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Abstract

Insulin is a peptide hormone secreted by pancreatic B-cells, which plays a key role in
regulating glucose metabolism and is the only hormone in the body capable of lowering
blood glucose level. The development of insulin preparations has undergone nearly 100
years of history, from early animal insulin extraction to modern synthetic insulin and insulin
analogs, which have greatly advanced the treatment of diabetes. The insulin receptor has a
wide distribution in the body, and its activation leads to intracellular signaling mainly
through two pathways, PI3K/Akt and Ras/MAPK. Clinically, insulin is crucial in the
treatment and management of diabetes and its complications, especially in the cases where
oral medications fail to control blood glucose. The role of insulin is not limited to the
regulation of blood glucose but has a wide range of functions throughout the body, such as
regulation of mitochondrial function and metabolism, the promotion of protein synthesis,
adipogenesis, and cellular proliferation. However, insulin overdose may lead to severe
hypoglycemia, which, if left untreated, poses the risk of irreversible neurological damage or
even fatality. In this paper, we review the history of the development of insulin
preparations, the molecular structure of insulin, the biological processes initiated by insulin
and insulin deficiency/resistance. The overview of side effects from insulin is also included
in this review. We assume that future research could focus on refining insulin analogs for
greater therapeutic precision, minimizing side effects, and extending benefits beyond
glycemic control. Exploring insulin’s additional effects may unlock potential applications in
treating multiple diseases.

Keywords: insulin; insulin preparation; insulin receptor; biological process of insulin;
functions of insulin; insulin deficiency and resistance; side effects of insulin
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The well-known functions and applications of insulin

The structure of endogenous insulin

Insulin is a peptide hormone secreted by pancreatic fB-cells, which
plays an important role in regulating glucose metabolism and is the
only glucose-lowering hormone in the body, with a relative molecular
mass of 5,807.69. Insulin is produced from the insulin source
(proinsulin) by the preprotein convertases 1 and 2 (Proprotenin
convertas, pcl, pc2), which cut down the intermediate part, C peptide,
of the insulin source within the rough endoplasmic reticulum. The
carboxy-terminal part, A-chain, and amino-terminal part, B-chain, of
the insulin source are bound together by three disulfide bonds to form
insulin.

Synthesis and degradation of insulin
The synthesized mature insulin is stored in secretory vesicles in
pancreatic B-cells as a hexamer coordinated with two zinc ions [1]. In
response to external stimuli, insulin is released from the secretory
vesicles into the bloodstream, where it binds specifically to the insulin
receptor (IR) as a monomer and exerts its physiological effects.
Insulin is degraded after its action mainly by insulin degrading
enzyme (IDE), whose active site contains zinc ions, which are essential
for the catalytic reaction of the enzyme and initiates the degradation
process by binding to specific sites of the insulin molecule [2]. It
recognizes and binds to a variety of substrates, including insulin and
even 3-Amyloid (AB) [3]. Nevertheless, the mechanism of IDE is still
unclear, and it has been hypothesized that the first step of the reaction
is a nucleophilic attack on the carbon substrate by the zinc-bound
hydroxide root to form the intermediate INT1, in which the bound
zinc hydroxide is completely transferred to the carbonyl carbon of the
substrate due to the breakage of the Zn**-OH bond. In TS2, the
Glul11 residue rotates to a suitable position and forms two hydrogen
bonds with the amide nitrogen and the -OH group attached to the
carbon atom of the substrate, thus acting as a hydrogen donor and
acceptor at the same time. The formation of the second priming bond
facilitates the re-establishment of the Zn’*-OH bond that had been
previously broken in the INT1 layer. The nucleophilic addition and
protonation of amide nitrogen of the peptide is a very rapid process.
Due to the proton transfer of the Glulll to amide nitrogen of the
substrate in TS3, N-C bond of the peptide is broken, and insulin is
finally degraded to prodrug (ProD) [4].

Promotion of the conversion of glucose to glycogen

The main mechanism of insulin glucose lowering is to promote
glucose phosphorylation and conversion to hepatic glycogen and
myoglycogen [5]. At the beginning of the reaction, glucose needs to
consume 1 ATP for phosphorylation, generating glucose-6-phosphate
(G-6-P), and then catalyzed by phosphoglucose mutase, converted to
glucose-1-phosphate  (G-1-P), and then through UDP-glucose
pyrophosphorylase (UDP-G). Finally, UDP-G is catalyzed by glycogen
synthase to polymerize to form glycogen, and -OH- on carbon 1 and H’
on carbon 4 of glucose are dehydrated and condensed to form a
1,4-glycosidic bond. -glycosidic bond [6]. In turn, glycogen-branching
enzyme (GBI) catalyzes the formation of the 1,6-glycosidic bond. In
this reaction, glycogenin acts as both primer and priming enzyme [6].

