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Mechanism of insulin resistance in obesity: a role of ATP

Jianping Ye (DX
Shanghai Diabetes Institute, Shanghai Jiao Tong University Affiliated Sixth Peoples Hospital, Shanghai 200233, China

© The Author(s) 2021. This article is published with open access at link.springer.com and journal.hep.com.cn

Abstract Obesity increases the risk of type 2 diabetes through the induction of insulin resistance. The mechanism
of insulin resistance has been extensively investigated for more than 60 years, but the essential pathogenic signal
remains missing. Existing hypotheses include inflammation, mitochondrial dysfunction, hyperinsulinemia,
hyperglucagonemia, glucotoxicity, and lipotoxicity. Drug discoveries based on these hypotheses are unsuccessful in
the development of new medicines. In this review, multidisciplinary literature is integrated to evaluate ATP as a
primary signal for insulin resistance. The ATP production is elevated in insulin-sensitive cells under obese
conditions independent of energy demand, which we have named “mitochondrial overheating.” Overheating
occurs because of substrate oversupply to mitochondria, leading to extra ATP production. The ATP
overproduction contributes to the systemic insulin resistance through several mechanisms, such as inhibition of
AMPK, induction of mTOR, hyperinsulinemia, hyperglucagonemia, and mitochondrial dysfunction. Insulin
resistance represents a feedback regulation of energy oversupply in cells to control mitochondrial overloading by
substrates. Insulin resistance cuts down the substrate uptake to attenuate mitochondrial overloading. The
downregulation of the mitochondrial overloading by medicines, bypass surgeries, calorie restriction, and physical
exercise leads to insulin sensitization in patients. Therefore, ATP may represent the primary signal of insulin
resistance in the cellular protective response to the substrate oversupply. The prevention of ATP overproduction

represents a key strategy for insulin sensitization.
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Introduction

Insulin is a hormone with a physiologic role in energy
storage, which includes activities in the induction of
glucose uptake, glycogen, and lipid synthesis in peripheral
tissues. The effect and inhibition of gluconeogenesis in
liver are responsible for the reduction in blood glucose by
insulin. Insulin stimulates glucose conversion into other
forms of energy, such as fatty acids, amino acids, and
cholesterols, in addition to glycogen through anabolism for
energy storage. Additionally, insulin induces synthesis and
inhibits the breakdown of energy-containing molecules
(e.g., glycogen, triglycerides, and proteins) to attenuate
energy mobilization in favor of energy storage. The
inhibition contributes to the suppression of the gluconeo-
genesis process through the minimal production of
glucogenic substrates, such as lactate, glycerol, and
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amino acids. According to this line of insulin activities,
cells are sensitive to insulin in energy-deficient conditions
to enhance energy storage and insensitive to insulin in
energy-surplus conditions to prevent burden. On this basis,
the insulin sensitivity is an “index of energy demand” that
is positively associated with energy requirement in cells. A
high demand promotes insulin sensitivity, whereas a low
demand decreases insulin sensitivity. The demand is
determined by the balance of supply and consumption of
energy substrates. The energy consumption rate includes
the energy expenditure rate in catabolism and energy
storage rate in anabolism, thereby controlling the cellular
energy demand. The systemic insulin sensitivity is an
index of energy demand in the whole body.

Insulin resistance is a condition of the persistent loss of
insulin sensitivity, whose molecular mechanism is the
impairment of the insulin signaling pathway downstream
of the insulin receptor. Insulin resistance, which is
characterized by hyperinsulinemia together with hypergly-
cemia, occurs frequently in subjects with obesity and
aging. In laboratory tests, insulin resistance is diagnosed
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by several parameters, including impaired insulin toler-
ance, decreased glucose infusion rate, increased hepatic
glucose production, hyperinsulinemia with hyperglycemia,
and loss of the first-phase secretion of insulin. In
pathophysiology, insulin resistance is closely associated
with the following factors [1]: (1) genetic background,
(2) aging, (3) hyperlipidemia, (4) fatty liver, (5) pregnancy,
(6) polycystic ovary syndrome [2], (7) lipodystrophy,
(8) stress, (9) chronic inflammation, and (10) mitochon-
drial dysfunction. Many of these factors are directly
associated with weight gain or obesity from energy
overintake or inadequate energy expenditure. In the
aging condition, a reduction in energy demand is a major
factor for energy surplus. Therefore, insulin resistance is a
status of energy surplus.

