Ajmer Singh Grewal
Neelam Singh

Swati Verma

Chaitanay Vinayak Narayan

Ashutosh Kumar Verma
Editors

Receptor-Targeted Therapies
in Diabetes Mellitus

From Pathophysiology to Innovative Treatments

Nnova
Medicine & Health

\ New York



Copyright © 2025 by Nova Science Publishers, Inc.
DOI: https://doi.org/

All rights reserved. No part of this book may be reproduced, stored in a retrieval system or transmitted in any form or by
any means: electronic, electrostatic, magnetic, tape, mechanical photocopying, recording or otherwise without the written
permission of the Publisher.

We have partnered with Copyright Clearance Center to make it easy for you to obtain permissions to reuse content from this
publication. Simply navigate to this publication’s page on Nova’s website and locate the ,,Get Permission” button below the
title description. This button is linked directly to the title’s permission page on copyright.com. Alternatively, you can visit
copyright.com and search by title, ISBN, or ISSN.

For further questions about using the service on copyright.com, please contact:
Copyright Clearance Center
Phone: +1-(978) 750-8400 Fax: +1-(978) 750-4470 E-mail: info@copyright.com.

NOTICE TO THE READER
The Publisher has taken reasonable care in the preparation of this book, but makes no expressed or implied warranty of any
kind and assumes no responsibility for any errors or omissions. No liability is assumed for incidental or consequential
damages in connection with or arising out of information contained in this book. The Publisher shall not be liable for any
special, consequential, or exemplary damages resulting, in whole or in part, from the readers’ use of, or reliance upon, this
material. Any parts of this book based on government reports are so indicated and copyright is claimed for those parts to the
extent applicable to compilations of such works.

Independent verification should be sought for any data, advice or recommendations contained in this book. In addition, no
responsibility is assumed by the Publisher for any injury and/or damage to persons or property arising from any methods,
products, instructions, ideas or otherwise contained in this publication.

The Publisher assumes no responsibility for any statements of fact or opinion expressed in the published contents.

This publication is designed to provide accurate and authoritative information with regard to the subject matter covered
herein. It is sold with the clear understanding that the Publisher is not engaged in rendering legal or any other professional
services. If legal or any other expert assistance is required, the services of a competent person should be sought. FROM A
DECLARATION OF PARTICIPANTS JOINTLY ADOPTED BY A COMMITTEE OF THE AMERICAN BAR
ASSOCIATION AND A COMMITTEE OF PUBLISHERS.

Additional color graphics may be available in the e-book version of this book.
Library of Congress Cataloging-in-Publication Data
ISBN: 979-8-89530-587-4

Published by Nova Science Publishers, Inc. 7 New York



Contents

Preface

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

..................................................................................................................... vii
Introduction to Diabetes Mellitus: Pathophysiology..................c..cccen 1
Puneet Gupta, Ishu Garg, Devbrath Tripathi,

Radha Goel and Jasmine
Current Treatment Approaches for Diabetes Mellitus ......................... 17

Suparna Majumder, Ankita Das, Tuhin Manna,
Kartik Chandra Guchhait, Amiya Kumar Panda
and Chandradipa Ghosh

Free Fatty Acid Receptors: Metabolic Regulation
and Therapeutic Implications................cccocovviiiiiiiiiii 29
Manasvi Saini and Ria Kaushik

Therapeutic Potential of Free Fatty Acid Receptor 4

(FFAR4/ GPR120) in Diabetes Mellitus:

Insights into Molecular Mechanisms

and Future Directions..............ccoccoiviiiiiiiii i 41
Jithin Mathew, Anson S. Maroky,

Srushti Mahesh Bendale

and Yash Sanjay Agarwal

Insulin Receptors: Central Mediators of Glucose Homeostasis............. 55
Megha Tonk, Shikha Baghel Chauhan, Rajan Swami,

K. S. Gayathri, Elezebeth Mathews, Indu Singh

and Alagu Manickavelu

Insulin Receptors in Hypothalamus: Key Regulators

of Glucose Homeostasis and Diabetes ...................ccccoeiiiiiiniiiin 69
Prashant Upadhyay, Shipra Sharma,

Tapasvi Gupta and Reetika Rawat

Glucagon-Like Peptide-1 Receptors (GLP-1R):
Enhancing Insulin Secretion ................cccocooooiiii 83
Priyanka Singh, Manu Sharma and Namita Badoniya

