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Abstract:

Insulin signaling in brain has emerged as a recent field of research since decreased brain insulin levels were linked to impaired
learning, memory, and neurodegenerative diseases like Alzheimer’s disease. Brain insulin has a pivotal role in regulating glucose
metabolism, memory, learning, neuron formation, and to be neuroprotective through a cascade of cellular signaling process. In
addition, insulin may serve as a promising therapy against diabetes and neurodegeneration conditions. Interestingly, insulin has
been also faced as the potential missing link between neurodegenerative disorders and diabetes. Therefore, this review aims to
untangle the complex interactions among aging and diabetes which allow the development of more effective therapeutic strategies

to conquer neurodegenerative condition as well as diabetes.
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1. Introduction

Insulin is an anabolic peptide hormone produced
by the beta cells of the pancreas’ Islets of
Langerhans. It has a significant impact on the
breakdown of carbohydrates, proteins, and fats.
Furthermore, it promotes the synthesis of glucagon,
triacylglycerols, and proteins in human body. This
hormone has been implicated for diabetes mellitus
therapy. It holds a unique place in the history of
both biochemistry and healthcare. It was the first
hormone to be extracted, refined, synthesized, and
decoded. Recombinant DNA technology (rDNA)
can also be used to produce insulin [1]. Until
today, insulin and its signaling process are still at
the forefront of medical research and discoveries,
from bench to bedside and to the public health
policy [2]. The functions of insulin are presented
in the Figure 1. Insulin is transported across the

blood-brain barrier to the brain by specialized
carriers. Insulin receptors (IR) are abundantly
generated as well as dispersed throughout the brain,
with IR-A variant predominating over the longer,
better noticeable IR-B variant present throughout
the human body. Insulin binds to IR-A, which
causes autophosphorylation and activation of the
receptor. This causes IR substrate (IRS) proteins to
be phosphorylated downward that are involved in a
range of cells signaling cascades.

Many scientists have demonstrated that insulin
plays a primary role in neuroprotection. Besides, it
provides support to memory formation and neuronal
development, as well as glucose metabolism in
neuronal cells that involved a cascade of cellular
signaling molecules. Based on these facts, it has
been recognized that insulin in the future could have
a key role in the treatment of artifacts of neurons.

©2021 AccScience Publishing

17


https://creativecommons.org/licenses/by-nc/4.0/

https://creativecommons.org/licenses/by-nc/4.0/

https://creativecommons.org/licenses/by-nc/4.0/


18 INNOSC Theranostics and Pharmacological Sciences, 2021, Vol. 4, No. 2

¢ y.:‘\ .
Insulin N

Accelerated aging: £ Delayed aging:
Obesity § % Longevity

« 1 Insulin resistance S g « 1 Insulin sensitivity

« | Adiponectin o%B « 1 Adiponectin

« * Chronic inflammation £ « | Chronic inflammation

Figure 1. Functions of insulin.

Hence, in this review, we attempt to consolidate the
functions of insulin in neuronal cells.

2. Signaling pathway mediated by IR/insulin
growth factor-1 receptors (IGF-1R) in neurons

2.1. IR/IGF-1R localization in the brain

Insulin rapidly binds to IR once in the brain. These
IRs are highly abundant throughout CNS [3],
mainly in hypothalamus, cerebellum, hippocampus,
olfactory bulb, striatum, and cerebral cortex [4]. The
differential distribution of IR and insulin in brain
indicates that insulin from various sources (local or
peripheral) may reach IR from different brain regions
to begin neural signal transduction [5]. IR is largely
present in neurons especially in the synapses and
cell bodies than in glia [6-10]. Likewise, IGF-1Rs
are found throughout neurons and glia, especially in
hippocampus, cerebellum, amygdala, cerebral cortex,
parahippocampal gyrus, and caudate nucleus. The
less amount of IGF-1R is present in the substantia
nigra, cerebral peduncles, and white matter.

2.2. Brain IR/IGF-1R structure and signaling
pathway

Both IGF-1R and IR are tetrameric glycoproteins
that belong to the family of tyrosine kinases. They
were made up of two alpha subunits (120 — 135
K Da) and two beta subunits (95 K Da) [11]. IR
subunits in brain vary from peripheral because
they have slightly lower molecular weight as well
as lack of downregulation after exposure to high
insulin levels. In the mammalian brain, two types
of IR have been discovered: A “peripheral”-like
type (with less glia cells) and a neuron-specific type
(largely expressed in neurons). Insulin and IGF-1
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connect to both IR and IGF-1R due to structural
and functional similarities, with insulin binds to the
IR with higher affinity than IGF-1, whereas IGF-1R
predominantly attaches IGF-1 compared to insulin.