The energy surplus may induce insulin resistance
through the activation of many signaling pathways. In
current concepts, the signaling molecules of insulin
resistance include serine kinases (such as JNK, IKK,
PKC, and Akt/mTOR/S6K), reactive oxygen species
(ROS), diglycerides (DAGs), and ceramide [3,4]. These
factors trigger insulin resistance by the inhibition of
signaling molecules downstream of the insulin receptor
[1,3]. However, strategies on targeting these molecules
have not been successful in drug development in the field
of diabetic medicines [3,5]. Here, we would like to take an
alternative approach to address the signals of energy
surplus with a focus on the signaling activities of
metabolites of energy substrates, such as ATP [1],
NADH [6], and acetyl-CoA [3]. These metabolites are
indicators of energy status in insulin-sensitive cells. Their
elevation leads to insulin resistance in a feedback manner
to protect cells from mitochondrial overloading by glucose
and fatty acids to restrict the elevation of metabolites. This
“energy-centered view” of insulin resistance is supported
by the basic principle of biochemistry, laboratory studies,
and clinical outcomes of various therapeutics. The view is
explained below to provide a unifying molecular mechan-
ism for insulin resistance in obesity and aging.

ATP as a signal of energy surplus for
insulin resistance

Intracellular ATP is the primary energy currency in cells,
and its elevation is a risk factor of insulin resistance [7].
This concept has a history of around 60 years [8], but its
importance has not been well appreciated due to difficulties
in the real-time quantification of ATP in tissues. In the past
few years, the ATP elevation has been observed in the
study of energy surplus signals in human and mouse by
using the luciferase-based ATP assay technology. In a
human study about the effect of acute overfeeding on
insulin sensitivity, the elevation is observed in the liver [9].
In mice with diet-induced obesity (DIO), elevation is

observed in fat [10], liver [11,12], and intestine [13,14].
Elevation induces ATP/ADP and ATP/AMP ratios, which
provide a perfect mechanism for the reduced AMPK
activity in the liver/muscle of obese rodents and patients
[1,15]. The AMPK activity is decreased in the conditions
of insulin resistance with reduction in the AMPK
phosphorylation status (T172) and AMPK proteins [16—
18]. The protein reduction is investigated in the cellular
models of glucose stimulation, and the mechanism is
ubiquitin-mediated protein degradation after glucose-
induced ROS [18]. Mitochondrial overloading by the
energy substrates, such as glucose, fatty acid, and amino
acid, is a primary cause of insulin resistance in the skeletal
muscle through mitochondrial dysfunction, mitochondrial
inflexibility, and activation of the mTOR/S6K pathway
[3,19,20]. The effect of fatty acid overloading is well
documented for the insulin resistance of skeletal muscle
through metabolic inflexibility [21]. Here, ATP is
considered one of the signals derived from the substrate
overloading for metabolic inflexibility. Other signals
include ROS, DAG/PKCs, ceramides/JNKs, mTOR/S6K,
and ER stress [3,4]. However, the role of ATP remains to
be tested in the overloading model. The study is hampered
by the lack of ATP-sensing technology in the past. New
ATP-responsive fluorescent probes have been reported
recently [22,23], thereby making such a study feasible
in vitro and in vivo. The reduction in ATP production is
observed in cells under nutrition-deficient conditions in the
cell culture by using one of the probes (ATP—Red 1) [23].
The translation of the technology into the in vivo study will
facilitate the ATP study in terms of insulin resistance.
The ATP concept is supported by the basic principle of
biochemistry. In the classical concept of physiology, the
ATP production is driven by energy demand in the cells of
the skeletal muscle or cardiomyocytes [24,25]. In the
absence of demand, the ATP production is maintained at a
low level, and anabolism is dominant for energy storage by
the synthesis of glycogen, triglycerides, and proteins.
When the energy storage reaches the limitation in cells
under obese conditions, anabolism is subject to a negative
feedback by the final products according to the principle of
biochemistry. However, the identity of the final product
remains unclear. In response to the substrate overloading,
catabolism 1is activated to reduce the loading pressure
through the activation of the mitochondrial function, which
occurs in the model of high-fat diet feeding with elevated
oxygen consumption in animals [26,27]. A high-fat diet
promotes mitochondrial catabolism even at the isocaloric
condition in the absence of overeating [27]. The metabolic
enzymes of mitochondria are activated by intermediate
metabolites, leading to the overproduction of ATP in the
absence of energy demand in cells. We have called this
process “mitochondrial overheating” to explain the
disassociation of energy demand and production in
cells in obese conditions [14]. The view extends the
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demand-driven ATP production in the classical concept of
physiology [24].