Sodium-Glucose Cotransporter-2 (SGLT2):

A Key Player in Glucose Homeostasis................cccoooeviiiinininiiciieie 93
Ajmal Tariq Hussain, Suman Baishnab,

Vishwjeet Singh and Sarah Saeed



Chapter 6

Insulin Receptors in Hypothalamus:
Key Regulators of Glucose Homeostasis and Diabetes

Prashant Upadhyay!
Shipra Sharma??
Tapasvi Gupta’

and Reetika Rawat®*

School of Pharmaceutical Science, IFTM University, Moradabad, Uttar Pradesh, India
2Faculty of Pharmacy, IFTM university, Moradabad, Uttar Pradesh, India

3Department of Pharmacy, Shri Ram Murti Smarak, College of Engineering and Technology,
Bareilly, Uttar Pradesh, India

4School of Pharmacy, Suresh Gyan Vihar University, Jaipur, Rajasthan, India

Abstract

Insulin receptors (IR) play a critical role in maintaining glucose homeostasis, particularly
through central mechanisms in the hypothalamus. Hypothalamic IR signaling regulates
hepatic glucose production (HGP) by modulating enzymatic activity and interacting with
neural circuits. Glucose-responsive neurons in the arcuate and ventromedial regions of the
hypothalamus detect fluctuations in glucose levels, initiating hormonal and behavioral
responses to maintain euglycemia. Insulin’s central action on K*-ATP channels
significantly reduces HGP; however, this process can be disrupted by sulfonylureas such
as tolbutamide. Additionally, insulin regulates HGP through the vagus nerve and the
cytokine interleukin-6 (IL-6), highlighting the roles of the autonomic nervous system and

inflammatory pathways in glucose metabolism.

Advanced techniques, including adenoviral delivery and neuron-specific ablation, are used
to identify the neuronal populations and mechanisms involved. This chapter explores
hypothalamic IR signaling and its therapeutic potential for diabetes, emphasizing the

intricate regulatory network of insulin within the central nervous system (CNS).
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Abbreviations

AgRP Agouti-related peptide

ANS Autonomic nervous system

ARC Arcuate nuclei

CNS Central nervous system

cryo-EM  Cryogenic electron microscopy

DMN Dorsomedial nucleus

ERK Extracellular signal-regulated kinase

FOXO Forkhead Box O

G6Pase Glucose-6-phosphatase

GABA Gamma-aminobutyric acid signals

GE Glucose-excited neuron cells

G: Glucose-inhibited neuron cells

GLP-1 Glucagon-like peptide

GLUT Glucose transporter

GSK3 Glycogen synthase kinase 3

HGP Hepatic glucose production

ICV Intracerebroventricular

IL-6 Interleukin-6

IR Insulin receptors

JNK c-Jun NH2-terminal kinase

KATP ATP-sensitive potassium channels

LCFA Long-chain fatty acids

LH Lateral hypothalamic

MAPK Mitogen-activated protein kinase

MC4R Melanocortin 4 receptor

MCH Melanin-concentrating hormone

mTOR Mechanistic target of rapamycin

NP-Y Neuropeptide Y

NTS Nucleus tractus solitarius

OCH Orexin-concentrating hormone

PDK1 Phosphoinositide-dependent protein kinase-1

PEPCK P hosphoenolpyruvate carboxykinase

PI3K/AKT Phosphoinositide 3-kinase

PIP3 Phosphatidylinositol-3,4,5-triphosphate

POMC Pro-opiomelanocortin-related peptide

PTB1B Protein tyrosine phosphatase 1B

PV Paraventricular nucleus

RBCs Red blood cells

SCL2A Solute carrier family 2 members

SF-1 Steroidogenic factor 1-expressing neurons

SHC Src homology 2 domain-containing transforming protein

SOCS3 Suppressor of cytokine signaling 3

STAT3 Signal transducer and activator of transcription 3
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Tyr Tyrosine residues
VM Ventromedial nucleus
a-MSH a-melanocyte-stimulating hormone

