
Citation: Lewis, S.T.; Greenway, F.;

Tucker, T.R.; Alexander, M.; Jackson,

L.K.; Hepford, S.A.; Loveridge, B.;

Lakey, J.R.T. A Receptor Story:

Insulin Resistance Pathophysiology

and Physiologic Insulin

Resensitization’s Role as a Treatment

Modality. Int. J. Mol. Sci. 2023, 24,

10927. https://doi.org/10.3390/

ijms241310927

Academic Editors: Yutang Wang and

Dianna Magliano

Received: 10 June 2023

Revised: 23 June 2023

Accepted: 25 June 2023

Published: 30 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

A Receptor Story: Insulin Resistance Pathophysiology and
Physiologic Insulin Resensitization’s Role as a
Treatment Modality
Stanley T. Lewis 1, Frank Greenway 2, Tori R. Tucker 3, Michael Alexander 4, Levonika K. Jackson 5,
Scott A. Hepford 5, Brian Loveridge 5 and Jonathan R. T. Lakey 4,6,*

1 Eselle Health, La Jolla, CA 92037, USA; stanleytlewis2@gmail.com
2 Clinical Trials Unit, Pennington Biomedical Research Center, Louisiana State University,

Baton Rouge, LA 77808, USA; frank.greenway@pbrc.edu
3 Department of Developmental and Cell Biology, University of California Irvine, Irvine, CA 92617, USA;

trtucker@uci.edu
4 Department of Surgery, University of California Irvine, Orange, CA 92686, USA; michalex858@gmail.com
5 Well Cell Global, Medical and Scientific Advisory Board, Houston, TX 77079, USA;

levy@wellcellsupport.com (L.K.J.); scott@wellcellglobal.com (S.A.H.); brian@diabetesrelief.com (B.L.)
6 Department of Biomedical Engineering, University of California Irvine, Irvine, CA 92868, USA
* Correspondence: jlakey@uci.edu

Abstract: Physiologic insulin secretion consists of an oscillating pattern of secretion followed by dis-
tinct trough periods that stimulate ligand and receptor activation. Apart from the large postprandial
bolus release of insulin, β cells also secrete small amounts of insulin every 4–8 min independent of
a meal. Insulin resistance is associated with a disruption in the normal cyclical pattern of insulin
secretion. In the case of type-2 diabetes, β-cell mass is reduced due to apoptosis and β cells secrete
insulin asynchronously. When ligand/receptors are constantly exposed to insulin, a negative feed-
back loop down regulates insulin receptor availability to insulin, creating a relative hyperinsulinemia.
The relative excess of insulin leads to insulin resistance (IR) due to decreased receptor availability.
Over time, progressive insulin resistance compromises carbohydrate metabolism, and may progress
to type-2 diabetes (T2D). In this review, we discuss insulin resistance pathophysiology and the use of
dynamic exogenous insulin administration in a manner consistent with more normal insulin secretion
periodicity to reverse insulin resistance. Administration of insulin in such a physiologic manner
appears to improve insulin sensitivity, lower HgbA1c, and, in some instances, has been associated
with the reversal of end-organ damage that leads to complications of diabetes. This review outlines
the rationale for how the physiologic secretion of insulin orchestrates glucose metabolism, and how
mimicking this secretion profile may serve to improve glycemic control, reduce cellular inflammation,
and potentially improve outcomes in patients with diabetes.

Keywords: T2D; diabetes; carbohydrate metabolism; insulin resistance; physiologic insulin
resensitization (PIR)

1. Introduction

Hormones that are released in an oscillating pattern (e.g., insulin) are physiologically
designed to have receptors on the surface of effector cells that bind to their respective lig-
ands. The cyclical release of these hormones plays a crucial role in maintaining homeostasis
and regulating various physiological processes. In some cases, the ligand is brought into
the cell where it separates from its receptor, and the receptor then migrates back to the cell’s
surface, ready to bind with another ligand molecule. In the case of insulin, the receptor is
activated as a tyrosine protein kinase, initiating a cascade of intracellular signaling events.
The receptor is internalized as it undergoes an auto-phosphorylation sequence [1]. The
reconfiguration of the receptor to its active extracellular configuration takes approximately
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4 min after the ligand receptor complex formation, allowing for the subsequent binding
and activation of additional ligand molecules [2]. This intricate process of ligand–receptor
interaction, internalization, and reconfiguration plays a vital role in the precise control and
regulation of insulin signaling.

For nearly 40 years, scientific research has established that pancreatic β cells secrete
insulin in a dynamic biphasic manner by responding to a square wave increase in blood glu-
cose concentrations. This periodic release pattern allows for optimal cellular carbohydrate
metabolism, striking a delicate balance between providing sufficient insulin for glucose
utilization, while avoiding overexposure of the insulin receptor and the consequent reverse
feedback loop [3,4]. Intriguingly, insulin is released every 4–8 min or more commonly,
5–6 min, independent of the ingestion of food. The initial phase of insulin secretion involves
the rapid release of insulin by β cells, which lasts for about 10 min. This rapid release of
insulin by β cells is facilitated by the storage of insulin in miniature membrane-bound secre-
tory granules that are primed to fuse with plasma [5]. The physiological release of insulin is
vital for maintaining glucose homeostasis, and disruptions in this process during the initial
phase have been linked to the development of type-2 diabetes (T2D) [6]. Following the
initial phase, a second phase ensues, characterized by a plateau in insulin release that can
last for 2–3 h. During the physiological release of insulin, the discrete oscillatory secretions
and distinct trough periods stimulate ligand and receptor activation. The ability of insulin
release to exhibit such oscillatory behavior can be attributed to the unique arrangement
of β cells within the islets of Langerhans, which are cell clusters residing in the pancreas.
Within these clusters, β cells maintain close contact with one another, forming intricate
networks of autonomic nerves that enable the coordination of dynamic, cyclical patterns
of insulin secretion [7]. Thus, the periodic pattern of insulin secretion is most likely a
result of intrinsic β-cell mechanisms that become modified by exogenous stimulus such as
hormones and neuronal inputs.