In addition to ATP production, mitochondria may
release energy through thermogenesis. Heat production is
increased together with ATP production in the mitochon-
dria due to the nature of mitochondrial respiration at about
50% coupling efficiency [28]. Heat may lead to tempera-
ture elevation inside the mitochondria. The substrate
loading increases ATP and heat production in the
mitochondria, which is demonstrated in cell cultures with
fluorescent ATP probes [22,23] and in HFD feeding
models [26,27]. In cell culture studies, fluorescent ATP
probes are tested in monitoring intracellular ATP levels. A
high level of glucose in the culture medium is coupled with
increased ATP production by mitochondria and elevation
of intracellular ATP in studies. A low concentration of
glucose is coupled with minimal ATP production by the
mitochondria in cellular studies, which suggests the
positive relationship of substrate supply and ATP produc-
tion in the mitochondria. Heat may serve as another signal
in the feedback regulation. A high temperature is
associated with a high level of catabolism and energy
demand in the human body under fever [29]. Given that
ATP and heat production is coupled together in the
mitochondria [28], the temperature elevation may promote
increased production of ATP and heat by increasing
enzyme activities. Substrate overloading is the basis of
ATP overproduction in obese conditions and precedes
insulin resistance through several signaling pathways as
discussed below.

The ATP concept is supported by substantial evidence in
basic and clinical studies. Some evidence is as follows:
(1) enhanced mitochondrial function in B-oxidation leads
to insulin resistance in the lipid infusion model [30,31],
and the inhibition of B-oxidation with pharmacological
inhibitors (etomoxir or oxfenicine) prevents the lipid-
induced insulin resistance in rodents [32,33]; (2) the
induction of mitochondrial function is associated with the
insulin resistance of transgenic mice fed on a high-fat diet
[32,33]. The luciferase-based ATP assay technology has
shown that the ATP elevation is observed in fat [10], liver
[11,12], and intestine [13,14] in obese mice with insulin
resistance. In the human study, the elevation is observed in
the liver along with insulin resistance in a study of acute
overfeeding [9]. Elevation in the ATP/ADP and ATP/AMP
ratios provides a perfect mechanism for the fallen AMPK
activity in obese rodents and patients [1,16—-18]. In
addition, the ATP concept is supported by the broad
indirect evidence in clinical and laboratory studies. The
control of mitochondrial overloading leads to insulin
sensitization in the following conditions: (1) weight loss
through calorie restriction [10], bypass surgeries [34],
SGLT2 inhibitors [35], and GLP-1 analogs [35];
(2) reduction in ATP production by targeting the respira-
tion chain of mitochondria with medicines, including

metformin [36], berberine [37,38], mitochondrial uncou-
plers [39—41], and gene mutation [32,33]; and (3) depletion
of ATP by physical exercise. The literature strongly
supports the ATP concept although some studies suggest
that ATP is not elevated by the substrate oversupply [18].
However, the proof of concept needs a real-time test of
intracellular or intramitochondrial ATP levels in vivo. New
ATP fluorescent probes [22,23] make it possible to test the
ATP levels in these models. The ATP-Red 1 probe has
been used to quantify the ATP level in mitochondria in
living cells [23]. Therefore, the control of ATP balance is a
key strategy in the correction of insulin resistance.

ATP elevation may contribute to insulin resistance
through the induction of mitochondrial dysfunction by the
inhibition of two events in the mitochondria, i.e.,
biogenesis and mitophagy. Mitochondrial dysfunction is
reported in the heart and skeletal muscle in subjects with
insulin resistance [42,43]. Dysfunction leads to a reduction
in the mitochondrial production of ATP, a result of
decreased utilization of glucose by mitochondria. The
reduced glucose utilization is coupled with insulin
resistance in the skeletal muscle of patients with type 2
diabetes. Glucose metabolites, such as pyruvate, is used in
several metabolic pathways in the mitochondria, including
ATP production and biosynthesis of fatty acids and amino
acids through acetyl-CoA. These activities are impaired by
mitochondrial dysfunction during insulin resistance. Mito-
chondrial biogenesis and mitophagy are two events in the
maintenance of the quality and quantity of mitochondria in
the prevention of mitochondrial dysfunction. These events
are inhibited when the ATP supply is more than the ATP
demand in cells, leading to mitochondrial dysfunction. The
ATP elevation may generate the effects by inhibition of
AMPK [43,44]. Therefore, the ATP surplus is an excellent
risk factor for the mitochondrial dysfunction and insulin
resistance. Once mitochondrial dysfunction occurs, ATP
production is reduced as documented in the mechanism of
diabetic complications [45].