Introduction

Insulin receptors in the hypothalamus play a pivotal role in regulating glucose homeostasis and
maintaining overall metabolic balance. The hypothalamus, a critical brain region, integrates
various metabolic signals and influences peripheral glucose metabolism through neural and
hormonal pathways (Pan et al. 2023). Recent studies have demonstrated that insulin action in
the hypothalamus significantly impacts hepatic glucose production (HGP). For example,
blocking insulin signaling in the brain impairs the suppression of HGP, while central insulin
administration effectively reduces HGP, independent of circulating insulin levels. This effect
is mediated through KATP channels in hypothalamic neurons and the vagus nerve, linking
central insulin action to liver function. Furthermore, insulin in the hypothalamus increases
hepatic IL-6 expression, activating STAT3 signaling to inhibit gluconeogenesis (Petersen and
Shulman, 2018). These mechanisms highlight the critical role of hypothalamic insulin signaling
pathways in controlling peripheral glucose metabolism and maintaining glucose homeostasis.
Dysfunction in hypothalamic insulin signaling has significant implications for metabolic
disorders such as diabetes. Impairments in glucose sensing and glucose tolerance have been
observed with the deletion of insulin-responsive GLUT4 in the brain, further emphasizing the
hypothalamus’s role in glucose regulation (Flores-Cortez et al. 2023). These findings suggest
that insulin resistance in the hypothalamus can contribute to the pathogenesis of diabetes by
disrupting the brain’s ability to regulate glucose levels and insulin secretion (Alonge et al.
2020). Understanding the mechanisms by which insulin receptors influence glucose
homeostasis could pave the way for novel therapeutic strategies to treat diabetes and other
metabolic disorders (Cai et al. 2020).

The Crucial Role of the Insulin Receptor in Glucose Regulation

Insulin, a crucial anabolic peptide hormone produced by pancreatic B-cells, plays a central role
in regulating human metabolism. Beyond its well-established function in glucose homeostasis,
insulin exerts diverse effects throughout the body (Beaupere et al. 2021). Found in all
metazoans, insulin-like signaling controls evolutionarily conserved processes such as
reproduction and lifespan. When insulin binds to its receptor (IR), it initiates a series of
structural changes and self-phosphorylation events, activating a cascade of kinase signaling
pathways (De Meyts, 2004). The PI3K/AKT pathway is pivotal in mediating insulin’s
metabolic effects, facilitating glucose uptake into muscle and adipose tissues by translocating
GLUT4 transporters. In the liver, insulin enhances glycogen and lipid synthesis while
suppressing gluconeogenesis (Savova et al. 2023). Additionally, IR signaling supports cellular
growth, proliferation, and development. Alongside the PI3K/AKT pathway, the MAPK
pathway mediates insulin’s mitogenic effects (Rahman et al. 2021). Dysfunction in IR
signaling, due to pancreatic B-cell loss or insulin resistance, disrupts these processes, leading
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to the persistent elevation of blood glucose levels characteristic of diabetes mellitus.
Understanding these pathways is crucial for developing therapies that restore proper insulin
function and effectively manage metabolic disorders. Patients with diabetes face numerous
complications that result in various disease states, underscoring the urgent need to target IR for
diabetes treatment (Martin-Timon, 2014). Although the detailed mechanism of insulin-binding-
induced IR activation is not fully understood, recent advancements in cryo-EM have expanded
our knowledge by revealing various structures of ligand-bound IR, including those with insulin,
peptides, and aptamers. Challenges remain, however, in elucidating how insulin accesses and
triggers structural changes at apolipoprotein IR binding sites, coordinates extracellular domain
conformational changes with cytoplasmic kinase domain autophosphorylation, and determines
how agonists bias IR towards specific metabolic effects through functional selectivity (Zakir et
al. 2023).