2. Pancreatic Neuronal Network

Under normal physiological conditions, insulin oscillations are mediated by a complex
pancreatic neuronal network that connects cells within the islets of Langerhans [8,9]. The
brain and its neuronal network have a large influence on glucose homeostasis via the
autonomic nerves that regulate the endocrine function of the pancreas. From tracing
studies, neuronal networks have been mapped to pancreatic islets, which are innervated
by neuronal circuits that come from the hypothalamus [10]. Within the pancreatic islets,
both sympathetic and parasympathetic nerves of the autonomic nervous system can be
found, indicating their involvement in modulating insulin release [11,12]. Furthermore,
tracing studies also revealed that vagal afferent axons can be found within the pancreas [13].
Serotonin is a stimulating molecule for vagal afferent neurons and within the pancreas, β
cells are known to produce serotonin to communicate with neighboring cells within the islet.
It was recently thought that serotonin is a signaling molecule β cells use to communicate
with the brain by vagal afferent neurons [10].

Within the neural network, an individual β cell is connected to other β cells, which
mediates insulin secretion. β cells can be characterized as either “Leader cells” or “Follower
cells” based on their functional characteristics [14]. Leader β cells possess pacemaker
properties, allowing them to respond to glucose and synchronize communication patterns
with follower cells. In response to glucose stimulation, leader β cells trigger a calcium
(Ca2+) influx [15], which diffuses to the follower β cells. The influx of intracellular Ca2+

levels leads to β-cell depolarization, initiating electrical activity and a subsequent wave of
action potentials. The precise coordination of β cell-to-β cell communication, facilitated
by the interplay between Ca2+ influx and action potentials, is closely associated with the
oscillatory pattern of insulin secretion [16].
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3. Pancreatic Inflammation

An insult or injury (i.e., autoimmunity, obesity, toxin, trauma, stress etc.) causes
inflammation in the pancreas that disrupts normal pancreatic insulin rhythmicity [17].
Type-one diabetes (T1D) is an autoimmune condition that results in islet inflammation
caused by the infiltration of immune cells, leading to the progressive destruction of β cells.
Individuals first diagnosed with T1D usually require small doses of insulin that eventually
increases as the body begins to produce less insulin as β-cell mass decreases. Upon initial
diagnosis of T1D, patients experience the honeymoon phase as β cells try to recover or
compensate for the decline in β-cell mass [18]. The honeymoon phase is characterized as a
partial remission that occurs shortly after a T1D patient begins insulin therapy. During this
period, the individual’s diabetes may improve, and the patient may require less insulin
than the first few days after diagnosis. The honeymoon phase can last approximately
3–12 months. Eventually, T1D patients will no longer experience normal physiological
insulin secretion and will instead require lifelong exogenous insulin therapy via insulin
injections or a continuous subcutaneous insulin pump.

In contrast, T2D continues to produce insulin, but in an uncoordinated pattern without
a true peak and trough waveform due to the inflammation and breakdown in the pancre-
atic neuronal network. Lang et al. found that healthy humans have intermittent insulin
secretions and trough periods where T2D subjects had lost this native physiologic architec-
ture [4]. It is thought that the disruption of insulin secretion may be a result of inflammation
in the pancreas due to conditions such as obesity, toxins, trauma, etc. In early studies,
it was found that insulin oscillates for approximately 15 min in fasting humans that do
not have diabetes [19–21]. With an improvement in technology to measure insulin pulses,
more recent studies have determined that the in vivo oscillation of insulin during fasting is
closer to 5 min. For those who have T2D, Lang et al. revealed that insulin oscillations were
shorter and highly irregular with a mean oscillation period of 8.8 min compared to control
subjects who had a period of 10.7 min. Hunter et al. showed that control subjects had a
higher glucose clearance and insulin sensitivity than those with T2D [22]. T2D subjects had
greater insulin resistance and hepatic glucose output. In another study by Peiris et al., the
number of insulin pulsations observed were correlated with a decrease in glucose clearance
in diabetic subjects. These results supported the idea that abnormal insulin secretion and
impaired insulin action are linked. This idea was driven by the hypothesis that a decline in
insulin sensitivity is driven by insulin resistance (IR) [23].

4. Impaired Physiologic Pattern of Insulin

As β cells cease to secrete insulin in the periodic synchronous pattern, insulin receptors
undergo downregulation or internalization when they are continuously exposed to insulin.
This continuous exposure disrupts the normal dynamics of insulin signaling and leads
to a decrease in receptor responsiveness. A study demonstrated that subjecting healthy
individuals to 20 h of constant insulin exposure at a steady glucose level resulted in a
reduction in insulin action [24]. This prolonged exposure to insulin led to a decrease in
insulin sensitivity and compromised insulin response [25].

It is important to recognize that hyperinsulinemia, or elevated levels of insulin, is
relative to the normal insulin levels observed during intervals between periodic secretions
(i.e., troughs). During routine fasted assessments, the absolute insulin level may fall within
the broad normal range, making it challenging to detect impaired insulin function. This is
why insulin impairment can often go undetected for an extended period, as conventional
measurements may not capture the underlying abnormalities in insulin signaling and
receptor dynamics.

Understanding the intricate relationship between insulin secretion, receptor respon-
siveness, and the consequences of continuous insulin exposure is critical in elucidating the
mechanisms underlying IR and related metabolic disorders.
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5. Impacts of Hyperinsulinemia

Hyperinsulinemia occurs when the fasting concentration of insulin in the blood re-
mains higher than normal levels for prolonged periods. Various factors can contribute to
hyperinsulinemia, including incretin hormones, obesity, diet, visceral fat accumulation,
as well as genetic and environmental factors (Figure 1) [26]. In rare cases, hyperinsuline-
mia can be attributed to specific conditions such as insulinoma, a tumor in β cells that
leads to excessive insulin production, or nesidioblastosis, characterized by an abnormal
increase in β-cell mass within the pancreas. One of the diseases most often associated
with hyperinsulinemia is T2D, caused by progressive IR. In some cases of T2D, the body
tries to compensate for IR by increasing the amount of insulin secreted by β cells in order
to decrease blood glucose and maintain homeostasis. However, hyperinsulinemia itself
can further induce insulin resistance over time because as described previously, constant
exposure to insulin triggers a negative feedback loop, which causes insulin receptors to
become less responsive to insulin and downregulate [27]. One study showed that when
cells in vitro were chronically exposed to insulin, they had diminished insulin receptor
tyrosine and serine autophosphorylation [28]. When chronic insulin exposure is removed,
normal insulin receptor function can be achieved only if exposed cells maintain a molecular
memory prior to chronic insulin exposure. However, if cells are exposed to persistent
chronic levels of insulin for long periods of time, the molecular memory of the cell becomes
reprogrammed in such a way that causes IR. Thus, these cells do not recover their normal
insulin response even after chronic insulin exposure is removed [29].