ATP contributes to insulin resistance
through the suppression of AMPK

ATP may use multiple signaling pathways to generate an
integrated signal in the regulation of insulin action. Among
these pathways, the AMPK signaling pathway is the most
relevant for its role in the energy-sensing system. AMPK is
an energy sensor that is activated upon ATP reduction
through the decrease in ATP/AMP or ADP/AMP ratio in
the cytoplasm. In addition to ATP, glucose is sensed by the
AMPK in the cytoplasm [46] and calcium and DNA
damage [47]. In energy-surplus conditions, the AMPK
activity is downregulated, leading to a fall in fuel supply to
mitochondria through the alteration in several events in
cells, such as reduction in glucose and fatty acid uptake,
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suppression of glycogenolysis and lipolysis in the
cytoplasm, and reduction in mitochondrial function.
AMPK has at least 60 downstream targets in the control
of energy metabolism [47]. In the insulin signaling
pathway, AMPK inhibits mTOR/S6K and activates
Glut4. In the presence of ATP surplus, a fall in the
AMPK activity leads to the downregulation of Glut4
activity for the inhibition of insulin-stimulated glucose
uptake in the mechanism of insulin resistance. AMPK is
inhibited in obesity by the rise in ATP/AMP or ADP/AMP
ratio, as documented in reviews [17,47—49]. The reduced
glucose uptake from the AMPK suppression contributes to
blood glucose elevation in obesity and type 2 diabetes.
Interestingly, the AMPK activity in the control of insulin
sensitivity may apply to most tissues but not to the skeletal
muscle. The inactivation of AMPK by the AMPKa2 gene
knockout (KO) leads to insulin resistance in most tissues of
mice but not in the skeletal muscle [50]. In addition to
glucose uptake, glucose metabolism is regulated by AMPK
through an impact in multiple aspects of mitochondria.
Mitochondrial biogenesis and quality control are two
examples. AMPK promotes mitochondrial biogenesis
through the phosphorylation of PGC-lo in energy-
deficient conditions. In energy-surplus conditions, the
inhibition of the AMPK/PGC-1 pathway leads to the
suppression of mitochondrial biogenesis and reduction in
mitophagy to decrease the number and quality of
mitochondria [43,51]. A long-term inhibition of the two
events results in mitochondrial dysfunction. The AMPK
pathway provides a perfect mechanism for mitochondrial
dysfunction [52] and inflexibility [53], in the conditions of
obesity, aging, and type 2 diabetes [1,43]. As one of the
signaling molecules, AMPK may not be essential for the
signal transduction of ATP in all tissues, as suggested by
the AMPKa?2 gene KO study [50].

Intracellular ATP may use other signaling pathways in
the regulation of insulin sensitivity in addition to AMPK
[1,3]. The signaling pathways, such as mTOR/S6K, ROS/
INKs, and DAG/PKCs, are activated by obesity and
documented in the mechanism of insulin resistance [3,4].
The mTOR/S6K activity is activated by insulin, which has
been reported in the negative feedback regulation of the
insulin signaling pathway [54,55]. In addition to insulin,
nutrients (such as branched-chain amino acids) activate the
mTOR/S6K pathway for insulin resistance [56]. Interest-
ingly, intracellular ATP may activate mTOR in a couple of
ways. ATP may activate mTOR through the inhibition of
AMPK activity because mTOR is activated in the presence
of AMPK inhibition [57]. Additionally, mTOR is activated
directly by ATP in the cell lysate in the test tube [58]. ATP
may activate mTOR through the induction of GTP, a
derivative of ATP in cells [47]. ATP interacts with many
enzymes, such as AMPK and mTOR. These studies
suggest that ATP may induce insulin resistance through
multiple signaling pathways involved in numerous

enzymes, including signaling kinases and metabolic
enzymes. This possibility explains why the strategy
targeting one of those enzymes at downstream of ATP is
not successful in the drug development for insulin
resistance. Instead, the inhibition of ATP surplus by
metformin or substrate restriction (through calorie restric-
tion and metabolic surgery) is effective in the improvement
of insulin sensitivity.

