GLP-1 directly into the ARC can increase glucose-stimulated insulin secretion, reduce glucose production in the
liver, and inhibit glucose uptake in ATP-sensitive potassium (Karp) channel-dependent manner, thereby limiting postprandial
glucose fluctuations.”*”* In contrast, a relatively high glycemic status was observed after the application of central GLP-1R
antagonists, suggesting that the activation of central GLP-1R is essential for glucose homeostasis.’® Liraglutide, a GLP-1R
agonist, can directly bind to GLP-1R on the cell membrane to activate the hypothalamic POMC neurons.”’ Liraglutide has also
been shown to improve the excitability of the POMC neurons, especially when combined with leptin,”® and better suppress
appetite and reduce blood glucose.

In the POMC neurons, GLP-2 binds to the specific G-protein-coupled receptor GLP-2R to regulate appetite and glucose
metabolism.”' Previous studies have shown that intraventricular injection of GLP-2 can reduce food intake and inhibit hepatic
glucose production. A POMC-GLP2R KO mice model has been established to illustrate the regulation of GLP-2R on glucose
in the POMC neurons. In the POMC neurons, GLP-2R deletion led to postprandial glucose intolerance in mice, whereas the
fasting glucose levels remained unchanged.””*° Meanwhile, the insulin level of the mice increased, and insulin resistance
occurred.®' Moreover, GLP-2R deficiency increases glucagon secretion, exacerbating hyperglycemia and impaired glucose
tolerance in leptin-deficient mice’' The PI3K-AKT-FOXO1 axis (Figure 4) is a critical signaling pathway that regulates
energy metabolism in the brain.*? GLP-2 activates PI3K signals and directly regulates the excitability of the POMC neurons.™*
This suggests that the activation of GLP-2R in the POMC neurons is required for GLP-2 to promote glucose homeostasis and
increase insulin sensitivity. 5!

Currently, GLP-1R agonists and dipeptidyl peptidase IV inhibitors have been widely used in the treatment of type 2
diabetes.**™ Thus, based on the central role of GLP-1 and GLP-2, we should explore more possibilities and targets for diabetes.

POMC Neurons Integrate Central Signals

Melanocortin and Melanocortin 4 Receptor

Melanocortin is a POMC neuron-derived peptide that affects food intake, glucose homeostasis, and the release of certain
inflammatory factors. MC3R and MC4R receptors are mainly involved in energy metabolism, and MC4R mainly affects
food intake and energy balance.” a-MSH can bind to MC4R to reduce insulin release and increase insulin sensitivity.*®

GLP-2

GLP-2R

ﬁ PI3K

[ POMC neurons ]

AKT

FOXO1

Hepatic glucose

[ Food Intake } ’ [ production |

Figure 4 Pro-opiomelanocortin (POMC)-mediated regulation of glucagon-like peptide (GLP)-2 on glucose homeostasis. GLP-2 activates the phosphoinositide 3-kinase
(PI3K)-AKT-forkhead box protein Ol (FOXOI) pathway by binding to the GLP-2 receptor expressed in POMC neurons. This reduces food intake and hepatic glucose
production.
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Injection of the MC4R agonist into the lateral ventricle reduced plasma insulin levels and improved insulin sensitivity in
leptin-deficient mice.®” Conversely, MC4R antagonists injection might result in high appetite and hyperinsulinemia.*® In
addition, the absence or mutations in MC4R leads to increased food intake and body weight, prompting inflammatory
cytokine secretion and eventually leading to insulin resistance and type 2 diabetes.®® Based on these studies, we suggest
that a-MSH could contribute to the management of patients with obesity and type 2 diabetes.

Based on the POMC neurons and MC4R, many studies have been conducted on their anti-obesity effects.”® For obese
patients with type 2 diabetes, a-MSH-based therapy may be promising to managing obesity and type 2 diabetes. The
MCA4R agonists have been gradually used as weight-loss drugs but have certain side effects on the cardiovascular system,
leading to an increased heart rate and blood pressure.”’~** Therefore, 0-MSH and its analogs and the MC4R agonists still
need to be continuously explored to minimize the occurrence of adverse reactions.

Orexin-A and OX-A Receptor Type |

Orexin-A is a hypothalamic neuropeptide comprising 33 amino acids, which can be involved in the regulation of energy
homeostasis, sleep state, drug addiction, tumor treatment, and other aspects.”**> Here, we mainly discuss its regulatory
effects on appetite and glucose homeostasis. Like leptin and insulin, orexin-A can enter the brain through the blood-brain
barrier, and OX-A receptor type 1(OX-1R) and cannabinoid receptor 1(CB1R) are widely expressed in the POMC
neurons.’® Therefore, orexin-A can bind to OX-1R in the POMC neurons and lead to weight gain by stimulating the
endocannabinoid signaling pathway.””-*® Morello et al demonstrated that OX-A expression was increased in the ARC of
obese mice. OX-A-induced overeating in mice depended on the activation of CB1R and ERK1/2, which inhibited POMC
and o-MSH production. The use of CBIR antagonist AM251 and the ERK1/2 inhibitors PD98059 and SB334867
exhibited the opposite result, reducing food intake and weight loss in obese mice.”®"'*

Currently, there are relatively few studies on the regulation of blood glucose by OX-A through the POMC system.
Therefore, we recommend that more studies focus on its effect on blood glucose. Further research should be conducted
on the potential synergies between the OX-1R and CB1R antagonists, and MC4R agonists to provide novel targets for the
treatment of obesity and type 2 diabetes.