6. Inadequate Receptor Function

Over time, inadequate insulin receptor function and insulin resistance can contribute
to the development of various diseases, including diabetes and other metabolic disorders.
It is well-established that unchecked IR is the underlying pathophysiologic precursor to
the development of T2D. As described earlier, T2D can result from inadequate receptor
function that is often linked to obesity, but there are genetic predispositions that can result
in receptor dysfunction. However, it is worth noting that genetic factors can also play a
role in receptor dysfunction, leading to impaired insulin signaling. Two notable examples
of genetic involvement are the IRS1 and IRS2 insulin receptor substrate genes. These genes
encode peptides that hold significant importance in insulin-signaling pathways. Studies
have demonstrated that specific polymorphisms within these genes are associated with a
decrease in insulin sensitivity, ultimately predisposing individuals to T2D [30,31]. These
genetic variations can disrupt the normal functioning of insulin receptors, hindering their
ability to effectively respond to insulin molecules.

One metabolic disorder that can result from an increase in IR is lipotoxicity. Free
fatty acids (FFA) are an increased risk factor for those who have IR [32]. FFA in the
plasma is regulated by insulin. Under normal physiological conditions, FFA increases
during fasting and decreases after meal consumption. In obese patients, FFAs are often
high and can contribute to insulin resistance and T2D [33]. Additionally, lipodystrophy
and adipose tissue dysfunction can also contribute to elevated FFAs in the plasma. The
two FFAs that are primarily responsible for insulin resistance and a decrease in insulin
sensitivity are diacyglycerol (DAG) and ceramide. However, physical exercise can reduce
the amount of DAG and ceramide found in skeletal muscle, which can improve insulin
sensitivity [34]. In addition, a recent meta-analysis showed that intermittent fasting may
also improve insulin sensitivity [35]. Two causes for FFA elevation are often associated with
hyperlipidemia and inflammation. It has also been shown that increased IR is associated
with an increase in cholesterol synthesis and a decrease in the uptake of cholesterol [36].
When IR increases, there is a shift in cholesterol metabolism. Often, patients with IR have
decreased high-density lipoprotein (HDL) cholesterol, increased low-density lipoprotein
(LDL) cholesterol, and increased triglycerides levels [36–38]. Disruption to lipid metabolism
has mostly been associated with T2D. However, lipid metabolism disorders have also been
seen in those with T1D. Lipid disorders can result from poor glycemic control in those



Int. J. Mol. Sci. 2023, 24, 10927 5 of 11

who have either T1D or T2D [39]. Disruptions to lipid metabolism have been associated
with an increased risk of developing coronary artery disease (CAD) and various other
cardiovascular diseases [40,41]. More broadly, insulin resistance has been associated with
metabolic diseases that masquerade as neurologic disorders. Diseases such as Parkinson’s
disease and Alzheimer’s disease are associated with insulin resistance (Figure 1) [42].
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Figure 1. Insulin Resistance Pathophysiology. Insulin resistance can be initiated by obesity with
an increase in visceral fat, inactivity, genetics, diet, and environmental factors. Insulin resistance
leads to hyperinsulinemia with down regulation of the insulin receptors and a further increase in
insulin resistance. Diabetes is a progressive disease with beta-cell dysfunction and loss of insulin
pulses. Diabetes leads to diabetes complications, cardiovascular disease, metabolic syndrome, and is
associated with neurodegenerative diseases [26,40–42].

7. Physiologic Insulin Administration

One approach to counter IR would be to reintroduce precision physiologic insulin
delivery. Currently, patients with T1D and T2D receive a continuous delivery of insulin
either by insulin injections or a continuous subcutaneous insulin pump. IR often results
from insulin receptors being constantly exposed to levels of insulin with no trough peri-
ods to allow the insulin receptor adequate time to reset. Counter to the goal of reducing
serum glucose, the constant exposure to insulin can serve to create tolerance. Decreased
sensitivity of receptors results in a decreased uptake of serum glucose and subsequent
hyperglycemia. Often, type-2 diabetics are prescribed medications such as metformin or
thiazolidinediones (i.e., rosiglitazone and pioglitazone) to combat abnormal insulin secre-
tion caused by IR [43,44]. Although these medications are classified as insulin sensitizing,
they do not restore or prevent abnormal insulin-secretion patterns.

In 2012, Matveyenko et al. reported that insulin delivered in small intermittent boluses
via the portal vein is more efficacious than receiving a constant insulin infusion [45]. In this
study, rats received insulin continuously and in a more physiologic pattern of intermittent
boluses. Rats that received a constant delivery of insulin had a delay and impairment
in the activation of hepatic insulin receptors, which resulted in an impaired activation of
downstream signaling. It is speculated that hepatic IR in diabetes is likely a result of the
impaired physiologic insulin secretion experienced.

Physiological insulin resensitization (PIR) provides for insulin to be delivered periph-
erally in a dynamic pattern of physiologic boluses that mimics the healthy pancreas. This is
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achieved by inserting an intravenous access connected to a precision intravenous infusion
pump that can be programmed to dynamically deliver insulin to mimic normal glucose
metabolism. The physiologic administration of insulin consists of periodic cycling of up to
3 IU of regular fast-acting insulin infused intermittently between 4–8 min (usually 5–6 min),
based on the body’s utilization for 2 to 4 h. These infusions are given based on the degree
of insulin resistance, and precision dosing is undertaken to mimic hormonal signaling pat-
terns in a concentration and frequency dependent on individual patient condition. During
the infusion process, oral glucose is given to patients to simulate a meal and keep blood
glucose levels in a prescribed range. Patients are observed during the process until glucose
levels are stable after the physiologic insulin infusion is administered [46]. The rationale
for the peripheral administration of IV insulin in a rhythmic pattern is to replace impaired
physiological signals that are critical to cellular glucose metabolism.

8. Insulin Receptor Upregulation

Physiological insulin secretion exhibits a greater efficacy in upregulating insulin
receptors compared to constant exposure to insulin. This effect is particularly notable
in the liver, which experiences more insulin exposure than any other organ in the body
due to the direct flow of insulin from the pancreas through the portal vein, which then
spreads throughout the rest of the body [47]. Prolonged exposure to insulin leads to the
downregulation of insulin receptors, ultimately contributing to IR [48]. The goal of PIR
aims to address this issue by administering insulin in a manner that mimics the native
pattern of hormone secretion. This is achieved by inducing metabolic activity to consume
carbohydrates rather than fat. Glucose can be used and stored effectively when the body
has not just enough insulin, but the right timing of insulin. However, when there is a
lack of insulin or an over exposure of insulin over time causing a reverse feedback loop to
downregulate the insulin receptor, a decline in carbohydrate metabolism occurs, and the
body switches to fat metabolism in a process called ketosis. Ketosis triggers the production
of ketones and, in severe cases, the accumulation of ketones can result in a life-threatening
condition called diabetic ketoacidosis (DKA) [49]. Additionally, reducing excessive fat
metabolism, through PIR, may counter the harmful effects of free radicals and oxidative
stress that occur in the setting of elevated IL-6 levels found in T2D [50].