Insulin Receptor Activation: Insight and Challenges

Insulin initiates a cascade of events upon binding to the insulin receptor (IR) in peripheral
tissues, crucially activating the receptor and triggering intracellular signaling pathways. The
initial steps in IR activation involve the auto-phosphorylation of specific tyrosine residues
within the receptor (Le et al. 2023). Notably, three tyrosine residues Tyr1146, Tyr1150, and
Tyr1151 located in the kinase activation loop of IR isoform A are sequentially phosphorylated.
This process is essential for regulating the kinase activity of IR. In its inactive state, the
unphosphorylated activation loop obstructs the catalytic site of the kinase, inhibiting its
function by preventing substrate and ATP binding (Yunn et al. 2023). Upon insulin binding,
these tyrosine residues undergo phosphorylation, causing the activation loop to move away
from the catalytic site. These conformational changes enhance IR kinase activity, enabling
interactions with substrates and ATP, thereby initiating downstream signaling events. Insulin
also induces phosphorylation of additional tyrosine residues located in the juxtamembrane and
C-terminal regions of IR (Kim and Novak, 2007). Among these, phosphorylation of Tyr960
(pY960) in the juxtamembrane creates a docking site for IR substrate proteins and SHC. This
interaction facilitates IR-mediated phosphorylation of IR substrate-1 (IRS-1) and SHC, which
are crucial for propagating insulin signaling within the cell. The roles of phosphorylated
Tyrl316 (pY1316) and Tyr1322 (pY1322) in the C-terminal domain are less clearly understood
but are implicated in regulating IR Kinase activity and its interaction with adaptor proteins.
Insulin receptor activation primarily triggers two major signaling pathways: the PI3K/AKT and
MAPK pathways. The PIBK/AKT pathway is responsible for most of the metabolic effects
induced by insulin in peripheral tissues (Tennagels et al. 2000). IRS proteins bind to the p85
regulatory subunit of PI3K, activating it to produce PIP3. PIP3 recruits PDK1 and activates
AKT, which phosphorylates various downstream targets (Denley et al. 2009). These targets
include GLUT4, which promotes glucose uptake; GSK3, which promotes glycogen synthesis;
and mTOR, which promotes protein and lipid synthesis (Hahn and Denlinger, 2007).
Additionally, AKT phosphorylates FOXO transcription factors, regulating gene expression
(Lee et al. 2022). Conversely, the MAPK pathway, initiated by SHC and IR substrate proteins,
regulates insulin’s mitogenic effects on cell growth, proliferation, and differentiation. This
pathway involves the Grb2-Sos-Ras-Raf-ERK signaling cascade. ERK phosphorylates
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cytoplasmic and nuclear proteins, influencing cellular responses and acting as a transcription
factor. Thus, insulin receptor activation orchestrates a complex network of signaling pathways
that regulate critical metabolic and growth processes in response to insulin stimulation in
peripheral tissues (Borisov et al. 2009).

Role of Hypothalamus in Glucose Homeostasis

The rising global epidemic of obesity and metabolic disorders, particularly type 2 diabetes,
poses a significant biomedical challenge. Obesity-related type 2 diabetes is characterized by
impaired glucose homeostasis, yet the underlying mechanisms remain poorly understood
(Chobot et al. 2018). Maintaining glucose homeostasis is vital for mammalian survival, as
glucose is minimally stored in the body and its levels must be tightly regulated through
communication with peripheral organs (Perreault et al. 2016). Interestingly, glucose levels in
the central nervous system (CNS) are significantly lower than those in circulation, typically
ranging between 1 mmol/L and 2.5 mmol/L, and can drop to as low as 0.5 mmol/L. The
hypothalamus, a key region for glucose regulation, contains various nuclei with distinct
neuronal populations that express neuropeptides and neurotransmitters essential for energy
homeostasis (Roh et al. 2016). Its ability to sense and respond to fluctuations in glucose levels
underscores its critical role in maintaining glucose balance (Karnani and Burdakov, 2011).
These nuclei and neuronal populations are adept at detecting changes in glucose levels and
other metabolic cues, integrating this information, and orchestrating appropriate physiological
responses. This function is crucial not only for normal metabolic processes but also in the
context of metabolic disorders (Alvarsson and Stanley, 2018). Dysregulation of hypothalamic
function can contribute to the development and progression of type 2 diabetes and other
metabolic conditions. Furthermore, the hypothalamus’s role in glucose sensing is significant in
the context of type 1 diabetes, particularly concerning the development of hypoglycemia
unawareness—a dangerous condition in which patients fail to recognize symptoms of low
blood sugar (Lundqvist et al. 2019). Understanding the mechanisms by which the hypothalamus
senses glucose and its impact on metabolic health is therefore critical for developing novel
therapeutic strategies to manage and treat diabetes and related metabolic disorders (Zhao et al.
2023).