Melanin Concentrating Hormone and its receptors

Melanin concentrating hormone (MCH) is a 19-amino acid neuropeptide that can affect food intake, glucose metabolism,
obesity and other processes.'”’ There are two corresponding receptors in the brain, namely melanin concentrating
hormone receptor 1(MCHR1) and melanin concentrating hormone receptor 2, and these effects are mainly reflected in
MCHR1.'°%!%% Obesity can occur after chronic intravenous MCH. Oral or intravenous administration of the MCH-R1
antagonist reduced appetite and body weight, mainly in HFD-induced obese mice, but not in mice fed a normal diet.'*!
As for glucose homeostasis, the POMC system interacts with sirtuin 1 (SIRT1) to regulate energy homeostasis and
insulin sensitivity. Also, MCH regulates the SIRT1/FoxO1 pathway and reduces the activity of the POMC neurons,
inducing binge eating, obesity, insulin resistance, and glucose intolerance.'® In addition, the MCH neurons can sense the
glucose signal, mediated by the K,rp channels, and are negatively regulated by uncoupling protein 2, a mitochondrial
protein that reduces ATP production, which regulates peripheral glucose homeostasis.'®> Therefore, the MCH system is
also a crucial target for the treatment of obesity and diabetes and warrants further attention.

Opioid and Opioid Receptors
Opioids affect blood glucose in addition to their traditional analgesic effects.'® The endogenous opioids include p-
endorphin, leu-enkephalin, met-enkephalin, and dynorphin.'®” These substances can be produced in various systems
throughout the body and act as neurotransmitters or hormones involved in the body’s energy regulation. Similarly, opioid
receptors can also be expressed in tissues and cells throughout the body.'® The regulation of blood glucose by opioids is
affected by glucose concentration.'**!% In the case of hyperglycemia, the injection of B-endorphin and p-opioid receptor
agonists can reduce hypoglycemia without affecting food intake.''*'"" In contrast, the p-endorphin levels increase during
hypoglycemia, consequently inducing an increase in the blood glucose levels.'*®

Dynorphin-A, an endogenous k-opioid receptor agonist, can increase food intake and body weight when acting on the
POMC neurons, while directly inhibiting the POMC neurons by activating the G-protein-coupled inwardly-rectifying K+
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channels.''? Additionally, obesity affects opioid sensitivity and the expression of its receptors and increases p-endorphin
levels.'”® However, the mechanisms by which these processes occur must be explored to identify their therapeutic
viability against obesity and type 2 diabetes.

Serotonin and Serotonin 2C Receptors

In the POMC neurons, the serotonin 2C receptor (5-HT2CR) is involved in the regulation of central glucose homeostasis.''* The
selective loss of 5-HT2CR directly impairs the glucose balance, which is manifested by elevated glucagon, insulin, and blood
glucose. In addition, lorcaserin,''* as a 5-HT2CR agonist, can improve insulin sensitivity, inhibit hepatic glucose production and
improve blood glucose control in T2D mice. Burke et al reported that 5S-HT2CR and MC4R are required for lorcaserin to regulate
blood glucose. Collectively, the S-HT2CR agonists improve the symptoms and blood glucose levels of patients with type 2

115

diabetes through the MC4R signaling pathway, -~ serving as an effective and novel strategy in the treatment of type 2 diabetes.

Ephrins Bl and B2

The POMC neurons can receive specific central signals by receiving a glutamatergic input.''® Ephrins B1 and B2"'7 are
abundantly expressed in the POMC neurons, bind to their corresponding receptors, and act on the glutamate synapses,
affecting feeding and glucose homeostasis. Gervais et al''® observed that ephrinB1 deficiency in the POMC-expressing
progenitor exhibited impaired glucose tolerance, whereas ephrinB2 had no apparent effect on glucose homeostasis in
deficient mice. Additionally, ephrinB2 deficiency in mice affected the energy balance in a sex-dependent manner, with
gluconeogenesis and feeding behavior impaired in male and female mice, respectively. Thus, the EphrinBl- and
EphrinB2-encoding genes may be potential targets for the treatment of diabetes, although the regulatory mechanism of
hypothalamic neuronal circuits on glucose homeostasis is not well understood.

Conclusions and Prospects

The hypothalamus neuronal network is intricate, among which the POMC neurons are particularly critical to glucose
homeostasis. Several recent studies have demonstrated that POMC neurons can affect appetite, energy metabolism, and
insulin sensitivity through various central and peripheral signals. The lack of these hormones or their corresponding
receptors or the disruption of their signaling pathways can lead to metabolic abnormalities, resulting in obesity, type 2
diabetes, and other metabolic syndromes. Therefore, the specific mechanisms underlying these processes require further
investigation. Currently, in addition to the traditional peripheral blood hypoglycemic drugs, some hypoglycemic drugs
with a central action are gradually emerging. Multi-drug combination therapy for obesity and diabetes is gaining attention
and must be continuously explored to help patients to better control their blood glucose and improve their prognosis.
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