9. Cellular Glucose Uptake and Adenosine Triphosphate Production

Restoring the physiologic cadence of insulin improves IR and allows for an increase in
carbohydrate metabolism and a decrease in fat metabolism by restoring insulin’s ability to
suppress lipolysis. As described previously, insulin binds to its receptor on cells, which are
then endocytosed into the cell where glucose is further metabolized into “cellular energy”.
Inside the cell, glucose undergoes a series of enzymatic reactions, primarily through the
process of glycolysis. Initially, glucose is converted into pyruvate, which then enters the
mitochondria to undergo additional processing into acetyl-CoA. This conversion occurs
within the tricarboxylic acid (TCA) cycle, where acetyl-CoA participates in a series of
chemical reactions. Along this cycle, the reducing agent NADH is produced, which is
subsequently shuttled through complex I and II of the electron transport chain.

As electrons are transported, free energy is released, which actively pumps protons
across the inner membrane of the mitochondria. As protons are pumped across the mem-
brane, a proton gradient is formed, which creates an electrochemical gradient that fuels
the production of adenosine triphosphate (ATP), commonly known as cellular energy
(Figure 2) [51]. Thus, carbohydrate metabolism is essential for cells to produce cellular
energy in the form of ATP.
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pancreatic beta cell by the GLUT-2 transporter and converted to glucose-6-phosphate by glucok-
inase initiating the glycolytic pathway and resulting in the generation of pyruvate. Pyruvate
is transported into the mitochondria where ATP is generated through the electron transport
chain. ATP depolarizes the ATP-sensitive potassium channel causing depolarization of the
voltage dependent calcium channel, which causes prepackaged insulin granules to fuse with
the cell membrane and release insulin into the blood stream (Image used under license from:
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10. Cellular Restoration

Cell growth and proliferation are highly dependent upon carbohydrate metabolism.
Glucose metabolism provides cellular energy (ATP), but it also supplies metabolites that
are critical for the cellular synthesis of nucleic acids, proteins, and lipids [53,54]. One study
showed that glucose metabolism is involved in the healing process of tendons [55]; a second
study showed that glucose is important in human gingival fibroblast maintenance after
periodontal surgery [56]. In the case of diabetes, blood glucose control and metabolism
are important for wound healing. Furthermore, prolonged hyperglycemia in diabetes
causes tissue to become energy-deficient, which over time can over result in a decline
in wound healing [57]. For instance, the process of angiogenesis is required to promote
tissue wound healing. Hyperglycemia decreases angiogenesis in endothelial cells, and it
affects the stability of hypoxia-inducible factor 1-alpha (HIF-1a) to target genes such as the
vascular endothelial growth factor (VEGF) to promote wound healing and tissue repair [58].
Often, diabetics with poor glucose control have wounds, most commonly foot ulcers, that
go unnoticed, take longer to heal, become infected, or never adequately heal. Foot ulcers
and their poor healing are often due to underlying neuropathy and a poorly functioning
microcirculation. Nerve and microvascular tissue clearly benefit from optimized glucose
ATP production and the related decrease in inflammation based on the body utilizing
glucose as its primary fuel source instead of fat metabolism [50].

Glucose metabolism is essential for the development and maintenance of several
tissues, including skeletal muscle, vasculature, liver, heart, and adipose tissue. The retina
is one example of a tissue that is affected by the dysregulation of glucose metabolism.
Diabetic retinopathy often results 10–20 years after the onset of diabetes due to glucose
metabolism failure. Retinopathy is a disease of the microvascular system of the retina when
the retina experiences hypoxia. Blood passes via the optic artery and perfuses the retina. In
the retina, arteries radiate outward to form a capillary network that supplies blood vessels
and oxygen. When high blood glucose levels persist, this can weaken and damage blood
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vessels within the retina. Damaged blood vessels starve the retina of oxygen, which leads to
abnormal blood vessel outgrowth to compensate for oxygen deprivation. HIF-1a has a role
in the stability of retina homeostasis, but intense fluctuations in carbohydrate metabolism
can cause HIF-1a to fluctuate, which results in abnormal blood vessel outgrowth and
progression of retinopathy [59].

Neuronal tissue appears to be the most sensitive tissue type affected when there
is a decrease in energy from carbohydrate metabolism. Neuropathy in diabetes can re-
sult from glucose metabolism failure. Symptoms often include numbness, pain, muscle
weakness, or tingling in the hands and feet. Hyperglycemia can induce mitochondria
dysfunction/overload of glucose and increase reactive oxygen species (ROS) [59]. The ac-
cumulation of ROS results in induced cellular apoptosis and a decrease in nerve blood flow.
Increased oxidative stress upregulates the polyADP-ribose polymerase (PARP) pathway,
which increases inflammation and causes neuronal dysfunction. Neurovascular dysfunc-
tion from hyperglycemia affects five main pathways, including: the polyol pathway, the
advanced glycation end-product (AGE) pathway, the protein kinase C pathway, the PARP
pathway, and the hexosamine pathway [60]. One of the consequences of neuropathy is a
decrease in wound detection and healing. To combat neuropathy, cell therapies have been
used such as growth factors to promote neuron survival, function, and repair. Schratzberger
et al. demonstrated that growth factors such as VEGF, FGF2, NGF, BDNF, and IGF1 have
neurotropic properties in treating diabetic neuropathy [61].

11. Discussion

Perhaps one of the most perplexing challenges in managing patients with diabetes
and other metabolic disorders is IR. In patients with diabetes, the conventional approach to
controlling serum blood glucose involves subcutaneous insulin administration or the use
of oral medications that increase insulin production. However, this continuous exposure
of insulin receptors to their ligand can lead to the development of tolerance. Continuous
exposure to high levels of insulin causes insulin receptors to internalize, rendering them
unavailable for engagement with insulin molecules. This internalization process contributes
to the development of IR. Paradoxically, the administration of higher doses of insulin to
reduce serum blood glucose levels can further worsen IR. This is due to a negative feedback
loop, where higher levels of insulin in the bloodstream are associated with decreased
availability of receptors, exacerbating the IR phenomenon.