Hypothalmic Glucose-Sensing Neurons: Location and Function

Higher organisms have developed specialized sensor and effector mechanisms to maintain
systemic glucose homeostasis. The brain, which consumes 60-70% of total glucose,
predominantly utilizes high-affinity transporters such as GLUT-1 and GLUT-3, enabling
effective glucose uptake independent of insulin. This highlights the brain’s critical role in
glucose surveillance. Recent evidence suggests that continuous glucose monitoring occurs
through specific cell types across various brain regions, including the brainstem, corticolimbic
areas, and hypothalamus. While much focus has been on neuronal glucose sensing, the role of
non-neuronal cells is gaining attention. Among these regions, the hypothalamus has been
identified as a central hub in the complex and distributed glucose-sensing network (Agrawal et
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al. 2021). The hypothalamus comprises distinct nuclei, such as the paraventricular (PV),
ventromedial (VM), lateral (LH), and arcuate (ARC) nuclei, each containing specific
populations of glucose-sensing neurons. The ARC, located adjacent to the third ventricle and
median eminence, houses opposing neuronal populations: orexigenic AgRP-producing neurons
and anorexigenic POMC-derived neurons. Together with MC4R-expressing neurons, these
form the melanocortin system, which is crucial for regulating appetite, energy expenditure, and
glucose homeostasis (Bétry et al. 2018). The interaction between a-MSH and AgRP at MC4Rs
influences downstream pathway activation. AgRP neurons, which send inhibitory GABAergic
signals to POMC neurons, also express the orexigenic neuropeptide Y (NPY). The balance
between orexigenic and anorexigenic signals ultimately determines metabolic outcomes. While
AgRP neurons are primarily classified as gastrointestinal (GI) neurons, POMC neurons are
generally considered glucose-excitatory (GE) neurons (Deem et al. 2022). However, recent
findings suggest that glucose modulation of POMC neuron activity may result from presynaptic
inputs rather than direct glucose detection. ARC POMC and AgRP neurons project to various
hypothalamic and extrahypothalamic regions, including the ventromedial nucleus (VMN),
where neurons sense changes in extracellular glucose levels. Notably, SF1-expressing neurons
in the VMN express receptors for key metabolic hormones, although only about 10% are
responsive to glucose (Bell et al. 2018). The VMN is essential for regulating energy balance
and initiating counter-regulatory responses to hypoglycemia. The LH is a heterogeneous
structure containing various neuronal populations, including orexin and melanin-concentrating
hormone (MCH) neurons. Orexin neurons are generally classified as GI, while some MCH
neurons are considered GE. This area plays a vital role in regulating arousal, appetite, and
reward (Chan and Sherwin, 2013).

Mechanism of Neuronal Glucose Sensing in the Hypothalamus

The hypothalamus regulates blood glucose levels by sensing, integrating, and responding to
fluctuations through its control of the autonomic nervous system (ANS) and the endocrine
system. It contains two types of glucose-sensing neurons: GE neurons, which activate when
glucose levels rise, and glucose-inhibited (GI) neurons, which activate when glucose levels
drop (Routh, 2010). In the ARC, GE neurons, such as POMC neurons, respond to high glucose
levels by increasing activity and releasing a-MSH, which reduces appetite and increases energy
expenditure. Conversely, Gl neurons in the ARC, including those expressing AgRP and NPY,
are activated under low glucose conditions, stimulating feeding to restore glucose levels (Jais
and Brining, 2022). The VM hypothalamic nucleus contains steroidogenic factor-1 (SF1)-
expressing neurons that respond to low glucose levels by initiating processes that increase blood
sugar, such as glucagon secretion and hepatic glucose production. These neurons integrate
signals from GE and GI neurons to maintain glucose homeostasis (Hirschberg et al. 2020).
Additionally, glucose-sensing neurons in the LH and brainstem regions, such as the nucleus of
the solitary tract and the dorsal motor nucleus of the vagus, contribute to glucose regulation by
transmitting signals from peripheral organs to the brain. This intricate network ensures stable
blood glucose levels, which is vital for preventing metabolic disorders like diabetes (Boychuk
et al. 2015).
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Role of Hypothalamus in Regulating Hepatic Glucose Production

The hypothalamus regulates food intake and energy expenditure by monitoring blood levels of
key hormones and nutrients. The ARC, situated near the median eminence and surrounding the
third ventricle, senses these metabolic signals due to its strategic location (Tran et al. 2022).
The ARC contains orexigenic neurons that produce NP and AgRP, as well as anorexigenic
neurons that produce POMC and cocaine-amphetamine regulated transcript (a-MSH), which
activate pathways that reduce food intake and increase energy expenditure via melanocortin
receptors. AgRP counteracts a-MSH by binding to these receptors (Bouret, 2022).