ATP contributes to insulin resistance
through hyperinsulinemia

ATP may contribute to insulin resistance through an
extracellular activity in the body. The intracellular activity
of ATP is discussed above. In this and the following
sections, the activity of extracellular ATP will be discussed
in the context of endocrinology. Hyperinsulinemia is an
important risk factor for insulin resistance and an
independent predictor of type 2 diabetes [54,59-62].
Hyperinsulinemia leads to insulin resistance through the
negative feedback regulation of the insulin signaling
pathway in insulin-sensitive cells. The inhibition of insulin
receptor substrates (IRS-1/2) by serine phosphorylation is
a representative molecular event in the negative feedback
regulation by insulin [54,59,63], which involves S6K
activation by mTOR and phosphorylation of IRS-1 by
S6K. The biological importance of the insulin resistance
under hyperinsulinemia is the prevention of life-threaten-
ing hypoglycemia in the body. The hypersecretion of
insulin is a cause of hyperinsulinemia. The correction of
the hypersecretion leads to the improvement of insulin
sensitivity [61] and prevention of obesity [64]. Therefore,
the insulin hypersecretion is a target in the treatment of
insulin resistance.

ATP overproduction is a potential risk factor for the
insulin hypersecretion in B-cells. In physiologic condi-
tions, insulin is secreted by B-cells upon glucose challenge
through an elevation in ATP production by mitochondria
from glucose. In addition to this pathway, glucose induces
NADPH and DAG and hormones (glucagon, GLP-1, and
GIP) to promote insulin secretion [65]. Hormones act
through their own receptors to activate the cAMP/PKA
pathway to keep the B-cell sensitivity to glucose. The
overactivation of pancreatic PB-cells is responsible for
insulin hypersecretion in obesity [54,59,60,66]. An
increase in the PB-cell number is a mechanism for
hypersecretion [59,60]. However, an increase in the
function of individual B-cell is also reported [61]. Several
potential mechanisms are present for the function altera-
tion. One is the increase in nutrient supply (such as
glucose, amino acids, and fatty acids) from the overintake
of calories. Another is the minimal inhibition of B-cell
function by leptin due to leptin resistance [67]. However,
nutrition oversupply is important for the hypersecretion by
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B-cells. Nutrients promote ATP production by mitochon-
dria, increase DAG and NADPH supply, and raise cAMP
levels through incretin hormones in B-cells. All of these
changes may contribute to insulin hypersecretion in
obesity.

Extracellular ATP represents an important factor in
insulin hypersecretion. The role of extracellular ATP in the
induction of insulin secretion has been documented in a
previous review article [68]. ATP is presented in the insulin
granule of B-cells at a concentration of around 25 umol/L
and secreted together with insulin to the extracellular
matrix [69,70]. ATP secretion leads to the elevation of
extracellular ATP in the pancreatic islet. The direct effect
of ATP is observed in the cell culture, in which ATP
induces insulin secretion by B-cells. The ATP effect is
dependent on the purinergic receptors, P2X and P2Y [68].
The activation of receptors induces Ca** and cAMP levels
in the cytoplasm and promotes insulin secretion. The
extracellular ATP may also inhibit insulin secretion by
interaction with certain purinergic receptors. GABA and
glutamate are also secreted together with insulin by p-cells.
The ATP signal may be mediated by ADP in the regulation
of B-cell secretion [68]. Additionally, ADP may regulate -
cell number through the control of apoptosis. The
extracellular ATP forms a positive feedback regulation of
B-cell function in pancreatic islets.

Intracellular and extracellular ATP induce insulin
secretion in B-cells in physiologic studies as discussed
above. The ATP activity remains to be established for the
insulin hypersecretion in obesity. We propose that ATP
overproduction may use intrinsic and endocrine pathways
to induce hyperinsulinemia. The inhibition of the ATP
overproduction represents a potential approach in the
treatment of hyperinsulinemia and insulin resistance in
obesity. This concept needs to be tested in laboratory and
clinical studies.