In the normal physiologic state, characterized by insulin sensitivity, insulin is secreted
from pancreatic β cells in a specific cadence, with regular intervals of insulin secretion and
troughs occurring approximately every 4–8 min. This intermittent exposure of peripheral
insulin receptors to insulin plays a crucial role in maintaining the sensitivity of these
receptors, preventing receptor tolerance and preserving insulin sensitivity. However, in
patients who have developed diabetes or other IR phenotypes, the natural cadence of
insulin secretion is disrupted. To address this, treatment strategies have been developed
to mimic the physiologic intermittent secretion of insulin. These treatments, known as
PIR, aim to restore the normal pattern of insulin exposure to peripheral insulin receptors.
By administering insulin in a manner that resembles the natural insulin secretion pattern,
PIR treatments have been associated with improvements in fasting serum glucose levels
and HbA1c.

Beyond these assessments that correspond to improvements in diabetes management,
improvements in diabetic complications have also been observed. The rationale for im-
provements in conditions such as diabetic neuropathy, retinopathy, nephropathy, etc.,
may be related to improvements in glucose utilization and signaling associated with the
physiologic administration of insulin. That is, insulin administration that mimics normal
physiology appears to temporarily restore signaling that results in enhanced energy pro-
duction from improvements in carbohydrate metabolism. While empiric assessments of
insulin receptor availability and function are lacking, the apparent improvements in insulin
sensitivity may be related to receptor function. The phenotype of IR appears to be a story
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of receptor availability mediated by the intermittent administration of insulin. Mimicry of
this cadence of peaks and troughs appears to relieve IR and facilitate the improvement of
complications associated with diabetes.

12. Conclusions

Insulin receptor modulation is a multifaceted process influenced and mediated, in
part, by the intermittent peaks and troughs of the ligand. However, dysfunction in the
autonomic nerves within the pancreas can disrupt the finely tuned oscillatory secretion
of insulin, leading to abnormal insulin patterns and compromising glucose regulation.
This disruption of the characteristic higher and lower concentrations observed in normal
physiologic pancreatic β-cell secretion patterns is closely associated with insulin resistance,
the onset of diabetes, and the subsequent development of complications and perhaps
other disorders.

In contrast to conventional standard medicinal interventions, there is emerging evi-
dence supporting the benefits of intravenous insulin administration that mimics the healthy
pancreatic insulin secretion pattern. By restoring this physiological cadence, improve-
ments in insulin resistance, restoration of metabolic function, enhanced cellular repair
mechanisms, and a reduced risk of long-term complications have been observed.

Author Contributions: Conceptualization, S.T.L., F.G., S.A.H., B.L. and J.R.T.L. writing—original
draft preparation, S.T.L., F.G., T.R.T., M.A., B.L. and J.R.T.L.: writing—reviewing and editing, S.T.L.,
F.G., T.R.T., L.K.J., S.A.H., B.L. and J.R.T.L.; funding acquisition, F.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This manuscript was supported in part by 1 U54 GM104940 from the National Institute of
General Medical Sciences of the National Institutes of Health, which funds the Louisiana Clinical and
Translational Science Center. The content is solely the responsibility of the authors and does not neces-
sarily represent the official views of the National Institutes of Health. The authors also acknowledge
the support and assistance of the Department of Surgery at the University of California Irvine.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: Stanley T. Lewis, Scott A. Hepford, and Brian Loveridge are partial owners
of Well Cell Global. Levonika K. Jackson and Brian Loveridge are employees of an affiliate of Well
Cell Global.

References
1. De Meyts, P. The Insulin Receptor and Its Signal Transduction Network; Kenneth, R.F., Ed.; MDText.com, Inc.: Dartmouth, MA, USA,

2000; Endotext. Available online: https://www.ncbi.nlm.nih.gov/books/NBK378978/ (accessed on 15 September 2022).
2. Chen, Y.; Huang, L.; Qi, X.; Chen, C. Insulin Receptor Trafficking: Consequences for Insulin Sensitivity and Diabetes. Int. J. Mol.

Sci. 2019, 20, 5007. [CrossRef]
3. Curry, D.L.; Bennett, L.L.; Grodsky, G.M. Dynamics of Insulin Secretion by the Perfused Rat Pancreas. Endocrinology 1968, 83,

572–584. [CrossRef]
4. Lang, D.A.; Matthews, D.R.; Peto, J.; Turner, R.C. Cyclic Oscillations of Basal Plasma Glucose and Insulin Concentrations in

Human Beings. N. Engl. J. Med. 1979, 301, 1023–1027. [CrossRef]
5. Germanos, M.; Gao, A.; Taper, M.; Yau, B.; Kebede, M. Inside the Insulin Secretory Granule. Metabolites 2021, 11, 515. [CrossRef]

[PubMed]
6. Cerasi, E.; Luft, R. “What Is Inherited—What Is Added” Hypothesis for the Pathogenesis of Diabetes Mellitus. Diabetes 1967, 16,

615–627. [CrossRef] [PubMed]
7. Ahrén, B. Autonomic Regulation of islet Hormone Secretion—Implications for Health and Disease. Diabetologia 2000, 43, 393–410.

[CrossRef] [PubMed]
8. Stanley, S.; Moheet, A.; Seaquist, E.R. Central Mechanisms of Glucose Sensing and Counterregulation in Defense of Hypoglycemia.

Endocr. Rev. 2019, 40, 768–788. [CrossRef]
9. Rosario, W.; Singh, I.; Wautlet, A.; Patterson, C.; Flak, J.; Becker, T.C.; Ali, A.; Tamarina, N.; Philipson, L.H.; Enquist, L.W.;

et al. The Brain–to–Pancreatic Islet Neuronal Map Reveals Differential Glucose Regulation from Distinct Hypothalamic Regions.
Diabetes 2016, 65, 2711–2723. [CrossRef]

https://www.ncbi.nlm.nih.gov/books/NBK378978/
https://doi.org/10.3390/ijms20205007
https://doi.org/10.1210/endo-83-3-572
https://doi.org/10.1056/NEJM197911083011903
https://doi.org/10.3390/metabo11080515
https://www.ncbi.nlm.nih.gov/pubmed/34436456
https://doi.org/10.2337/diab.16.9.615
https://www.ncbi.nlm.nih.gov/pubmed/6068654
https://doi.org/10.1007/s001250051322
https://www.ncbi.nlm.nih.gov/pubmed/10819232
https://doi.org/10.1210/er.2018-00226
https://doi.org/10.2337/db15-0629


