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Abstract: Curl rent hypotheses of insulin resistance mostly emphasize cellular mechanisms in peripheral tissues. Although
received broad recognition, these opinions may have overlooked the interaction between pancreatic endocrine cells and the
peripheral tissues in the process of establishment and maintenance of insulin resistance in the whole body. It has been
suggested that basal hyperinsulinemia is the root cause of insulin resistance. Basal insulin release does not share the same
intracellular mechanism of high glucose stimulated insulin release; instead, it is regulated by local Ca2+ fluctuation and
activation of the cAMP-Epac2/Rap1 signaling pathway. Basal insulin release is controlled by the interaction between
pancreatic head β-cells and pancreatic tail α-cells, which release insulin and glucagon, respectively. In diabetes, an elevated
basal insulin level would mitigate the sensitivity of peripheral tissues to insulin; the decreased insulin sensitivity and elevated
plasma glucose concentration could further stimulate more basal insulin release partially by increasing T-type Ca2+ channel
expression and activity in β-cells. This interaction forms a positive feedback loop. Therefore, T-type Ca2+ channel antagonists
can potentially be employed to break this positive feedback loop, thus reversing insulin resistance.
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1. Introduction
One decade ago, it was estimated that the prevalence of
diabetes patients would increase from 171 million to 366
million by 2030 globally [1]. In fact, the number of
diagnosed diabetic patients was over 422 million in 2014 [2].
Although advanced biomedical sciences brought a bright
future to medicine in general, the diabetes epidemic
dramatically increased worldwide. More importantly, drugs
that were developed for treating diabetes could only slow
down the progression of the disease, rather than reverse it. It
would be worthwhile to review the mechanism of insulin
resistance in diabetes and to identify potential new targets for
fighting the disease.
Unlike cancer, most animals on the earth do not have
diabetes. In humans, diabetes had been a historically rare
disease, due to the lack of sufficient food supplies, and the
short of lifespan. In 1900, the average life expectancy of a

human was 31, globally. However, in 2015, the average
lifespan for a human being has increased to 70.5 years [3].
The change of average life expectancy was not only because
of advanced health care, but sufficient intake of nutrients
from daily diet. It is Human genes that aim to adapt the
hunger status evolved from hundred thousand years ago, to
let us store all nutrients acquired. For example, the kidney
reabsorbs 100% glucose from filtrate. These “hunger” genes
are now facing an unprecedented challenge of excessive
intake of nutrients which cannot be disposed appropriately.
Thus, the pathogenesis of type 2 diabetes is directly
associated with excessive intake of nutrients which causes
unbalanced glucose homeostasis.

2. Insulin Resistance
In the human body, combustion of biofuels such as
glucose, fat, and amino acids requires insulin. Elevation of
blood glucose levels signals pancreatic β-cells to secrete
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Figure 1. The influences of drug, insulin, life style changes on HbA1c levels
during a long-term cohort study (reconstructed from UK Prospective
Diabetes Study (UKPDS) Group, Lancet 1998:352:837-853).

The concept of insulin resistance includes decrease in
insulin sensitivity, responsiveness, or both [8]. Decrease in
insulin sensitivity can be observed in both diabetic and nondiabetic subjects, in nondiabetic subjects who have insulin
insensitivity, the equivalent glucose uptake can be achieved
by increasing the circulating insulin concentration, as seen in
those who are hyperinsulinemic but normoglycemic. In
contrast, the decrease in insulin responsiveness is observed

only in hyperglycemic subjects, whose maximal glucose
uptake is significantly reduced regardless of high insulin
level.
Insulin sensitivity is a function of insulin concentration.
Muscle and fat tissue have developed an impediment
mechanism (insensitivity) for insulin’s function so that they
would not drain out glucose from blood when insulin
concentration is high. Data from clinical analysis indicate
that sensitivity of insulin receptor is reversely proportionate
to plasma insulin concentration. The relationship between
insulin production and insulin sensitivity can be
approximately simulated by a hyperbolic function as shown
in Figure 2 [9]. Under the condition of chronic elevated basal
insulin level (such as in prediabetic and diabetic individuals),
the cellular mechanism of insulin insensitivity becomes
exaggerated, thus leading to insulin resistance.