Promotion of the glucose utilization

Glycolysis, the cellular breakdown of glucose into pyruvate and the
production of ATP, is a ten-step process in which insulin plays a
catalytic role in several key steps [7, 8]. First, insulin activates
hexokinase, which phosphorylates glucose to glucose-6-phosphate,
initiating glycolysis9. Next, insulin activates phosphofructokinase-1
by increasing the production of fructose-2,6-bisphosphate,
accelerating the conversion of  fructose-6-phosphate  to
fructose-1,6-bisphosphate, the rate-limiting step of glycolysis [9].
Finally, insulin up-regulates the activity of pyruvate kinase, which
promotes the conversion of phosphoenolpyruvate to pyruvate and the
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generation of ATP [9]. Through these mechanisms, insulin
significantly improves the efficiency of sugar metabolism and
promotes cellular energy production.

Clinical applications of insulin

Insulin is the only glucose-lowering hormone in the human body and
is widely used in clinical practice. It is mainly used for the treatment
of diabetes mellitus, a chronic disease characterized by impaired
blood glucose homeostasis, which is becoming increasingly prevalent
worldwide. For patients with type 1 diabetes, insulin is the only
necessary therapeutic agent, when the pancreas is unable to produce
enough insulin [10]. In patients with type 2 diabetes, insulin can be
used as an important tool for glycemic management when oral
hypoglycemic agents are not effective in controlling blood glucose
[11]. In addition, insulin is effective in the management of acute
hyperglycemic complications such as diabetic ketoacidosis [12].
Insulin also plays a key role in the treatment of gestational diabetes
and other insulin-resistant diseases [13]. Insulins are classified as
rapid, intermediate and long-acting insulins based on their rate of
action and duration to meet the individualized management of
different patients and therapeutic needs.

Development and evolution of insulin preparations

Today, insulin and diabetes are inextricably linked. Diabetes was
documented by ancient Greek physicians as early as the first century
A.D., while the discovery of insulin was not made until a thousand
years later in 1869 by Paul Langelhans, and the link between insulin
and diabetes was not discovered until 20 years later in 1889 by Oskar
Minkowski and Josef von Merrill, until 1901, when Eugene Opie first
proposed that diabetes was due to partial or total pancreatic islet
damage caused by damage to the pancreas [14]. This section will
introduce the history of insulin discovery and development in detail
(Figure 1).

The first generation of insulin: animal-refined insulin

In 1921 Frederick Banting and John Macleod collaborated to extract
insulin from the pancreas of dogs for the first time, and successfully
applied to clinical treatment, the two also won the Nobel Prize in
Physiology and Medicine in 1923 for the discovery of insulin.
However, the amino acid sequences and structures of insulin
molecules from different races of mammals differ slightly, with
porcine insulin being the closest to that of humans, which led to the
earliest application of porcine insulin in the treatment of diabetes
[15]. However, the sequence of porcine insulin differs from that of
human insulin by one to four amino acids, so it is susceptible to
immune reactions, leading to atrophy or hyperplasia of subcutaneous
fat at the injection site, and is prone to insulin resistance, and in
severe cases, even anaphylaxis. In the following decades, the
development of molecular biology brings people more understandings
on the structure and function of insulin, and in 1955 Frederick Sanger
elucidated the amino acid sequence of the insulin molecule for the
first time, for which he was awarded the Nobel Prize in Chemistry in
1958. However, insulin preparations at that time still suffered from
low purity, unstable yield along with strong side effects, and needed
further improvement.

The second generation of insulin: synthetic insulin

In 1965, under the leadership of Academician Wang Yingjian, Chinese
scientists Zou Chenglu, Du Yucang, Wang You, Xing Qiyi, Niu Jingyi,
Gong Yuting and others were the first to successfully synthesize
insulin. Highly pure synthetic human insulin was produced through E.
coli bacteria, and its structure is the same as that of insulin secreted by
the human body. In 1969, Dr. Dorothy Hodgkin successfully analyzed
the crystal structure of insulin for the first time by X-ray
crystallography, and in 1971 and 1972, a number of Chinese scientists
jointly analyzed the crystal structure of insulin with a resolution of 2.5
A and 1.8 A in Beijing, the latter of which was called by Dr. Hodgkin
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Figure 1 Milestones in the history of insulin discovery and development. (This timeline highlights key achievements in the study of insulin
from its discovery to the analysis of its molecular structure. In 1921, Frederick Banting and John Macleod extracted insulin from the pancreas of
dogs, marking a pivotal moment in diabetes treatment. In 1955, Frederick Sanger elucidated the amino acid sequence of the insulin molecule,
advancing understanding of its structure. In 1965, Chinese scientists, including Zou Chenglu and Du Yucang, successfully synthesized insulin. In
1969, Dorothy Hodgkin analyzed the crystal structure of insulin using X-ray crystallography, providing detailed insights into its molecular
configuration. In 1982, the first human insulin was produced by Herbert Boyer and Robert Swanson through recombinant DNA technology.
Furthermore, nowadays, the development of insulin analogues, and the development of insulin pumps and automated insulin injection systems.)

to be the most accurate structure of insulin at that time.