The ATP concept may provide a new mechanism for
metformin activity in the control of insulin resistance.
Metformin is believed to improve insulin sensitivity
through the activation of the AMPK pathway in the liver
and skeletal muscle, which is involved in the inhibition of
ATP production by metformin in the activation of AMPK
[36,71]. Upon insulin sensitization, insulin secretion by -
cells is reduced to attenuate hyperinsulinemia. Metformin
may use this pathway as an indirect mechanism in the
control of hyperinsulinemia. Additionally, metformin may
directly act on p-cells to reduce insulin secretion.
Metformin inhibits ATP production in liver, and this
activity may apply to B-cells. Metformin is reported to
reduce glucotoxicity and lipotoxicity in B-cells in cell
culture models [72,73], thereby supporting the direct effect
of metformin on B-cells. Metformin reduces ROS produc-
tion by the downregulation of the mitochondrial respiration
of B-cells. Such action should decrease insulin secretion by
the pancreatic islet in vivo. However, data are not

interpreted in this way in those studies [72,73]. Given
that hyperinsulinemia is a risk factor for insulin resistance
[54,59-62], the metformin effect on P-cells represents a
key event in the pharmacological activity. If approved in
the experiment, the [B-cell-centered mechanism should
stand for a new signaling pathway in the understanding of
the therapeutic activity of metformin in type 2 diabetes.
However, an early study suggests that metformin does not
change the arginine-induced insulin secretion by the islet
[74]. The metformin effect on glucose-induced insulin
secretion should be tested.

A deficiency in insulin clearance may contribute to the
hyperinsulinemia under ATP overproduction. The level of
circulating insulin is determined by the degradation
process in the insulin clearance system. The impaired
clearance of insulin is another mechanism for hyperinsu-
linemia in obesity. In the insulin clearance mechanism, the
insulin-degrading enzyme (IDE) is a primary factor, whose
activity is increased in the liver of mice with DIO [75]. The
IDE activity is further enhanced by the treatment of obese
mice with insulin-sensitizing medicine pioglitazone. In the
cultured hepatocyte cell line (1clc7), the IDE activity is
decreased by the inflammation cytokine TNF-o. The ATP
level is elevated in the liver of obese mice [11,12], which is
associated with elevation in the IDE activity [75].
However, the exact role of ATP in the control of insulin
clearance remains unknown. ATP may increase the TNF-a
activity in the liver to inhibit the IDE activity for
hyperinsulinemia in obesity. These results suggest that
ATP may promote insulin clearance through the direct
activation of DIE. ATP may indirectly inhibit IDE activity
through the induction of proinflammatory cytokines. The
intracellular ATP promotes the expression of proinflam-
matory cytokines, including TNF-o [10]. The possibility
deserves to be tested with advanced models.

ATP contributes to insulin resistance
through hyperglucagonemia

Hyperglucagonemia is a risk factor for type 2 diabetes [76—
78]. High levels of glucagon contribute to the pathogenesis
of type 2 diabetes by the induction of hepatic insulin
resistance, which leads to hyperglycemia through gluco-
neogenesis and glycogenolysis [76,77]. Additionally,
glucagon may contribute to the hyperinsulinemia through
the promotion of insulin secretion by B-cells because
glucagon deficiency by a-cell Geg gene KO (Geg”)
impairs insulin secretion by B-cells [77]. The inhibition of
the glucagon activity in the liver is a mechanism of
metformin [79] and GLP-1 [77] activities in the improve-
ment of insulin resistance. GLP-1 may interact with the
glucagon receptor to interfere the signaling in the liver for
the inhibition of gluconeogenesis [77]. Glucagon has been
a target molecule in the drug development for diabetes
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[77]. An antagonist (RVT-1502, formerly LGD-6972) of
glucagon receptor is effective in the treatment of patients
with type 2 diabetes by reducing HbAlc and fasting
plasma glucose [80].

Glucagon is secreted by pancreatic a-cells in response to
the reduction in blood glucose and elevation of amino
acids in the physiologic conditions [77]. The amino acid
activity is stronger than glucose activity in the regulation of
a-cells. Among amino acids, glutamine, arginine, and
alanine may induce 10-fold glucagon secretion at levels of
0.5—1.0 mmol/L in the blood. Amino acids act through the
direct stimulation of o-cells. The mechanism of low
glucose remains elusive in the induction of glucagon
secretion [77]. Glucagon secretion is controlled by
intrinsic, paracrine, and nerve mechanisms. In intrinsic
models, the glucagon secretion upon glucose reduction in
the blood requires the activation of the cAMP/PKA
pathway and voltage-dependent Ca*" influx [81]. The
signaling pathway is activated by adrenergic nerves
through the a2-receptor on the surface of a-cells [68].
The pathway is suppressed by the autonomic nervous
system in the inhibition of glucagon secretion [81].