The PV nucleus produces catabolic neuropeptides and controls sympathetic output to
enhance fatty acid oxidation. The VM hypothalamus senses glucose and leptin, producing
brain-derived neurotrophic factor to regulate satiety and glucose homeostasis (Yu and Kim,
2012). The DMN and LH also play roles, with the LH functioning as a feeding center due to its
production of MCH and orexin, which regulate appetite and energy balance (Lee et al. 2021).

Brain-Based Mechanism for Managing Glucose Levels

A specialized group of neurons in the brain detects metabolic signals, including hormones like
insulin and leptin, as well as nutrients such as glucose and fatty acids, primarily in the
hypothalamus and brainstem. These brain regions contain neurons that adjust their excitability
in response to changes in extracellular glucose levels. Two main types of glucose-sensing
neurons exist: glucose-excited neurons, which activate when extracellular glucose levels rise,
and glucose-inhibited neurons, which become active when glucose levels drop (Jordan et al.
2010). Glucose-excited neurons are predominantly found in the ventromedial (VM) ARC, and
paraventricular nucleus (PVN). In contrast, glucose-inhibited neurons are located in the lateral
hypothalamus (LH), ARC, and PVN (De Backer et al. 2016). Both types are also present in the
dorsal vagal complex of the brainstem, which includes the nucleus of the solitary tract (NTS),
the area postrema, and the dorsal motor nucleus of the vagus (Khodai et al. 2018).

Detection and Response to Glucose Change

Maintaining stable blood glucose levels requires a rapid response to fluctuations in plasma
glucose. When glucose-sensing neurons in the hypothalamus and other regions detect a
potential drop in blood sugar, they initiate a core response. This detection activates a series of
neural and hormonal mechanisms designed to prevent further declines in glucose levels and
restore normal blood sugar levels (euglycemia) (Stanley et al. 2019).

Mechanism of Glucose Level Detection by Hypothalamic Neurons
Proper management of glucose metabolism is crucial for brain physiological processes, which

are monitored by glucose-detecting neurons. These neurons modify their electrical activity in
response to changing glucose levels. Importantly, these neurons can directly sense glucose level
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changes without relying on indirect presynaptic modulation. These specialized neurons are
concentrated in the hypothalamic region and outside the hypothalamus (Yoon and Diano,
2021). The hypothalamus plays a crucial role in blood glucose regulation, as it can detect,
process, and respond to changes in circulating signals. This intricate function is achieved
through its influence on the ANS and the endocrine system (Fioramonti, 2023). The
hypothalamus contains two types of glucose-responsive neurons: those excited by glucose and
those inhibited by it. Rising glucose levels activate GE neurons, while low glucose conditions
stimulate GI neurons. The ARC and VMH nuclei play important roles in understanding their
glucose-detecting mechanisms and their role in glucose metabolism, particularly in
hypothalamic regions (Jordan et al. 2010). The GE neurons and pancreatic -cells both increase
their activity when glucose levels rise. In p-cells, this process involves glucose uptake via
GLUT2, glucose phosphorylation by glucokinase, and glucose metabolism leading to increased
ATP production. This increase in ATP closes KATP channels, depolarizes the membrane, and
allows calcium entry, triggering insulin release. Given these similarities, researchers have
investigated the involvement of GLUTZ2, glucokinase, and KATP channel components (SURL,
SUR2, and Kir6.2) in central glucose sensing (Jordan et al. 2010; Thorens, 2015). GLUT2 is
found in brain regions containing glucose-responsive neurons. Studies involving genetically
modified mice have shown that GLUT2 in the CNS plays a role in counteracting low blood
sugar (Sun et al. 2023). In pancreatic p-cells, glucokinase controls ATP production through
glycolysis and regulates KATP channel activity. The pancreatic variant of glucokinase is also
present in glucose-sensing brain areas and is involved in approximately 70% of GE neurons.
Furthermore, when glucokinase was selectively reduced in cultured neurons from the VM
hypothalamus, these neurons lost their ability to sense glucose (De Backer et al. 2016). In the
brain, KATP channels (composed of subunits SUR1 and Kir6.2) play a crucial role in linking
glucose metabolism to changes in electrical activity, particularly in the glucose-sensing regions
of the hypothalamus. Electrophysiological studies have shown that inhibiting or activating
KATP channels can alter how GE neurons respond to changes in glucose levels in laboratory
settings and living organisms (Mc Traggart et al. 2010). Extensive research suggests that GE
neurons respond to elevated extracellular glucose like pancreatic B-cells. This process involves
increased ATP levels, which lead to the closure of KATP channels. This closure results in
membrane depolarization, followed by calcium influx through voltage-gated channels,
ultimately enhancing neuronal activity and neurotransmitter release (Fridyland et al. 2011).
However, some evidence also suggests the presence of alternative glucose-sensing mechanisms
in neurons that may not rely on KATP channels or GLUT2.