Third generation insulin: insulin analogs

In the in-depth study of the structure and composition of human
insulin, it is found that the peptide chain of insulin analogs can be
modified by using genetic engineering technology, such as changing
the amino acid combinations of certain parts of the insulin peptide
chain, changing the isoelectric point, increasing the strength of
hexamers, replacing zinc ions by cobalt ions, and adding fatty acid
chains in the molecule to strengthen the binding with albumin, so that
insulin analogs can be more suitable for the physiological needs of the
human body.

In 1989, the Declaration of St. Vincent was issued in Italy, which
signaled a new stage in the ball’s emphasis on diabetes prevention and
treatment, and the overall improvement of diabetes management and
prevention through the setting of clear goals, the promotion of
international cooperation, the enhancement of the quality of life of
patients and the facilitation of the efforts of governments in the
formulation of policies and the investment of resources [16].

Insulin delivery methods
A closed-loop system is defined as a system that is capable of
autonomous regulation, typically comprising sensors, controllers, and
actuators. It is distinguished by its capacity to adjust the output of the
system by monitoring feedback in real time, thereby achieving
automation and precise control [17]. In the context of diabetes
management, a closed-loop system reduces manual intervention by
monitoring blood glucose levels in real time in conjunction with an
insulin pump that automatically delivers insulin [17].

A wearable insulin pump is a device that assists diabetic patients in
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accurately administering insulin. It possesses two primary
characteristics: firstly, it delivers insulin continuously, emulating the
natural secretion pattern of the human pancreas and ensuring
consistent infusion around the clock by determining the basal rate and
meal-time dose [18]; secondly, it is lightweight and portable, with a
small size and light weight, facilitating daily use and significantly
enhancing the quality of life for patients [18].

The integration of modern wearable insulin pumps with continuous
glucose monitoring (CGM) devices, along with advanced control
algorithms that utilize artificial intelligence or mathematical modeling
to collect blood glucose data, calculate insulin infusion requirements,
and automatically adjust the pump’s output, has led to the
development of an artificial pancreas system [19]. This system
represents a significant advancement in diabetes management, as it
enables precise regulation of insulin dosing, thereby preventing
hypoglycemia caused by excess insulin and maintaining blood glucose
levels within a more stable range. Additionally, it reduces the need for
manual adjustments to insulin dosage, enhancing convenience and
safety [20].

The biological process initiated by insulin

Characteristics of insulin receptors

When insulin activates IRs, it initiates multiple signaling pathways
that lead to the production of various key proteins [21]: (1) structural
proteins, such as actin and microfilament proteins, which are crucial
for maintaining cellular shape and providing mechanical support; (2)
enzymes, including glycogen synthase and fatty acid synthase, which
play vital roles in energy metabolism and biosynthesis; (3) hormone
receptors, like the insulin receptor itself and others, essential for
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cellular signaling and regulatory mechanisms within energy
metabolism and cellular communication.

Through these mechanisms, insulin not only maintains the normal
functions of cells and the structural stability of tissues, but also
supports the cell growth, tissue repair and overall metabolic
homeostasis. IRs are widely distributed in the peripheral system,
including the liver, skeletal muscle, adipose tissue, heart, kidney, and
reproductive system, with the main functions of maintaining energy
and regulating blood glucose24. In the central nervous system (CNS),
IRs are widely distributed in the hypothalamus, hippocampus, cortex
and midbrain [22, 23].

Receptor tyrosine kinase signaling of the insulin receptor
Binding of insulin to the IR activates the receptor tyrosine kinase
(RTK) signaling pathway. The structure and activation mechanism of
the IR is illustrated in Figure 2. First, the activated receptor
phosphorylates its own tyrosine, and then one of the phosphorylated
tyrosines is recruited through the phosphotyrosine-binding domains
(PTB) of the insulin receptor substrate (IRS). An IRS acts as a docking
protein, and then the Pleckstrin homology domain (PHD) of the IRS
also binds to specific phosphatidylinositols on the inner surface of the
plasma membrane. The activated receptor phosphorylates tyrosine
fragments of IRS, and one of the phosphorylated tyrosines binds to the
SRC Homology 3 domain (SH3) of the adaptor protein growth factor
receptor-bound protein 2 (Grb2) [24]. Grb2 uses one of its two SH3
domains to bind to the proline-rich region of a protein called son of
Sevenless (Sos), which activates the Ras protein by acting as a
downstream signaling guanine nucleotide exchange factor (GEF). Sos
also binds to phospholipids in the plasma membrane through its PH
domain. grb2 utilizes another SH3 domain to bind to proline-rich
sequences in scaffold proteins. The scaffold protein binds to several
other signaling proteins, and other phosphotyrosines on the IRS
recruit other signaling proteins with SH3 domains [25].