The paracrine regulation represents a major mechanism
in the control of glucagon secretion [77]. A defect in the
regulation may account for the hyperglucagonemia in type
2 diabetes. The glucagon secretion is inhibited by insulin
and somatostatin (from d-cells) in the pancreatic islet [76].
The secretion is also inhibited by GABA [82] and induced
by glutamate [83], which are secreted together with insulin
from B-cells. Insulin and GABA suppress the glucagon
secretion [76]. The suppression involves the downregula-
tion of the cAMP/PKA signaling pathway and voltage-
dependent Ca*" influx [84]. Insulin reduces cAMP in the
cytoplasm through decreasing cAMP by induction of the
hydrolysis enzyme. In type 2 diabetes, this inhibition is
impaired in rodent models [76] and patients [85], thereby
contributing to the glucagon hypersecretion and hyperglu-
cagonemia. The mechanism underlying the impaired
insulin action remains unknown. Plasma amino acids are
elevated in obesity [86,87], and the elevation may play a
role in the hypersecretion of glucagon because plasma
amino acids are strong inducers for glucagon secretion
[77]. A failure in the negative feedback regulation likely
contributes to the hypersecretion of glucagon. However,
how the negative feedback is impaired for the glucagon
hypersecretion remains unknown.

Extracellular ATP provides a potential mechanism for
the feedback failure in the glucagon regulation. Extra-
cellular ATP has drawn more attention in the mechanism of
obesity and obesity-associated complications. The early
review about extracellular ATP in the pancreatic islet does
not cover obesity [68]. Obesity is covered in a recent
review on the extracellular ATP in the adipose tissue and
brain [88]. Unfortunately, the review does not discuss the
extracellular ATP in the pancreatic islet. We would like to

cover the ATP effect on a-cells. In the pancreatic islet, ATP
is secreted together with insulin to the extracellular matrix.
Extracellular ATP may regulate glucagon secretion
through the interaction with purinergic receptors. a-cells
express several types of purinergic receptors, including
P2Y6, P2X7, and P2Y1 [68,89]. The activation of P2Y6
and P2X7 increases glucagon release [68], which may
explain the increased glucagon secretion in response to
insulin secretion after food intake and glucose challenge
[77]. The P2Y1 activation leads to the inhibition of
glucagon secretion. Among the ATP receptors, the
activation of P2X7 by a pharmacological agent induces
energy expenditure in mice [90], and the inactivation by
gene KO does not change body weight and insulin
sensitivity in KO mice [91]. However, this ATP-based
pathway deserves to be explored further especially in the
models of obesity.

ATP may act through ADP. ATP is not stable in the
extracellular space and is hydrolyzed by enzymes to
generate ADP and AMP. The secretion of ATP leads to the
elevation of ADP in extracellular spaces, where ADP may
bind to its receptor (P2Y13) on the surface of a-cells.
P2Y13 is one of the G protein-coupled receptors in the
adenosine receptor family, which contain several isoforms
of ADP receptors (P2Y1, P2Y12, and P2Y13) [89]. The
activation of the P2Y 13 receptor may influence several
signaling pathways, including cAMP/PKA and PI3K/Akt
[92]. The P2Y13 activity has recently been tested in a-
cells. Its activation by ADP leads to glucagon secretion
from a-cells, resulting in glucagon elevation in the blood
and glucose rise in the circulation [93]. A report about the
P2Y13 activity in B-cells in the regulation of insulin
secretion, where the receptor activation by ADP inhibits
insulin secretion in mice, is available [94]. This activity is
not observed in mice with ADP injected peritoneally to
raise the ADP level in the blood because the insulin level is
not changed in the blood [93]. ADP is degraded by CD39,
an ectoenzyme that is predominantly expressed in vascular
endothelial and immune cells. The inhibition of the CD39
activity by gene KO increases the extracellular ADP. In the
global CD39 gene KO mice, hepatic insulin resistance is
reported [95]. KO mice exhibit hyperinsulinemia with
insulin enrichment in B-cells. Glucagon is examined briefly
in the study but not thoroughly because the focus is given
to insulin in the mechanism study. Glucagon is examined
in a-cells by immunohistochemistry, and no significant
change is observed in the tissue slide. A careful
examination should be done in KO mice for the
quantification of the protein and mRNA of glucagon.
The CD39-KO mice have systemic inflammation for the
rise in blood IL-1B, IL-6, IFN-y, and TNF-a, which likely
results in the CD39 inactivation in immune cells.