When insulin binds to a subunits of brain IR

or IGF-1R, it leads to autophosphorylation of

S subunits at tyrosine residues of the receptor.
Furthermore, IRS docking proteins are
phosphorylated at tyrosine residues. Signaling
components (particularly p85 regulatory subunits
of phospatidylinesitol 3-kinase PI3K) are retrieved
from the Src homology?2 (SH2) domain and activate
growth factor receptor bound protein 2 (Grb-2)
and the PI3K subunit. As a result, the PI3K/Akt/
glycogen synthase kinase-3 (Gsk-3) and Ras/
Raf-1/extracellular signal regulated kinas (ERK1
and ERK2, ERK1/2) signaling pathways [12-14]
can be activated.

2.3. PI3K/AKkt signaling cascade

After binding of the p85 SH2 domain to the active
IRS, PI3K becomes active while p110 inhibition
is relived. Active PI3K is translocated into plasma
membrane and subsequent formation of PI-3.4,5-
triphosphate and PI-3,4-biphosphate occurred. These
molecules then attach to and recruit downstream
signaling proteins comprising of pleckstrin homology
domains. Protein kinase 3-phosphorisitide dependent
protein kinase-1 phosphorylates the serine (Ser)/
threonine (Thr) kinase Akt which has been recruited
to the plasma membrane. Once triggered, Akt
detaches from cell membrane and translocates into
the cytosol and nucleus in which it phosphorylates
target proteins at Ser and Thr residues. Proapoptotic
proteins, Bad, and GSK-3 are among the targeted
proteins. Hence, it can be inferred that Akt activation
suppresses apoptosis [15].

2.4. SHC/ERK1/2 signaling pathway

When IR becomes phosphorylated, Src homology-2
domain containing (SHC), an adapter protein binds
to IR and Grb2 binds SHC through its SH2 domains,
which activates ERK1/2 signaling pathway. SH3
domains interact with son of sevenless protein
and this interaction stimulates the exchange from
GDP to GTP at Ras, which then becomes active
and recruits the Ser/Thr kinase Raf. Subsequent
activation of MEK or mitogen activated protein
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kinase (MAP2K) leads to phosphorylation (and
activation) of ERK1/2 [16], which causes activation
of numerous transcription factors (Ets-like protein-1
and c-Myc) [14] that control gene expression.

Importantly, ERKI1/2 activation plays an
antiapoptotic role in neurons through the
phosphorylation of Bad at Ser112 [17,18]. In
contrast, other studies found that oxidative distress
and certain action excreted by the N-methyl
D-aspartate receptor contribute to activated Erk1/2
in synaptic plasticity and cell death.

3. Role of insulin and IGF-1 in brain

3.1. Glucose metabolism

Insulin/IGF-1 mediated IR/IGF-1R signaling
pathways could play an important role in
CNS functions such as brain metabolism
management [19-22], neuronal development and
division, and neuromodulation. The deficiency of
insulin due to some damaging conditions leads to
cell atrophy and apoptotic death. Thus, it proves
that tissue (and cellular) is dependent on insulin.

Insulin  regulates glucose transportation
and utilization in the peripheral body [23].
Hormonal peripheral and nutritional signals are
coordinated and they are regulated by neurons in
the hypothalamus. Peripheral signals for energy
homeostasis and ingestive behavior are controlled
by these neurons. Apart from insulin, anorexigenic
peptides proopiomelanocortin (POMC), cocaine-
and amphetamine-regulated transcript, orexigenic
neuropeptide 'Y (NPY), and agouti-related
peptide (AgRP) are also involved [24]. Under
supraphysiological blood glucose levels, brain
insulin causes glucosing neurons to hyperpolarize,
activating K* ATP channels and lowering neuronal
activity (due to the inactivation of POMC neurons),
resulting in weight loss. Moreover, the deprivation
of insulin signaling in brain activates JNK and
phosphorylates IRS-1 at Ser/Thr. This promotes a
feedback inhibition of IR. As a result, body weight
is increased. The activation of arcuate neurons,
which contain NPY, AgRP, and GABA, causes
orexigenic effect [25].

Neuronal insulin/IR signaling pathways can
regulate glucose metabolism in the brain. This
is supported by the overlapping distributions of
insulin, IR, and glucose transporters (GLUTs)
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isoforms 1 and 4 in certain brain areas (e.g.,
hippocampus and choroid plexus). According to
Binghom et al. [26], fasting insulin levels increase
global glucose metabolism maximally in the
human brain cortex, either directly (as in peripheral
tissues) or obliquely (as in peripheral tissues)
through insulin-mediated neuronal activation.
These authors proposed that if the recruitment of
GLUTs into the plasma membrane and the resulting
increase in glucose uptake was a direct effect of
insulin, partially insulin-sensitive glia GLUTI1
might be responsible for this effect since the main
neuronal GLUT3 is insulin insensitive.