Insulin receptor substrates

IRS can be divided into two subtypes: IRS1 and IRS2, which differ in
their distribution and biological functions. IRS1 is highly expressed
mainly in muscle and adipose tissues and is involved in
insulin-mediated glucose uptake and metabolism [26]. Regulation of
insulin sensitivity in peripheral tissues, such as muscle and adipose, is
particularly important for glucose uptake and metabolism. Deficiency

Insulin

Insulin
receptor

IRS1/2(docking protein)

Phosphoinositide docking sites

of IRS1 leads to severe peripheral insulin resistance [27]. It is more
directly regulated by insulin signaling and its expression and function
are susceptible to nutritional status and insulin levels. IRS2 is highly
expressed in the liver, pancreatic B-cells, and CNS, and is primarily
involved in the regulation of gluconeogenesis and insulin secretion in
the liver [28]. IRS2 regulates the production and release of glucose in
the liver, insulin secretion in the pancreatic B-cells, and is involved in
brain regulation of energy homeostasis. IRS2 is regulated not only by
insulin signaling, but also by other hormones (e.g., growth hormone
and glucocorticoids) and nutritional status [29]. Deficiency of IRS2
leads to insufficient insulin secretion and hepatic insulin resistance
[30].

Major molecular pathways related to insulin

PI3K/Akt pathway. The PI3K (phosphatidylinositol-3 kinase)/Akt
pathway is involved in fundamental cellular processes, including
protein synthesis, proliferation and survival [31]. Insulin first binds to
the IR on the cell surface, leading to autophosphorylation and
activation of the IR. Activated IR recruits and phosphorylates IRS
proteins, which in turn recruit and activate PI3K. PI3K catalyzes the
generation of cell membrane phospholipids to produce
phosphatidylinositol triphosphate (PIP3), and the generation of cell
membrane phospholipids to produce PIP3. PIP3 further activates
serine/threonine kinase (AKT), which is the core molecule of this
signaling pathway and regulates multiple downstream effectors upon
activation. The specific process is shown in Figure 3.

Ras/MAPK pathway. The Ras/MAPK pathway is a key signaling
pathway that controls cell proliferation, differentiation and death
[32]. Insulin binds to cell surface IR and activates Ras, which in turn
activates a MAPK module. This three-part module starts with a
MAPKKK called Raf, which then activates MAPKK (Mek), which in
turn activates MAPK (Erk). Erk in turn phosphorylates a variety of
downstream proteins, including other protein kinases and
transcriptional regulators in the nucleus. The resulting changes in
protein activity and gene expression lead to complex changes in
cellular functions. The specific process is shown in Figure 4. It has
been posited that insulin may also regulate mitochondrial function
and metabolism through activation of MAPK, which plays a role in
mitochondrial biosynthesis, oxidative phosphorylation, oxidative
stress, and apoptosis, and has synergistic effects on cancer progression
and energy homeostasis [33].

Plasma membrane

=— Grb2(adaptor protein)

=@t ve

Scaffold protein

Figure 2 Mechanism of signal transduction through an activated receptor and adaptor proteins. (This diagram illustrates the signal
transduction pathway initiated by insulin binding to IR on the cell membrane. The receptor’s activation leads to the phosphorylation of docking
sites within the cytosolic domain, attracting various adaptor and scaffold proteins. The IRS1/2 docking protein binds via PTB and PH domains to
these phosphoinositide docking sites. Grb2, an adaptor protein with SH2 and SH3 domains, links the receptor to Sos, which acts as a guanine
nucleotide exchange factor, facilitating downstream signaling. This complex assembly, supported by scaffold proteins, ensures specificity and

efficiency in cellular response to external signals.)
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Glucose transporter
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TCA F Citrate Acetyl CoA Lipid
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Mitochondrion r " 8 a
Membrane biosynthesis required for cell growth

Figure 3 PI3K/Akt pathway mediating glucose uptake and metabolism for cell growth. (This diagram illustrates the PI3K/Akt signaling
pathway’s role in regulating glucose uptake and metabolism, which supports cell growth. Upon growth factor binding, receptor tyrosine kinases on
the cell membrane become activated by insulin, leading to the phosphorylation of PI3K. Activated PI3K then triggers the phosphorylation and
activation of Akt, a key downstream signaling protein. Akt activation increases glucose transporter activity on the cell membrane, facilitating
glucose entry into the cell. Inside the cell, glucose is metabolized through glycolysis to produce pyruvate, which enters the mitochondria to fuel the
TCA cycle, generating citrate. Citrate is then exported to the cytosol, where it is converted to acetyl-CoA, supporting lipid biosynthesis and
membrane formation essential for cellular growth and proliferation.)