Hormonal, Physiological and Behavioural Responses to Restore Euglycemia

The brain relies heavily on glucose for fuel, necessitating precise regulation of blood sugar
levels (glucose homeostasis) through hormonal and physiological responses to prevent
hypoglycemia, which is rare in healthy individuals (Mergenthaler et al. 2013). However,
diabetes mellitus, particularly in patients treated with insulin, can lead to frequent
hypoglycemic episodes, which may result in confusion, seizures, and even coma or death
(Spargue et al. 2011). In healthy individuals, blood sugar levels are maintained through
predictable responses activated by the sympathetic nervous system, with physiological and
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behavioral reactions occurring at specific glucose thresholds (Stanley et al. 2019). Three
primary protective mechanisms are initiated: insulin production decreases as pancreatic p-cells
reduce output, glucagon production increases from pancreatic a-cells, and the adrenal medulla
releases more epinephrine into the bloodstream (Sprague and Arbelaez, 2011; Senthilkumaran
et al. 2024). As glucose levels fall within the normal range (4.4-4.7 mmol/L or 80-85 mg/dL),
the pancreas reduces insulin production, promoting glucose production while decreasing its use
by non-brain tissues. If levels drop below normal (3.6-3.9 mmol/L or 65-70 mg/dL),
counterregulatory hormones, such as glucagon and epinephrine, stimulate glucose production
in the liver and limit glucose use in insulin-sensitive tissues. At even lower levels
(2.8-3.0 mmol/L or 50-55 mg/dL), symptoms of hypoglycemia appear, and brain function
becomes impaired below 2.8 mmol/L or 50 mg/dL. In poorly controlled diabetics, these
thresholds shift higher, while individuals with frequent low blood sugar or excessive insulin
production may develop lower thresholds. These mechanisms prompt individuals to consume
carbohydrates to restore normal blood sugar levels (euglycemia) (Verhulst et al. 2022). Unlike
glucagon and epinephrine, which act quickly, growth hormone and cortisol have a delayed
impact during hypoglycemia. Research using controlled hormone suppression and replacement
techniques has revealed time-dependent effects; for instance, when cortisol levels were kept
low, glucose production decreased, and utilization increased after 6 hours, resulting in lower
blood glucose levels after 9.5 hours, despite unchanged glucagon, insulin, and growth hormone
levels (Stanley et al. 2019). A study comparing healthy adults with patients lacking growth
hormone and cortisol due to hypopituitarism found that the hormone-deficient group had lower
blood glucose levels starting 2.5 hours after insulin infusion began, becoming statistically
significant by 12 hours. However, both groups recovered quickly from hypoglycemia once
insulin infusion stopped, indicating that growth hormone and cortisol do not play a crucial role
in the immediate correction of low blood sugar (Stanley et al. 2019; Defeo et al. 1989).

Involvement of the Autonomous Nervous System
and Inflammatory Pathways

The CNS plays a crucial role in the development of diabetes, which is primarily a disorder of
peripheral tissues. The hypothalamus, a key structure within the CNS, is central to regulating
glucose levels due to its position at the intersection of neuroendocrine and autonomic systems.
Emerging evidence suggests that hypothalamic inflammation significantly disrupts glucose
homeostasis. Although the exact cause of this inflammation remains unclear, it is closely linked
to various forms of cellular stress, including endoplasmic reticulum stress, RNA stress,
oxidative damage, and autophagy defects. These stress factors can trigger or enhance the
activation of pro-inflammatory NF-xB pathways. The effectiveness of anti-inflammatory
treatments and therapies targeting these pathways in alleviating diabetic symptoms indicates
their potential for managing the widespread disease and its complications. The underlying
mechanisms of hypothalamic inflammation involve multiple dynamic processes (Inoue, 2016).
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Influence of Insulin on HGP via Vagal Nerve