Insulin can provide energy for neurons by
inhibiting neuronal norepinephrine absorption,
followed by activation of glia-adrenoreceptors
and glucose extrusion from glial glycogen stores,
particularly in astrocytes. As a result, astrocytic
glycogen can be converted to glucose where it
is then transported to the extracellular fluid by
GLUT]1 [27]. Taken together, this evidence suggests
that any harmful interference between insulin and
neuronal glucose metabolism may impair ATP
synthesis and causes neuronal apoptosis [28].

4. Other actions of insulin

4.1. Synaptic transmission and memory/learning

Outgrowth and renewal of myelinated fibers
are both increased by brain insulin. It maintains
cortical, sympathetic, and sensory neuronal survival
and stimulates neuronal protein synthesis. It also
improves synaptic activity and plasticity, memory
format, and storage, as well as neuroprotection.
It has been shown that administration of insulin
in rats as well as in humans (intranasal route)
improves their memory without any peripheral
glycemia. Attention and verbal memory also
improved by systemic insulin infusion [29].
These results correlate with high IR expression
in hypothalamus and limbic system. It is an
important effect of insulin for synaptic transmission
(e.g., monoamines) [30,31]. About 30 years ago,
insulin was discovered to boost epinephrine and
non-epinephrine release in adrenergic terminals,
block non-epinephrine synaptic reuptake, change
catecholamine kinetics, and stimulate neuronal
serotonin uptake. Insulin influenced the expression
of IVMOA receptors, according to some scientists,
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by enhancing neuronal Ca2* influx and reinforcing
synaptic connection between neurons. Insulin
also influenced the long-term potentiation of a
molecular learning model. This is supported by
insulin-mediated control of glutamate and GABA
receptor density which affect the synaptic plasticity.
The neuromodulatory effect of insulin could be due
to its direct effect on neurotransmitter transport
through lower ATP levels and subsequent reversal
of the amino acid transporters [32,33], which protect
neurons from excitotoxicity or oxidative stress.

4.2. Neuroprotective action of insulin

The neuroprotective effect of insulin could
be achieved by the restoration of IR/IGF-1R
signaling-mediated gene transcription. For
example, hexokinase-II and Bcl-2 are upregulated
while glutathione peroxidase and caspase-3 are
downregulated during IR/IGF-1R signaling-
mediated gene transcription [34]. As a result, both
neuronal glucose metabolism and antioxidant
defenses are improved.

Others proposed that IGF-1 activates IGF-1R/
PI-3K/Akt signaling pathway and prevents caspase
activation through the phosphorylation of CREB
(activated), GSK-3/ (proapoptotic), and Forkhead
box-1 (FoxOl, inactivated) [35,36]. Insulin-
induced antiapoptotic effect might also arise from
neural SAPK inhibition. In addition, insulin induces
radical formation and lipid oxidation which are
responsible for necrosis. Insulin has neuroprotective
action against some damaging conditions that
include oxidative stress and alleviation of neuronal
apoptotic death. Such damaging conditions may
generate brain dysfunction and causes several
pathological conditions such as diabetes and
age-related diseases such as Alzheimer’s disease
(AD) [37,38].

5. Conclusion, future prospects, and current
findings

This review provides a better concept on the central
role of insulin. Insulin plays a primary role in
neuroprotection, memory formation, and neuronal
development as well as glucose metabolism in
brain which involved a cascade of cellular signaling
molecules. Thus, insulin in the future can play a
key role for the treatment of neurological disorders.
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Insulin signaling in brain has sparked a lot of
interest in neuroscience research over the past few
decades, whether it is to understand how it works or
to find a diabetes treatment. It has been recognized
that the plenty of insulin and IR in brain as well as
their effective involvement is required for recovery
ofneurodegenerative diseases and diabetes. The key
goal for the next two decades will be to decipher the
complex realities surrounding ageing and diabetes,
as well as to develop more effective therapeutic
techniques to combat neurodegenerative diseases
and diabetes.

In the present literature, we found that AD is
much more common in those who have diabetes.
The hippocampus expresses insulin and IR signaling
products. Insulin has a variety of functions in the
brain. The curative usefulness of insulin as well as
the function of IR signaling in AD development has
received a lot of attention. It has been revealed that
the cumulative insulin activity in the nervous system
is in accordance with the main AD pathogenic
determinants, highlights important aspects in the
AD brain, but also evaluates the medicinal qualities
of insulin and insulin-sensitizing medications.
Insulin promotes brain growth and survival,
inhibits the Tau phosphorylation kinase glycogen
synthase kinase 3, and suppresses amyloidogenic
processing of the amyloid precursor protein.
Systemic metabolism is regulated by central nerve
IR signaling, which enhances glucose supply.
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