Int. J. Mol. Sci. 2023, 24, 10927 10 of 11

10. Makhmutova, M.; Weitz, J.; Tamayo, A.; Pereira, E.; Boulina, M.; Almaça, J.; Rodriguez-Diaz, R.; Caicedo, A. Pancreatic β-Cells
Communicate with Vagal Sensory Neurons. Gastroenterology 2021, 160, 875–888.e11. [CrossRef]

11. Taborsky, G.J. Islets Have a Lot of Nerve! Or Do They? Cell Metab. 2011, 14, 5–6. [CrossRef]
12. Rodriguez-Diaz, R.; Abdulreda, M.H.; Formoso, A.L.; Gans, I.; Ricordi, C.; Berggren, P.; Caicedo, A. Innervation Patterns of

Autonomic Axons in the Human Endocrine Pancreas. Cell Metab. 2011, 14, 45–54. [CrossRef] [PubMed]
13. Carobi, C. Capsaicin-sensitive vagal afferent neurons innervating the rat pancreas. Neurosci. Lett. 1987, 77, 5–9. [CrossRef]

[PubMed]
14. Langlois, A.; Dumond, A.; Vion, J.; Pinget, M.; Bouzakri, K. Crosstalk Communications Between Islets Cells and Insulin Target

Tissue: The Hidden Face of Iceberg. Front. Endocrinol. 2022, 13, 836344. [CrossRef]
15. Longo, E.A.; Tornheim, K.; Deeney, J.T.; Varnum, B.A.; Tillotson, D.; Prentki, M.; E Corkey, B. Oscillations in cytosolic free

Ca2+, oxygen consumption, and insulin secretion in glucose-stimulated rat pancreatic islets. J. Biol. Chem. 1991, 266, 9314–9319.
[CrossRef] [PubMed]

16. Jacobson, D.A.; Philipson, L.H. Action potentials and insulin secretion: New insights into the role of Kv channels. Diabetes Obes.
Metab. 2007, 9 (Suppl. S2), 89–98. [CrossRef] [PubMed]

17. Gál, E.; Dolenšek, J.; Stožer, A.; Czakó, L.; Ébert, A.; Venglovecz, V. Mechanisms of Post-Pancreatitis Diabetes Mellitus and Cystic
Fibrosis-Related Diabetes: A Review of Preclinical Studies. Front. Endocrinol. 2021, 12, 715043. [CrossRef]

18. Sokołowska, M.; Chobot, A.; Jarosz-Chobot, P. The honeymoon phase—What we know today about the factors that can modulate
the remission period in type 1 diabetes. Pediatr. Endocrinol. Diabetes Metab. 2016, 22, 66–70. [CrossRef]

19. Ellulu, M.S.; Patimah, I.; KhazáAi, H.; Rahmat, A.; Abed, Y. Obesity and inflammation: The linking mechanism and the
complications. Arch. Med. Sci. 2017, 13, 851–863. [CrossRef]

20. Horii, T.; Fujita, Y.; Ishibashi, C.; Fukui, K.; Eguchi, H.; Kozawa, J.; Shimomura, I. Islet inflammation is associated with pancreatic
fatty infiltration and hyperglycemia in type 2 diabetes. BMJ Open Diabetes Res. Care 2020, 8, e001508. [CrossRef]

21. Chen, Y.; Zhang, P.; Lv, S.; Su, X.; Du, Y.; Xu, C.; Jin, Z. Ectopic fat deposition and its related abnormalities of lipid metabolism
followed by nonalcoholic fatty pancreas. Endosc. Ultrasound 2022, 11, 407–413. [CrossRef]

22. Hunter, S.J.; Atkinson, A.B.; Ennis, C.N.; Sheridan, B.; Bell, P.M. Association Between Insulin Secretory Pulse Frequency and
Peripheral Insulin Action in NIDDM and Normal Subjects. Diabetes 1996, 45, 683–686. [CrossRef] [PubMed]

23. Peiris, A.N.; I Stagner, J.; Vogel, R.L.; Nakagawa, A.; Samols, E. Body fat distribution and peripheral insulin sensitivity in healthy
men: Role of insulin pulsatility. J. Clin. Endocrinol. Metab. 1992, 75, 290–294. [CrossRef] [PubMed]

24. Satin, L.S.; Butler, P.C.; Ha, J.; Sherman, A.S. Pulsatile insulin secretion, impaired glucose tolerance and type 2 diabetes. Mol. Asp.
Med. 2015, 42, 61–77. [CrossRef]

25. Meier, J.J.; Veldhuis, J.D.; Butler, P.C. Pulsatile Insulin Secretion Dictates Systemic Insulin Delivery by Regulating Hepatic Insulin
Extraction in Humans. Diabetes 2005, 54, 1649–1656. [CrossRef]

26. Thomas, D.D.; E Corkey, B.E.; Istfan, N.W.; Apovian, C.M. Hyperinsulinemia: An Early Indicator of Metabolic Dysfunction. J.
Endocr. Soc. 2019, 3, 1727–1747. [CrossRef] [PubMed]

27. Garvey, W.T.; Olefsky, J.M.; Marshall, S. Insulin receptor down-regulation is linked to an insulin-induced postreceptor defect in
the glucose transport system in rat adipocytes. J. Clin. Investig. 1985, 76, 22–30. [CrossRef] [PubMed]

28. Eliel, L.P.; Smith, W.O.; Chanes, R.; Hawrylko, J. Magnesium Metabolism in Hyperparathyroidism and Osteolytic Disease. Ann.
N. Y. Acad. Sci. 1969, 162, 810–830. [CrossRef]

29. Laedtke, T.; Pørksen, N.; Schmitz, O.; Kjems, L.; Veldhuis, J.; Kao, P.C.; Butler, P.C. Overnight inhibition of insulin secretion
restores pulsatility and proinsulin/insulin ratio in type 2 diabetes. Am. J. Physiol. Metab. 2000, 279, E520–E528. [CrossRef]

30. Clausen, J.; Hansen, T.; Rbaek, C.B.O.; Echwald, S.; Urhammer, S.; Rasmussen, S.; Andersen, C.; Hansen, L.; Almind, K.; Winther,
K.; et al. Insulin resistance: Interactions between obesity and a common variant of insulin receptor substrate-1. Lancet 1995, 346,
397–402. [CrossRef]

31. Le Fur, S.; Le Stunff, C.; Bougnères, P. Increased Insulin Resistance in Obese Children Who Have Both 972 IRS-1 and 1057 IRS-2
Polymorphisms. Diabetes 2002, 51 (Suppl. S3), S304–S307. [CrossRef]