The liver plays a crucial role in maintaining overall glucose balance by regulating glucose
production based on energy needs. Insulin, present in high concentrations in portal blood, is the
primary regulator of HGP. In diabetes, increased HGP is correlated with elevated fasting blood
glucose levels. Insulin directly influences liver cells to control HGP (Sharabi et al. 2018). When
insulin binds to its receptors, it activates a signaling cascade involving PI3K, IRS, PDK1, and
Akt, which suppresses HGP. Consequently, mice lacking liver-specific insulin receptors or
having impaired PI3K signaling exhibit high insulin levels and glucose intolerance, along with
reduced insulin-mediated suppression of HGP. Meanwhile, insulin regulates HGP through both
direct and indirect pathways (Petersen and Shulman, 2018). While direct control occurs via
insulin receptors in the liver, indirect regulation involves insulin’s effect on other organs.
Studies have shown that insulin can still partially suppress HGP even when PI3K signaling is
inhibited in the liver. Moreover, research comparing 1.V. and I.P. insulin administration
revealed that the magnitude of insulin levels reflects direct insulin action on liver cells. These
findings suggest that the relationship between insulin and HGP regulation is more complex.
Insulin indirectly inhibits HGP through two main mechanisms. First, it decreases the release of
glycerol and free fatty acids from adipose tissue, which are essential materials and energy
sources for gluconeogenesis. Second, it reduces the expression of key genes involved in
gluconeogenesis in the liver, especially those encoding PEPCK and G6Pase (Inoue et al. 2016;
Egerton et al. 2017). The vagus nerve plays a crucial role in how central insulin action regulates
HGP. Cutting the hepatic branch of the vagus nerve reduces the HGP-suppressing effect of ICV
insulin administration. The vagus nerve typically maintains steady activity, but studies in
anesthetized rats show that blood glucose increases enhance this activity, while insulin
increases inhibit it. HGP is also lowered by ICV o-MSH administration. Furthermore,
administering diazoxide (a KATP channel activator that hyperpolarizes neurons) to the dorsal
motor nucleus of the vagus suppresses HGP. These findings suggest that HGP suppression may
result from vagus nerve activation (Matsuhisa et al. 2000). The vagus nerve’s influence extends
beyond HGP regulation to broader hepatic glucose metabolism. This is evidenced by insulin
resistance in vagotomized rats, increased hepatic glycogen synthase activity following vagal
stimulation in rabbits, and enhanced glucose utilization in perfused rat livers when the vagus is
stimulated in the presence of insulin. Notably, the insulin resistance induced by vagotomy in
rats can be mitigated by intraportal administration of acetylcholine. However, this suggests that
the control of HGP by central insulin action cannot be explained solely by the direct effect of
acetylcholine released by the vagus on liver cells (Matsuhisa et al. 2000; Kistner et al. 2022;
Ellingsgaard et al. 2020; Nieto-Vazquez et al. 2008; Erta et al. 2012; Febbraio et al. 2004; De
Melo Madureira et al. 2022).

Conclusion

This chapter explores the intricate mechanisms underlying glucose homeostasis, emphasizing
the critical role of the insulin receptor (IR) and its activation in regulating blood glucose levels.
The insulin receptor is essential for glucose uptake and metabolism, and its proper activation is
crucial for maintaining euglycemia. Despite advancements in understanding IR function,
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challenges remain in optimizing therapeutic targeting, necessitating further research to enhance
diabetes management strategies. The hypothalamus’s role in glucose regulation is also
examined, highlighting its function through glucose-sensing neurons that monitor glucose
levels and adjust hepatic glucose production accordingly. This central control illustrates the
hypothalamus’s significant influence on metabolic processes. Additionally, mechanisms
involved in detecting glucose changes and initiating appropriate physiological responses to
stabilize glucose levels are discussed. The interplay between hormonal, physiological, and
behavioral responses, along with contributions from the autonomic nervous system and
inflammatory pathways, is essential for restoring euglycemia. Lastly, the cytokine IL-6s role
in modulating insulin’s effects sheds light on the regulatory network affecting insulin
sensitivity and glucose metabolism, paving the way for future research on glucose-related
disorders.
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