Plasma Insulin

insulin, which travel to the insulin receptors on muscle, liver
and adipose tissue to turn on glucose metabolic processes.
Insulin works as a key to open the doors of muscle and fat
cells allowing uptake of glucose. Under fasting condition,
blood insulin remains at a low level to restrict the use of
glucose by muscle and fat cells so that the brain gets priority
in using the available glucose supply. For prediabetic
subjects and early phase type 2 diabetic patients, however,
the response by muscle and fat cells to insulin decreases and
the insulin levels are compensatively elevated. This
phenomenon is known as peripheral tissue insulin resistance,
which is also associated with cardiovascular disease and
metabolic disorders, including hypertension, hyperlipidemia,
atherosclerosis and polycystic ovarian syndrome [4].
In addition to insulin resistance, obesity is another risk
factor of type 2 diabetes and it correlates with insulin
resistance [5, 6]. Although obesity is associated with insulin
resistance, most obese people with insulin resistance do not
develop hyperglycemia. This is due to an extra secretion of
insulin that compensates the effect of insulin resistance. Up
to date, no drug can effectively reverse or halt the progress of
insulin resistance. The United Kingdom Prospective Diabetes
Study (UKPDS) suggested that after ten years follow-up on
five thousand pre-diabetic patients, the progress of elevating
the hemoglobin A1c (HbA1c) cannot be stopped regardless
applying many types of drug treatments, including
sulfonylureas, metformin, and intensive insulin therapy [7].
As shown in Figure 1, the disease progression curves of drug
treatment and dietary control plus exercises are parallel ones,
suggesting that the drugs or direct insulin injection delayed
the onset but failed to alter the rate of progression of
diabetes.
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Figure 2. Relationship between peripheral insulin sensitivity and β-cell
insulin production.

The cellular mechanism of insulin insensitivity includes a
decreased number of insulin receptor on cell surfaces [10]
and reduced translocation of glucose transporter IV (Glut 4)
to the plasma membrane [11]. This type of insulin resistance
is also observed in obese nondiabetic subjects, which can be
explained by the hyperbolic relationship curve in Figure 2. In
the case of type 2 diabetes, following the reduction of insulin
release, blood glucose is elevated. A second component of
insulin resistance (reduction of insulin responsiveness) is
introduced by hyperglycemia [12]. The mechanism of insulin
irresponsiveness might include receptor kinase function and
kinetic change in glucose disposal [13]. This component
combined with a defect of insulin release pulls the hyperbolic
curve in the figure 2 downward to the origin [14].
The hyperbolic relationship between insulin production
and sensitivity indicates that boosting insulin secretion is
useful for lowering the plasma glucose but it does not benefit
on recovering insulin sensitivity. It also suggests that
maintaining chronic basal hyperinsulinemia would facilitate a
progression of insulin resistance, as seen in nondiabetic
insulin resistant subjects. Whether or not chronic
hyperinsulinemia would facilitate insulin non-responsiveness
is not known, but the fact that 2-6% of insulin resistant
subjects progress to type 2 diabetes every year [15] suggests
there may be a connection between the two.
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3. Current Theories of Insulin Resistance
and Their Challenges
Two common hypotheses (fat overload and inflammation)
anchor initiation of insulin resistance to the accumulation of
adipose tissue. The first one considers the lipid metabolism.
Rising level of intracellular fatty acid metabolites, such as
diacylglycerol (DAG) and fatty acyl-CoAs activates PKC-θ
and increases Ser312 phosphorylation of IRS-1, this slows
down Tyr612 and other sites of tyrosine phosphorylation,
thus decreasing Phosphatidylinositol-4,5-bisphosphate 3kinase (PI3K) activity and inhibiting insulin signaling [16].
The other hypothesis proposes enlarged fat cells attract
macrophages and excrete inflammatory cytokines (i.e.
interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) and
interleukin-6 (IL-6), etc.) that work at muscle cells. These
inflammatory cytokines inhibit IRS-1 by activate c-Jun Nterminal kinase (JNK), via similar serine-tyrosine
phosphorylation interactive mechanism [17]. Both
hypotheses try to establish a causal relationship between
obesity/lipid overload and insulin resistance. Nevertheless,
neither of them could explain neatly why a third of obese
people are free of insulin resistance [18], and why 30-80%
type 2 diabetic patients in different cultures are not obese
[19].
Furthermore, these hypotheses could not account a rapid
remission of type 2 diabetes seen from bariatric surgeries, in
which remission starts a few days to weeks after the
operation, long before any significant weight loss [20]. If the
pathogenesis were derived from fatty acids or cytokines
accumulation due to obesity, it would be expected to see a
positive relationship between the weight lost and the
remission from type 2 diabetes. The onset of remission is
shorter than it takes for significant weight lost from surgery.
Therefore, the adipose hypotheses might only partially
explain the cause of insulin resistance. Alternatively, it could
be postulated that a hormone-like factor plays a key role in
inducing insulin resistance. The function of the factor is
enhanced by chronic food over consumption and is disrupted
by bariatric surgeries [21]. The merit of introducing
hormone-like factor for the pathogenesis of diabetes is that it
is easier to explain the instant effects of bariatric surgery, as
well as the discordance between body weight and severity of
diabetes. However, no evidence of such a factor yet exists.
3.1. Basal Hyperinsulinemia Caused Insulin Resistance
The effect of bariatric surgeries on type 2 diabetes mellitus
remission strongly suggests a whole body regulating
mechanism is involved in insulin function and production.
What factors would affect both peripheral insulin sensitivity
and insulin production from pancreatic β-cells? It could be
any of the circulating hormonal or non-hormonal insulin
antagonists or a combination of them. Based upon the
hyperbolic inhibitory curve between insulin sensitivity and
insulin production, it is likely that insulin itself is such an
antagonist. Barbara Corkey has proposed that: “basal