32. Boden, G. Free fatty acids and insulin secretion in humans. Curr. Diabetes Rep. 2005, 5, 167–170. [CrossRef]
33. Paolisso, G.; Tataranni, P.A.; Foley, J.E.; Bogardus, C.; Howard, B.V.; Ravussin, E. A high concentration of fasting plasma

non-esterified fatty acids is a risk factor for the development of NIDDM. Diabetologia 1995, 38, 1213–1217. [CrossRef]
34. Schenk, S.; Horowitz, J.F. Acute exercise increases triglyceride synthesis in skeletal muscle and prevents fatty acid–induced

insulin resistance. J. Clin. Investig. 2007, 117, 1690–1698. [CrossRef] [PubMed]
35. Yuan, X.; Wang, J.; Yang, S.; Gao, M.; Cao, L.; Li, X.; Hong, D.; Tian, S.; Sun, C. Effect of Intermittent Fasting Diet on Glucose and

Lipid Metabolism and Insulin Resistance in Patients with Impaired Glucose and Lipid Metabolism: A Systematic Review and
Meta-Analysis. Int. J. Endocrinol. 2022, 2022, 6999907. [CrossRef] [PubMed]

36. Hoenig, M.R.; Sellke, F.W. Insulin resistance is associated with increased cholesterol synthesis, decreased cholesterol absorption
and enhanced lipid response to statin therapy. Atherosclerosis 2010, 211, 260–265. [CrossRef] [PubMed]

37. Howard, B.V. Insulin Resistance and Lipid Metabolism. Am. J. Cardiol. 1999, 84, 28J–32J. [CrossRef]
38. Pihlajamäki, J.; Gylling, H.; Miettinen, T.A.; Laakso, M. Insulin resistance is associated with increased cholesterol synthesis and

decreased cholesterol absorption in normoglycemic men. J. Lipid Res. 2004, 45, 507–512. [CrossRef] [PubMed]
39. Vergès, B. Lipid disorders in type 1 diabetes. Diabetes Metab. 2009, 35, 353–360. [CrossRef]

https://doi.org/10.1053/j.gastro.2020.10.034
https://doi.org/10.1016/j.cmet.2011.06.004
https://doi.org/10.1016/j.cmet.2011.05.008
https://www.ncbi.nlm.nih.gov/pubmed/21723503
https://doi.org/10.1016/0304-3940(87)90597-0
https://www.ncbi.nlm.nih.gov/pubmed/2439955
https://doi.org/10.3389/fendo.2022.836344
https://doi.org/10.1016/S0021-9258(18)31587-4
https://www.ncbi.nlm.nih.gov/pubmed/1902835
https://doi.org/10.1111/j.1463-1326.2007.00784.x
https://www.ncbi.nlm.nih.gov/pubmed/17919183
https://doi.org/10.3389/fendo.2021.715043
https://doi.org/10.18544/PEDM-22.02.0053
https://doi.org/10.5114/aoms.2016.58928
https://doi.org/10.1136/bmjdrc-2020-001508
https://doi.org/10.4103/eus-d-21-00167
https://doi.org/10.2337/diab.45.5.683
https://www.ncbi.nlm.nih.gov/pubmed/8621023
https://doi.org/10.1210/jcem.75.1.1619021
https://www.ncbi.nlm.nih.gov/pubmed/1619021
https://doi.org/10.1016/j.mam.2015.01.003
https://doi.org/10.2337/diabetes.54.6.1649
https://doi.org/10.1210/js.2019-00065
https://www.ncbi.nlm.nih.gov/pubmed/31528832
https://doi.org/10.1172/JCI111950
https://www.ncbi.nlm.nih.gov/pubmed/3894420
https://doi.org/10.1111/j.1749-6632.1969.tb13012.x
https://doi.org/10.1152/ajpendo.2000.279.3.E520
https://doi.org/10.1016/S0140-6736(95)92779-4
https://doi.org/10.2337/diabetes.51.2007.S304
https://doi.org/10.1007/s11892-005-0004-5
https://doi.org/10.1007/BF00422371
https://doi.org/10.1172/JCI30566
https://www.ncbi.nlm.nih.gov/pubmed/17510709
https://doi.org/10.1155/2022/6999907
https://www.ncbi.nlm.nih.gov/pubmed/35371260
https://doi.org/10.1016/j.atherosclerosis.2010.02.029
https://www.ncbi.nlm.nih.gov/pubmed/20356594
https://doi.org/10.1016/S0002-9149(99)00355-0
https://doi.org/10.1194/jlr.M300368-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/14657199
https://doi.org/10.1016/j.diabet.2009.04.004


Int. J. Mol. Sci. 2023, 24, 10927 11 of 11

40. Hsu, C.-C.; Chang, H.-Y.; Huang, M.; Hwang, S.; Yang, Y.; Chang, C.; Chang, C.-J.; Li, Y.; Shin, S. Association between Insulin
Resistance and Development of Microalbuminuria in Type 2 Diabetes: A prospective cohort study. Diabetes Care 2011, 34, 982–987.
[CrossRef]

41. Ormazabal, V.; Nair, S.; Elfeky, O.; Aguayo, C.; Salomon, C.; Zuñiga, F.A. Association between insulin resistance and the
development of cardiovascular disease. Cardiovasc. Diabetol. 2018, 17, 122. [CrossRef]

42. Athauda, D.; Foltynie, T. Insulin resistance and Parkinson’s disease: A new target for disease modification? Prog. Neurobiol. 2016,
145–146, 98–120. [CrossRef]

43. Lupi, R.; Bugliani, M.; Del Guerrera, S.; Del Prato, S.; Marchetti, P.; Boggi, U.; Filipponi, F.; Mosca, F. Transcription factors of
beta-cell differentiation and maturation in isolated human islets: Effects of high glucose, high free fatty acids and type 2 diabetes.
Nutr. Metab. Cardiovasc. Dis. 2006, 16, e7–e8. [CrossRef] [PubMed]

44. Patanè, G.; Piro, S.; Rabuazzo, A.M.; Anello, M.; Vigneri, R.; Purrello, F. Metformin restores insulin secretion altered by chronic
exposure to free fatty acids or high glucose: A direct metformin effect on pancreatic beta-cells. Diabetes 2000, 49, 735–740.
[CrossRef] [PubMed]