Insulin

Plasma membrane

Insulin
receptor

Active Ras protein

P —m P m Transcription ® Transcription

P regulatory regulatory
protein A protein B
Changes in protein activity Changes in gene expression

Figure 4 The Ras/MAPK signaling pathway initiated by insulin. (This diagram illustrates the Ras/MAPK signaling pathway from insulin
binding with IR, starting with the activation of Ras protein at the plasma membrane through GTP binding. The active Ras protein stimulates Raf,
initiating a phosphorylation cascade. Raf phosphorylates Mekusing ATP, converting it to ADP, which then phosphorylates Erk in a similar
ATP-dependent manner. Activated Erk can phosphorylate various target proteins, including protein X and protein Y, altering their activity. It also
phosphorylates transcription regulatory proteins A and B, leading to changes in gene expression. This pathway mediates cellular responses to
extracellular signals, including proliferation, differentiation, and survival.)
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Additional functions of insulin and its potential applications in
treating multiple diseases

In addition to the well-known function in regulating glucose levels,
insulin is also pivotal in maintaining metabolic and physiological
homeostasis (Figure 5). A greater understanding of insulin may unlock
its innovative applications in treating multiple diseases. This section
will review the additional functions of insulin as well as the potential
meaning in clinical practice.

Regulation of electrolyte homeostasis

Insulin can also improve the transport efficiency of Na*/K"-ATPase.
Short-acting regulation is the main form of insulin regulation of
Na*/K"-ATPase, which is manifested by facilitating the transport of
the al subunit of Na*/K*-ATPase to the plasma membrane and its
subsequent internalization into the cytoplasm and alteration of its
molecular conformation [34]. This process alters the efficiency of its
transport. In addition, Na*/K*-ATPase activity may also be regulated
by insulin in the long term, i.e., insulin may promote transcription and
translation of the al subunit of Na*/K'-ATPase [34]. Clinical
treatment of severe hyperkalemia can utilize insulin mixed with
glucose drops to promote the transport of extracellular potassium ions
into the intracellular, in order to reduce the concentration of
potassium ions.

Cardiovascular protection

The vasculature system includes arteries, veins, capillaries, and the
heart muscle. Its primary mission is to distribute nutrients, hormones,
cytokines and other signaling molecules between tissues and to
remove metabolites. Equally important, the vascular system is capable
of producing many of these signaling metabolites, hormones, and
cytokines and is profoundly important for many physiological
processes through autocrine, paracrine, and hormonal actions
[35-39]. A blood vessel consists of endothelial cells (EC), vascular
smooth muscle cells (VSMC) and pericytes. The role of insulin in EC
and VSMC is focused on metabolism and is vascular-specific. IR
signaling in vascular cells occurs mainly through IRS1/2,
IRS/PI3K/Akt and Src/ MAPK cascades. Its roles are different in EC
and VSMC. Insulin signaling in ECs mainly involves the
IRS1/2-PI3K-Akt pathway and the Src-MAPK pathway and
upregulates heme oxygenase-1 (HO-1), vascular endothelial growth
factor (VEGF), and vascular adhesion molecule-1 (VAMM-1). VCAM-1

Regulation of fat and protein
synthesis

Maintaining the normal
function of the brain

Anti-inflammatory
effect

Function of insulin

and VEGF help enhance the function and stability of ECs, thereby
promoting EC proliferation and repair of damaged areas. In VSMC, the
PI3K/Akt pathway and the MAPK pathway ultimately lead to NO
activation and muscle relaxation, whereas the MAPK/Erk pathway
leads to endothelin-1 (ET-1) activation, which results in muscle
contraction as well as cell proliferation and migration [40].

Insulin also has anti-atherosclerotic effects, a process that this signal
regulates the endothelial nitric oxide synthase (eNOS)/NO signaling
pathway in vascular endothelium and cardiac tissues, controlling
cardiomyocyte growth, cardiac hypertrophy and heart failure [40,
41]. Activated AKT phosphorylates eNOS to produce NO, which
maintains and improves local coronary blood flow and exerts a
cardioprotective effect. p-eNOS protein expression increase can
stimulate NO cardioprotective effect and reduce myocardial oxidative
stress injury [42, 43].

Anti-inflammatory effect

Insulin can inhibit the release of inflammatory cells as well as
inflammatory factors, reduce the damage of the vascular wall, and
favor the subsequent repair process during inflammation. Insulin
demonstrates its anti-inflammatory effect through multiple
mechanisms. Firstly, it inhibits inflammatory mediators released by
inflammatory cells, such as tumor necrosis factor-alpha (TNF-a),
interliukin-13 (IL-1f), and interleukin-6 (IL-6). This inhibition helps
reduce the intensity and duration of the inflammatory response [44].
Secondly, insulin further inhibits the progression of the inflammatory
response by inhibiting the activation of the NF-xB pathway and
decreasing the expression levels of inflammation-related genes (e.g.,
inflammatory mediators and adhesion molecules) [45-48]. In
addition, insulin enhances intracellular antioxidant capacity,
promotes the activity of antioxidant enzymes (e.g., superoxide
dismutase and glutathione peroxidase), and reduces free radical
production and oxidative stress, which contributes to attenuating
inflammation-induced cellular damage. Experimental animals infused
with TNF-a inhibited insulin-induced forearm glucose uptake and
endothelium-dependent vasodilatation, but not sodium
nitroprusside-induced blood flow, suggesting that inflammatory
cytokines can inhibit insulin-induced NO production and
vasodilatation, thereby causing endothelial dysfunction [49-51].
Insulin improves hemodynamics and promotes blood supply and
repair of damaged areas by enhancing vasodilatation, regulating NO
release and production of vasodilating factors [38].