hyperinsulinemia is the root cause of insulin resistance,
obesity, and diabetes” [22]. Obese subjects with high basal
insulin level would have reduced insulin sensitivity and end
up with insulin resistance. Similarly, diabetic patients who
have a defect in glucose stimulated insulin secretion and
basal hyperinsulinemia would also have insulin resistance.
The basal hyperinsulinemia hypothesis is also supported by
the fact that an increased insulin secretion occurs before
insulin resistance [23, 24]. More importantly, the concept of
interactions between peripheral tissues and β-cells has been
introduced by this hypothesis to better describe the
mechanism behind insulin resistance.
Following the hypothesis that basal hyperinsulinemia leads
to insulin resistance, we next face questions: What is the
cause of basal hyperinsulinemia? How is basal
hyperinsulinemia regulated? How to reduce basal insulin
secretion?
It has been suggested that environmental and genetic
factors may cause basal hyperinsulinemia, via changing
oxidization-reduction processes in β-cells and others [25,
14]. For example obese and diabetic patients have higher
lactate versus pyruvate (L/P) and β-hydroxybutyrate versus
acetoacetate (β/A) ratio [25, 26] as well as increased
production of free radicals, all can cause extra secretion of
insulin [22]. However, it is unclear which specific
environmental or genetic factors induce the defective
oxidation-reduction processes and how these factors relate to
over nutritional status in diabetes.
The operation of basal insulin secretion is largely
unknown. It may be useful to look at the process of glucose
stimulus-secretion, which may provide hints for
understanding the mechanism of basal insulin secretion. As
shown in Figure 3, glucose enters into β-cell via glucose
transport II (Glut2), and then gets oxidized in mitochondria
to produce ATP. An increased ATP/ADP ratio forces closing
of ATP sensitive potassium channels, led to depolarize cell
membrane. Subsequently, voltage-dependent L-type of
calcium channels on cell membrane would open to raise
intracellular calcium ion concentration. Calcium ions then
trigger a fusion of insulin granules and plasma membrane
and insulin secretion ensues [27]. Statistically, over ten
thousand of insulin granules have been found in a β-cell with
an average 200 nanometers of granule diameters. This means
that the β-cell is fully packed by granules like a pomegranate.
Only 700 to 1000 granules are attached to cell membrane and
are referred to as in the docked pool. Inside the docked
granules, merely 50 to 100 granules are following into the
priming status [28, 20]. Upon reaching a high level of
glucose stimulus (postprandial), primed granule releases its
insulin content in a rate of one granule per every five or six
seconds. This process is the mechanism of the first phase of
insulin secretion, which lasts about 10 to 15 minutes. After
that, a slower second phase of insulin secretion starts and
lasts for 120 minutes. Type 2 diabetes mellitus is
characterized by a disappearance of the first phase but not the
second phase [29, 30].
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Figure 3. Regulation pathways of Insulin secretion in a pancreatic β-cell.

Since basal insulin secretion is independent of glucose
stimulus, its secretion would rely on a pathway other than
glucose triggered L-type calcium channel dependent insulin
secretion pathway. Nevertheless, priming granules require
calcium flux for releasing insulin. So, the question becomes
what are the sources of calcium ions? It could come from
intracellular high calcium reservoirs, such as the endoplasmic
reticulum, endosome [31], voltage-independent calcium
channels on the plasma membrane, or other non-selective
channels. Since basal insulin secretion is a slow process that
in theory requires only a slight local elevation of calcium ion
concentration, all of these pathways could be used as calcium
sources. Nevertheless, one pathway in particular, the T-type
calcium channel would be an attractive candidate as an
explanation for facilitating basal insulin release and is
discussed below.
3.2. Function of T-type Calcium Channels
Typically, in physiology, voltage-dependent channels can
be categorized as L, N, T, P/Q, R/E etc. Only the T type is a
low-voltage gated channel. Without glucose stimulus, the Ttype of calcium channel on β-cells could be opened partially
[32]. Functions of T-type calcium channel mediated hormone
and neurotransmitter release under non-stimulus conditions
have been intensely studied [33-36]. Calcium influx through
T-type calcium channels would contribute to elevating basal
calcium concentration and increasing the frequency of
random calcium spikes [37], as well as increasing the rate of
spontaneous membrane depolarization, which may
transiently trigger L-type calcium activity [38], thus elevating
restricted area calcium concentration. Therefore, expression
and activation of T-type of calcium channel can facilitate