The activation of P2Y 13 receptor by ADP triggers the
cAMP/PKA pathways in retinal glial progenitors in the cell
culture [96]. This P2Y 13 pathway has not been reported in
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a-cells. The activation of cAMP/PKA pathways by
sympathetic neurotransmitters induces glucagon secretion
in a~cells. These facts suggest that P2Y 13-KO mice should
exhibit a reduction in glucagon secretion and an improve-
ment in insulin sensitivity. The global inhibition of the
P2Y13 receptor by gene KO has been made in mice.
Global P2Y13-KO mice do not exhibit any change in
insulin sensitivity or glucose tolerance [97]. Given several
types of ADP receptors [89], compensation by other
receptor isoforms may offset the KO effect. Given that
more than one receptor isoforms exist for ATP and ADP,
using the genetic approach to test the roles of these purine
derivatives in vivo is difficult. A pharmacological approach
is more promising than the genetic approach in the study of
ATP activity. The role of extracellular ATP remains to be
tested in the control of glucagon production.

ATP surplus in aging-associated insulin
resistance

Type 2 diabetes has a high prevalence in aging people from
insulin resistance, which is often associated with central
obesity, imbalance of sex hormone, and lack of physical
activities. In these conditions, oxidative stress and
mitochondrial dysfunction have been proposed in the
mechanism of insulin resistance [52,98-100]. However,
these hypotheses remain to be approved. We propose that
like that in obesity, ATP surplus is the key event in the
aging-associated insulin resistance as most treatments for
obesity-associated insulin resistance are effective in the
treatment of aging-associated insulin resistance. The
reduction in intracellular ATP is a key event in the
underlying mechanism of treatments discussed above.
Oxidative stress and mitochondrial dysfunction may be a
result of mitochondrial overheating in ATP production.

ATP surplus in gene background-
associated insulin resistance

The gene background is a key factor in the pathogenesis of
insulin resistance. This finding is supported by several
lines of evidence. The first is that patients with insulin
resistance or the high-risk population often have a family
history of type 2 diabetes. The second is the high risk of
insulin resistance in certain ethnic populations, as shown
by epidemiology studies. Central obesity, mitochondrial
dysfunction, hypoadiponectinemia, and inflammation have
been proposed to link the gene background to insulin
resistance [1]. Given that mitochondrion-related genes
have a high incidence in diabetes-related genes, the ATP
overproduction in these gene backgrounds may count for
the risk of insulin resistance. This possibility is supported
by the association of high ATP production and high

susceptibility to insulin resistance in Asian Indians [101]
and DIO mice [24].

Summary

Obesity and aging increase the risk of type 2 diabetes
through energy surplus. The identity of energy surplus
signal remains to be established. Here, we provide a new
view to support ATP as a signal of energy surplus in the
mechanism of insulin resistance by integration of multi-
disciplinary evidence in the literature. The ATP concept in
insulin resistance redefines the biological importance of
insulin action and resistance (Fig. 1). In the context of
energy metabolism, insulin promotes energy storage. In
energy-surplus conditions, such as obesity and aging,
insulin-sensitive cells develop insulin resistance because of
mitochondrial overheating from the substrate overloading,
which may cause mitochondrial dysfunction through ATP
overproduction. The ATP concept is supported by the basic
principle of biochemistry that substrates (e.g., glucose,
fatty acids, and amino acids) induce the enzyme activity in
the production of ATP, and ATP inhibits the mitochondrial
production in a feedback manner. When ATP overproduc-
tion occurs in pancreatic islets, it triggers the hypersecre-
tion of insulin in B-cells and glucagon in a-cells to promote
insulin resistance through intracellular and extracellular
activities. Mitochondrial overheating may lead to mito-
chondrial dysfunction through the ATP suppression of
mitochondrial biogenesis and mitophagy in the prevention
of sustained ATP overproduction in the muscle. The
mitochondrial dysfunction leads to insulin resistance to
facilitate the downregulation of substrate overloading in
the mitochondria. When the ATP overproduction is
attenuated by the control of substrate overloading in
weight loss by medicines, lifestyle changes, and bypass
surgery, mitochondrial function is restored to normalize
insulin sensitivity in cells. Insulin resistance is a protective
cellular response to control the mitochondrial overheating
by cutting down the substrate overloading in the
mitochondria. The ATP-based concept is under debate
for the lack of accurate detection of intracellular ATP level
in vivo but is well supported by substantial basic and
clinical studies. Given that ATP is required for normal
cellular activities, the manipulation of ATP by drugs faces
challenges because severe ATP deficiency is toxic to cells.
Moreover, this manipulation is not allowed in the drug
development for type 2 diabetes. ATP may explain the
metformin activity with new mechanisms, such as
inhibition of insulin and glucagon hypersecretion by islet.
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