Promoting the conversion of
glucose to glycogen

Promoting the
utilization of glucose

96

Regulating electrolyte
homeostasis

Cardiovascular protection

Figure 5 Functions of insulin in maintaining metabolic and physiological homeostasis. (This diagram illustrates the diverse roles of insulin in
the body, including promoting the conversion of glucose to glycogen, enhancing glucose utilization, regulating electrolyte homeostasis, providing
cardiovascular protection, exerting anti-inflammatory effects, maintaining normal brain function, and regulating fat and protein synthesis. These
functions underscore insulin’s critical role in energy metabolism and overall health.)
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Maintaining the normal function of the brain

Insulin levels in the brain are 10-100 times higher than in plasma.
Insulin crosses the blood-brain barrier via the IR as a transporter [52].
Local synthesis by neuronal brain cells in the hippocampus, prefrontal
cortex, enteric cortex, hydrosphere, pyramidal neurons of the
hypothalamus and amygdala is the second source of insulin in the CNS
[53]. A large number of insulin receptors are present in the central
temporal lobe, hippocampus, and prefrontal cortex, so that in addition
to regulating energy metabolism and energy reserves, it also affects
cognition, especially long-term and working memory. The
hippocampus has the highest concentration of insulin receptors,
glucagon and glutamate [54]. IR is highly expressed in the arcuate
nucleus of the hypothalamus, a brain region associated with the
regulation of cognition and feeding behavior [55].

The IR signaling pathway improves glucose metabolism and axonal
proliferation and differentiation or neuromodulation in adult neurons
by increasing mitochondrial membrane potential and ATP inputs and
decreasing NAPDH and hexokinase activity [56]. This pathway is
involved in the regeneration of small myelinated fibers (neurotropism)
as well as the improvement of synaptic plasticity in the brain and the
formation of new brain circuits, which are essential for learning,
memory formation, consolidation, storage and retrieval. The insulin
hormone promotes the release of epinephrine and norepinephrine
from adrenergic terminals, which inhibits the synaptic reuptake of
norepinephrine, alters catecholamine kinetics, and stimulates
neuronal uptake of serotonin [57]. In addition, it modulates the
expression of N-methyl-D-aspartate (NMDA) receptors and increases
neuronal Ca®' efflux, thereby enhancing synaptic communication
between neurons [54].

Regulation of fat and protein synthesis

Insulin promotes adipose synthesis by upregulating PPARy and
CCAAT/enhancer binding protein a (C/EBPa), two major adipogenic
transcription factors, via PI3k/Akt/mTORCI1. In mature adipocytes,
insulin enhances glucose uptake by glucose transporter type 4
(GLUT4) membrane translocation, lipid biosynthesis and lipid
degradation is reduced [58, 59]. Inhibition of gluconeogenesis and
glycogenolysis by insulin in the liver stimulates lipogenesis and
glycogen synthesis [60]. AKT regulates DNL in the liver through
activation of SREBP-1c, through mTORCI-dependent and
-independent pathways, and inhibition of MAPK. mTORC1 is key to
adaptive switching between catabolic and anabolic processes, and its
Strict and reciprocal regulation by MAPK and AKT counteracts the
Non-Alcoholic Fatty Liver Disease (NAFLD) that accompanies obesity
[61].

In skeletal muscle, insulin not only facilitates glucose uptake, but
also promotes protein synthesis in concert with amino acids [62, 63].
Insulin-mediated vasodilation can help insulin to access receptors on
the surface of muscle cells [64]. Insulin provides the energy and raw
materials required for protein synthesis by enhancing the activity of
glycogen synthase and fatty acid synthase [65]. In addition, insulin
accelerates the rate of protein synthesis by directly affecting the
function of ribosomes [66]. Taken together, insulin plays a critical
role in cellular function, tissue repair, and overall health by regulating
multiple key steps in protein synthesis through several complex
intracellular pathways of action.

Insulin deficiency and resistance

Inadequate insulin secretion is a contributing factor to the
development of both type 1 and type 2 diabetes. Type 1 diabetes is an
autoimmune disease that results in the destruction of
insulin-producing pancreatic B-cells [11]. Type 2 diabetes is
characterized by the presence of peripheral insulin resistance in
tissues such as skeletal muscle, adipose tissue, and the liver.
Furthermore, maternal or fetal insulin deficiency exerts a substantial
influence on fetal growth and development [67]. In human subjects,
maternal insulin deficiency or diabetes has been demonstrated to
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result in increased fetal macrosomia and obesity. Concurrently,
specific fetal hypoinsulinemia has been shown to be associated with
intrauterine growth retardation [67].