basal insulin secretion.
The function of T-type calcium channels in β-cells can be
regulated under the peripheral insulin resistant conditions. It
has been shown that expression of T-type calcium channels
in β-cells is increased by interferon-γ, interleukin 1-β and
tumor necrosis factor-α [39]. Additionally, chronic elevation
of glucose also increases T-type calcium channel expression
in β-cells [37]. These results indicate that up-regulation of Ttype calcium channel may be associated with a progression
of insulin resistance in the peripheral tissues via chronic
basal hyperinsulinemia. This completes a positive feedback
loop between peripheral tissue and pancreatic β-cells in
insulin resistance.
Furthermore, elevation of basal calcium concentration
mediated by T-type calcium channels will effectively result
in β-cell L-type calcium channels internalization and make
them abstain during glucose stimulated membrane
depolarization [40]. This could partially explain the defect of
glucose stimulated insulin release in type 2 diabetes mellitus.
Since hyperglycemia is a causative component of insulin
irresponsibleness, T-type calcium channels may therefore be
involved in the interaction between β-cell function and
peripheral insulin resistance.
3.3. cAMP Pathway Involves in Basal Insulin Secretion
Free fatty acid (FFA) is another factor that causes insulin
resistance. Studies have shown that basal insulin secretion
could be increased by FFAs [41-43]. In addition, by binding
onto their receptors on the β-cell membrane, FFAs acting on
L cells in the small intestine trigger a release of glucagon-like
peptide-1 (GLP-1). As shown in Figure 3, when GLP-1 binds
to the receptors on the β-cell membrane, it activates adenylyl
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cyclase [44] and generates cAMP [45, 46]. cAMP will then
regulate exchange protein activated by cAMP-2
(Epac2/Rap1) to increase the release of intracellular calcium
[47]. Epac2 will further facilitate trafficking of the granules
from reserved pool to pre-docked pool [48]. In addition
cAMP/Epac2 activated insulin granules may translocate to
the cell membrane and release insulin immediately [49, 50].
This is called “restless newcomer” mechanism, which
bypasses the priming stage and may play a significant role in
basal insulin secretion.
The Epac2/Rap1 signaling pathway can also up-regulate
expression and synthesis of T-type calcium channels [51].
Therefore, FFAs, inflammatory cytokines and chronic
hyperglycemia all exhibit positive effects on the increased
expression of T-type calcium channels. As shown in Figure
4, peripheral insulin resistance can trigger the upregulation of
T-type calcium channel on β-cell, resulting in raised basal
insulin secretion, which in turn acts on peripheral tissues and
causes insulin resistance. This positive feedback loop could
be developed for progressing into type 2 diabetes mellitus.
If the T-type calcium channel triggered signal pathways
are involved in the interaction between insulin resistance and
basal insulin secretion; could this positive feedback loop be
disrupted by blocking the activity of T-type calcium
channels? Indeed, applying T-type calcium channel siRNA,
or channel blockers (e.g. mibefradil, NNC 55-0396) to rat
islet cells or diabetic mice can reduce the basal insulin level
as well as hyperglycemia in these preparations [37, 52].

Peripheral Insulin Resistance

Basal Insulin Release
TCC Blocker

Proinflammatory
Cytokines
Free Fatty Acids
Glucose

Basal Hyperinsulinemia

Figure 4. Schematic drawing of positive feedback loop of basal
hyperinsulinemia induced insulin resistance.

4. Conclusions
Both components of insulin resistance, insulin insensitivity
and insulin irresponsiveness, require an interaction between
pancreatic β-cells and peripheral target tissues of insulin. The
operation of hyperbolic function between insulin concentration
and insulin sensitivity in obese nondiabetic subjects implies the
dependency of insulin sensitivity on the insulin production.
Basal hyperinsulinemia and uncompensated insulin production
to glucose stimulation in combination could be the culprit of
insulin resistance in type 2 diabetes mellitus. Interventions that
break down the positive feedback loop between islet
malfunction and defective peripheral tissues of insulin
insensitiveness may ameliorate or even reverse insulin resistance.
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