45. Matveyenko, A.V.; Liuwantara, D.; Gurlo, T.; Kirakossian, D.; Man, C.D.; Cobelli, C.; White, M.F.; Copps, K.D.; Volpi, E.; Fujita,
S.; et al. Pulsatile Portal Vein Insulin Delivery Enhances Hepatic Insulin Action and Signaling. Diabetes 2012, 61, 2269–2279.
[CrossRef] [PubMed]

46. Greenway, F.; Loveridge, B.; Grimes, R.M.; Tucker, T.R.; Alexander, M.; Hepford, S.A.; Fontenot, J.; Nobles-James, C.; Wilson, C.;
Starr, A.M.; et al. Physiologic Insulin Resensitization as a Treatment Modality for Insulin Resistance Pathophysiology. Int. J. Mol.
Sci. 2022, 23, 1884. [CrossRef]

47. Najjar, S.M.; Perdomo, G. Hepatic Insulin Clearance: Mechanism and Physiology. Physiology 2019, 34, 198–215. [CrossRef]
48. Kitabchi, A.E.; Wall, B.M. Diabetic ketoacidosis. Med Clin. N. Am. 1995, 79, 9–37. [CrossRef]
49. Kaufman, B.A.; Li, C.; Soleimanpour, S.A. Mitochondrial regulation of β-cell function: Maintaining the momentum for insulin

release. Mol. Asp. Med. 2015, 42, 91–104. [CrossRef]
50. Qu, D.; Liu, J.; Lau, C.W.; Huang, Y. IL-6 in diabetes and cardiovascular complications. Br. J. Pharmacol. 2014, 171, 3595–3603.

[CrossRef]
51. Kwak, S.H.; Park, K.S.; Lee, K.; Lee, H.K. Mitochondrial metabolism and diabetes. J. Diabetes Investig. 2010, 1, 161–169. [CrossRef]
52. Fauci, A.S.; Kaspar, D.L.; Braunwald, E.; Hauser, S.L.; Longo, D.L.; Jameson, J.L.; Loscalzo, J. Harrison’s Principles of Internal

Medicine, 17th ed. Available online: http://www.accessmedicine.com (accessed on 6 May 2023).
53. Lunt, S.Y.; Vander Heiden, M.G. Aerobic Glycolysis: Meeting the Metabolic Requirements of Cell Proliferation. Annu. Rev. Cell

Dev. Biol. 2011, 27, 441–464. [CrossRef] [PubMed]
54. Hernandez, J.M.; Fedele, M.J.; Farrell, P.A. Time course evaluation of protein synthesis and glucose uptake after acute resistance

exercise in rats. J. Appl. Physiol. 2000, 88, 1142–1149. [CrossRef] [PubMed]
55. Izumi, S.; Otsuru, S.; Adachi, N.; Akabudike, N.; Enomoto-Iwamoto, M. Control of glucose metabolism is important in tenogenic

differentiation of progenitors derived from human injured tendons. PloS ONE 2019, 14, e0213912. [CrossRef]
56. Li, R.; Kato, H.; Taguchi, Y.; Umeda, M. Intracellular glucose starvation affects gingival homeostasis and autophagy. Sci. Rep.

2022, 12, 1230. [CrossRef] [PubMed]
57. Spampinato, S.F.; Caruso, G.I.; De Pasquale, R.; Sortino, M.A.; Merlo, S. The Treatment of Impaired Wound Healing in Diabetes:

Looking among Old Drugs. Pharmaceuticals 2020, 13, 60. [CrossRef]
58. Semenza, G.L.; Yang, Y.; Fu, Q.; Wang, X.; Liu, Y.; Zeng, Q.; Li, Y.; Gao, S.; Bao, L.; Liu, S.; et al. HIF-1: Mediator of physiological

and pathophysiological responses to hypoxia. J. Appl. Physiol. 2000, 88, 1474–1480. [CrossRef] [PubMed]
59. Gunton, J.E. Hypoxia-inducible factors and diabetes. J. Clin. Investig. 2020, 130, 5063–5073. [CrossRef]
60. Han, J.W.; Sin, M.Y.; Yoon, Y.-S. Cell Therapy for Diabetic Neuropathy Using Adult Stem or Progenitor Cells. Diabetes Metab. J.

2013, 37, 91–105. [CrossRef]
61. Schratzberger, P.; Walter, D.H.; Rittig, K.; Bahlmann, F.H.; Pola, R.; Curry, C.; Silver, M.; Krainin, J.G.; Weinberg, D.H.; Ropper,

A.H.; et al. Reversal of experimental diabetic neuropathy by VEGF gene transfer. J. Clin. Investig. 2001, 107, 1083–1092. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2337/dc10-1718
https://doi.org/10.1186/s12933-018-0762-4
https://doi.org/10.1016/j.pneurobio.2016.10.001
https://doi.org/10.1016/j.numecd.2005.07.012
https://www.ncbi.nlm.nih.gov/pubmed/16935697
https://doi.org/10.2337/diabetes.49.5.735
https://www.ncbi.nlm.nih.gov/pubmed/10905481
https://doi.org/10.2337/db11-1462
https://www.ncbi.nlm.nih.gov/pubmed/22688333
https://doi.org/10.3390/ijms23031884
https://doi.org/10.1152/physiol.00048.2018
https://doi.org/10.1016/S0025-7125(16)30082-7
https://doi.org/10.1016/j.mam.2015.01.004
https://doi.org/10.1111/bph.12713
https://doi.org/10.1111/j.2040-1124.2010.00047.x
http://www.accessmedicine.com
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://www.ncbi.nlm.nih.gov/pubmed/21985671
https://doi.org/10.1152/jappl.2000.88.3.1142
https://www.ncbi.nlm.nih.gov/pubmed/10710414
https://doi.org/10.1371/journal.pone.0213912
https://doi.org/10.1038/s41598-022-05398-2
https://www.ncbi.nlm.nih.gov/pubmed/35075260
https://doi.org/10.3390/ph13040060
https://doi.org/10.1152/jappl.2000.88.4.1474
https://www.ncbi.nlm.nih.gov/pubmed/10749844
https://doi.org/10.1172/JCI137556
https://doi.org/10.4093/dmj.2013.37.2.91
https://doi.org/10.1172/JCI12188

	Introduction 
	Pancreatic Neuronal Network 
	Pancreatic Inflammation 
	Impaired Physiologic Pattern of Insulin 
	Impacts of Hyperinsulinemia 
	Inadequate Receptor Function 
	Physiologic Insulin Administration 
	Insulin Receptor Upregulation 
	Cellular Glucose Uptake and Adenosine Triphosphate Production 
	Cellular Restoration 
	Discussion 
	Conclusions 
	References