From a physiological perspective, insulin resistance is characterized
by the impaired response of specific tissues to physiological levels of
insulin, necessitating higher than normal insulin dosages to maintain
optimal function. Consequently, two categories of pharmaceutical
agents are currently employed to treat type 2 diabetes: those that
stimulate insulin secretion and those that enhance insulin sensitivity.

Skeletal muscle is the primary site of insulin-stimulated glucose
consumption, and thus insulin resistance in skeletal muscle has
important  implications  for  systemic = metabolism  [68].
Insulin-stimulated glucose uptake efficiency is decreased due to
impaired GLUT4 translocation in skeletal muscle, and the activity of
signaling molecules such as IRTK (insulin receptor tyrosine kinase),
IRS1, and PI3K/AKT is decreased. Consequently, this may exacerbate
systemic fat accumulation and augment the risk of fatty liver disease
and obesity [69-71]. Furthermore, the de-repression of FOXO1
activity and enhanced lipolysis contribute to hepatic insulin
resistance, leading to inadequate inhibition of hepatic
gluconeogenesis and elevated fasting glucose levels [72].
Additionally, this results in diminished stimulation of hepatic
glycogen synthesis by insulin.Adipose tissue insulin resistance
increases fatty acid influx into the liver, thereby exacerbating insulin
signaling disturbances [73, 74].

In the context of insulin resistance, certain insulin signaling
pathways maintain sensitivity while others become unresponsive, a
phenomenon referred to as selective insulin resistance or
pathway-selective insulin response [75]. This condition is marked by a
reduction in the inhibitory effect of insulin on hepatic
gluconeogenesis, leading to elevated blood glucose levels. The
stimulatory effect of insulin on lipogenesis is enhanced, leading to
hyperlipidemia and fatty liver [75]. It has been hypothesized that
gluconeogenesis requires phosphorylation of the Ser473 site of Akt to
activate substrates such as FOXO, but this activation may be impaired
in cases of insulin resistance [76]. In contrast, lipogenesis requires
phosphorylation of the Thr308 site of Akt, which is less affected by
insulin resistance and therefore maintains function [77, 78]. An
alternative hypothesis posits that gluconeogenesis inhibition and
adipogenesis exhibit divergent insulin sensitivities: gluconeogenesis
inhibition necessitates elevated insulin levels, while adipogenesis
requires diminished insulin levels [76, 79, 80].

Side effects of insulin

Abnormal cellular proliferation triggered by long-term use of
insulin
Insulin has been shown to stimulate abnormal protein synthesis when
used in excess or for a prolonged duration [81]. This stimulation can
potentially lead to intracellular stress or abnormal tissue proliferation,
particularly in cases of insulin resistance, where the effects of insulin
may become imbalanced or disturbed [81, 82]. The sustained
stimulation of lipogenesis in the liver and adipose tissue by elevated
insulin levels has been shown to result in hepatic steatosis, as well as
to inhibit the activity of hormone-sensitive lipase (HSL), which in turn
impedes lipolysis and contributes to the development of obesity [83].
In cases of selective insulin resistance, the adipogenic pathway
exhibits heightened sensitivity to insulin, a phenomenon that can
further exacerbate disturbances in fat metabolism. Chronically
elevated insulin levels have been associated with an increased risk of
tumor growth and a higher incidence of certain cancers. Insulin also
inhibits cellular autophagy, which can lead to decreased cellular
function and metabolic disorders [82]. Insulin inhibits cellular
antioxidant response mechanisms and may increase the accumulation
of reactive oxygen species (ROS), leading to elevated oxidative stress,
which can impair cellular function and induce inflammation and
metabolic disorders [84, 85].

In summary, the long-term use of insulin, whether in high or low
doses, can enhance its anabolic effects but may also hinder lipolysis,
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autophagy, and antioxidant defense mechanisms, thereby triggering
metabolic diseases as well as inflammation and cellular dysfunction.

Insulin overdose and hypoglycemic brain injury

An overdose of insulin can be life-threatening and, in severe cases, can
indeed result in death [86]. The first reported case of homicide using
insulin as the murder weapon took place in 1958, as detailed in the
study by Birkinshaw et al Insulin and Oral Hypoglycemic Drug
Overdose in Post-Mortem Investigations: A Literature Review. In this
case, the deliberate administration of insulin to cause hypoglycemia,
leading to death, was recognized as a potential method of homicide
[87]. This case marked the beginning of forensic awareness regarding
insulin’s misuse as a tool for murder due to the challenges in detection
and the difficulty in identifying insulin overdose through postmortem
analysis. Homicide by insulin overdose is exceedingly rare, primarily
due to the requirement for access to insulin and knowledge of its
effects. Most cases involve individuals with medical backgrounds or
close relationships with victims, such as healthcare workers or
relatives [88]. In recent years, the incidence of reported cases has
slightly increased, possibly due to better awareness and forensic
techniques, though it remains uncommon. In the field of forensic
science, insulin has been regarded as a potential instrument of murder
due to its elusive toxicological and pathological effects. Insulin
overdose induces severe hypoglycemia, which can be fatal, but is
challenging to detect in forensic analysis. The quick degradation of
insulin and the need for specific immunohistochemical techniques
make it difficult to confirm insulin-related deaths postmortem.
Additionally, hypoglycemia symptoms mimic natural medical
conditions, making insulin-related homicide cases particularly
challenging to investigate.

The primary cause of death from an insulin overdose is
hypoglycemia, a critical drop in blood glucose levels [89]. Severe
hypoglycemia deprives the brain of its main energy source, leading to
neurological symptoms such as confusion, seizures, and eventually,
coma or death. This condition, termed as ‘hypoglycemic
encephalopathy’, can cause irreversible damage to the central nervous
system, particularly in regions with high glucose demand.

The normal value of human fasting blood glucose is 3.9-6.1
mmol/L, when blood glucose is lower than 2.2 mmol/L, the glucose
level in the brain drops to O . If not corrected in time, hypoglycemic
brain injury will occur. Hypoglycemic brain injury include a series of
clinical manifestations, such as unresponsiveness, speech disorders,

delirium, loss of consciousness, and even epilepsy [90]. Additionally,
hypoglycemic brain injury also involves changes in neurotransmitters,
particularly increased glutamate levels, leading to hyperexcitability
and excitatory neurotoxicity, a process that is particularly pronounced
in the hippocampal region. The combination of oxaloacetate with
glutamate  generates aspartate, which further exacerbates
neurotoxicity. In vitro experiments have shown that glutamate levels
rise under hypoglycemic conditions and oxidative stress increases,
whereas GABA may have a protective effect. The use of NMDA
receptor antagonists attenuated hypoglycemia-induced neuronal
necrosis, suggesting that excitatory neurotoxicity plays a key role in
hypoglycemic brain injury [91]. The main pathological manifestations
of hypoglycemic brain injury are neuronal necrosis in the dentate
gyrus (DG) of the hippocampus, CA1 and CA3 regions, as well as
astrocyte reaction and severe brain edema [91, 92].
Hypoglycemia-induced water diffusion abnormalities in the brain can
be observed by diffusion-weighted imaging, and these abnormalities
are reversible after treatment. Therefore, great care should be taken to
guard against hypoglycemic brain damage for insulin application in
clinical practice to avoid irreversible consequences93. The
consequences of hypoglycemia are demonstrated in Figure 6.

Conclusion

The literature review discusses insulin’s multifaceted roles beyond
glucose control, highlighting its importance in managing diabetes, its
molecular evolution, and its physiological effects. Historically, insulin
has transformed from animal-derived preparations to advanced
synthetic analogs, significantly improving diabetes care. The review
emphasizes two major insulin signaling pathways—PI3K/Akt and
Ras/MAPK—that regulate metabolism, cellular growth, and
differentiation, impacting not only glucose levels but also the
cardiovascular, nervous, and immune systems.

Insulin analog development, involving molecular engineering to
enhance insulin’s stability and physiological compatibility, has
enabled more tailored therapeutic solutions. This allows for
individualization in diabetes management, particularly in diverse
types of diabetes where insulin efficacy and duration are critical.
Additionally, insulin’s capacity to impact cardiovascular health,
electrolyte balance, and brain function reveals its extensive systemic
importance.

The person may
experience sweating,
shakiness, confusion, rapid
heartbeat, and hunger.

Mild to Moderate
Hypoglycemia As blood sugar
continues to drop, the brain
becomes deprived of
glucose, leading to

/\

If untreated, prolonged
severe hypoglycemia can lead
to brain damage and death.
The likelihood of death

Death

Prolonged low blood sugar can
result in coma due to the

neurological symptoms like

Insulin Severe
Overdose

Hypoglycemia _/

Coma

depends on the amount of
insulin taken, how quickly
Hypoglycemic

brain’s inability to function
without glucose.

Figure 6 Pathophysiological effects of hypoglycemia induced by insulin overdose. (This flowchart illustrates the progression of hypoglycemic
conditions resulting from an insulin overdose. Starting with insulin overdose, individuals may experience mild to moderate hypoglycemia, leading
to symptoms like sweating, shakiness, confusion, rapid heartbeat, and hunger. If untreated, hypoglycemia can progress to severe hypoglycemia,
manifesting as neurological symptoms such as confusion, seizures, unconsciousness, and potentially coma. Prolonged and untreated severe
hypoglycemia can result in hypoglycemic coma, and if left unmanaged, it may ultimately lead to death due to the brain’s inability to function

without adequate glucose.)
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Great attention should be paid to the side effects from insulin.
Long-term use of insulin may lead to abnormal cellular proliferation
triggering metabolic diseases, inflammation and cellular dysfunction.
Hypoglycemia is a dangerous consequence from insulin overdose,
resulting in brain injury with serious sequelae and even death.

Future research could focus on refining insulin analogs for greater
therapeutic precision, minimizing side effects, and extending benefits
beyond glycemic control. Exploring insulin’s additional effects may
unlock potential applications in treating multiple diseases.
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