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Diabetes (DM), especially type 2 diabetes (T2DM) has become one of the major diseases
severely threatening public health worldwide. Islet beta cell dysfunctions and peripheral
insulin resistance including liver and muscle metabolic disorder play decisive roles in the
pathogenesis of T2DM. Particularly, increased hepatic gluconeogenesis due to insulin
deficiency or resistance is the central event in the development of fasting hyperglycemia.
To maintain or restore the functions of islet beta cells and suppress hepatic
gluconeogenesis is crucial for delaying or even stopping the progression of T2DM and
diabetic complications. As the key energy outcome of mitochondrial oxidative
phosphorylation, adenosine triphosphate (ATP) plays vital roles in the process of
almost all the biological activities including metabolic regulation. Cellular adenosine
triphosphate participates intracellular energy transfer in all forms of life. Recently, it had
also been revealed that ATP can be released by islet beta cells and hepatocytes, and the
released ATP and its degraded products including ADP, AMP and adenosine act as
important signaling molecules to regulate islet beta cell functions and hepatic glycolipid
metabolism via the activation of P2 receptors (ATP receptors). In this review, the latest
findings regarding the roles and mechanisms of intracellular and extracellular ATP in
regulating islet functions and hepatic glycolipid metabolism would be briefly summarized
and discussed.
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1 INTRODUCTION

DM is a metabolic disease characterized by chronically elevated levels of blood glucose. Among the
diabetic patients, type 1 diabetes mellitus (T1DM) accounts for about 5%–10%while T2DM accounts
for more than 90%, and other types of diabetes including gestational diabetes (GD) and Maturity
Onset Diabetes of the Young (MODY) account for only a small proportion (Gonzalez-Franquesa and

Edited by:
Aijun Qiao,

University of Alabama at Birmingham,
United States

Reviewed by:
Yongsheng Chang,

Tianjin Medical University, China
Shiyue Xu,

The First Affiliated Hospital of Sun
Yat-sen University, China

*Correspondence:
Jichun Yang

yangj@bjmu.edu.cn
Yujing Chi

chiyujing@bjmu.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Metabolic Physiology,
a section of the journal
Frontiers in Physiology

Received: 12 April 2022
Accepted: 30 May 2022
Published: 21 June 2022

Citation:
Li J, Yan H, Xiang R, Yang W, Ye J,
Yin R, Yang J and Chi Y (2022) ATP

Secretion and Metabolism in
Regulating Pancreatic Beta Cell

Functions and Hepatic
Glycolipid Metabolism.

Front. Physiol. 13:918042.
doi: 10.3389/fphys.2022.918042

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9180421

REVIEW
published: 21 June 2022

doi: 10.3389/fphys.2022.918042

http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.918042&domain=pdf&date_stamp=2022-06-21
https://www.frontiersin.org/articles/10.3389/fphys.2022.918042/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.918042/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.918042/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.918042/full
http://creativecommons.org/licenses/by/4.0/
mailto:yangj@bjmu.edu.cn
mailto:chiyujing@bjmu.edu.cn
https://doi.org/10.3389/fphys.2022.918042
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.918042


Patti, 2017). According to the International Diabetes Federation
(IDF) diabetes map, it was estimated that there were 415 million
diabetic patients in the world in 2015, and the number was
expected to reach 642 million by 2040 (Cho et al., 2018). It had
been reported that in China, the prevalence of diabetes among
adults was 12.8%, and the prevalence of pre-diabetes among the
adult population was 35.2% in 2017 (Li et al., 2020). The recent
study estimated the prevalence of diabetes and prediabetes in
China were 12.4% and 38.1% separately in 2018 (Wang L. et al.,
2021).

So far, it had been widely acknowledged that islet β cell
dysfunctions and insulin resistance are the two key factors
causing T2DM (Bensellam et al., 2018; Holst et al., 2018;
Zhang et al., 2019). Generally, when insulin resistance occurs,
islet β cell compensates for insulin insufficiency by increasing
insulin secretion ability of individual cell or by proliferating, once
pancreatic islet β cells fail to compensate for insulin resistance,
hyperglycemia will be established (Biddinger and Kahn, 2006;
Bensellam et al., 2018; Holst et al., 2018). Clearly, how to protect
or even restore the normal functions of islet β cells is critical for
delaying or even curing diabetes.

Disorders of glucose and lipids metabolism caused by genetic
and/or environmental factors triggers diabetes. Increased hepatic
gluconeogenesis is a common decisive event in the pathogenesis
of T2DM (Biddinger and Kahn, 2006). In this process, abnormal
increase in hepatic glucose production, mostly derived from
glycogenolysis and gluconeogenesis, plays the decisive role in
the development of fasting hyperglycemia. The elevation of
gluconeogenic gene expressions in the liver resulting from
insulin secretion deficiency and/or insulin resistance leads to
the abnormal increase in hepatic gluconeogenesis, which finally
increases fasting blood glucose. In human, increased hepatic
gluconeogenesis but not overall glucose production always
precedes the onset of T2DM (Jin et al., 2013; Yang et al., 2019).

ATP plays important roles in regulating a number of biological
processes, including biosynthesis, signal transporting, genetic
information processing, cell mobility etc. (Chen and Zhang,
2021; Johnson et al., 2019). Impairment of ATP production
might cause many diseases including cardiovascular diseases,
metabolic diseases and the occurrence of aging (Qi et al.,
2018; Zheng et al., 2018). In this review, the roles and
mechanisms of ATP in the pathogenesis of the metabolic
disorders would be briefly discussed, with a focus on islet β
cell functions and hepatic glycolipid metabolism.

2 REDUCED ATP PRODUCTION AND
DYSFUNCTION OF ATP SIGNALING
ASSOCIATES WITH DIABETES
2.1 ATP Synthesis
ATP is mainly synthesized in mitochondria by ATP synthase
complex (ATPS). ATPS consists of two parts, F0 region with
proton-transporting function while F1 region in the inner
membrane with ATP synthesis function. F0 region is mainly
composed of three subunits: b, c, and d, and F1 part is mainly
composed of five subunits of α, β, γ, δ, and ε in mammalians

(Sabbert et al., 1996; Hahn et al., 2018). ATPS utilizes the proton
gradient (mitochondrial potential) formed by oxidative
phosphorylation (OXPHOS) across the intermembrane space
and matrix of mitochondria to synthesize ATP (Sabbert et al.,
1996; Hahn et al., 2018). In animal models such as streptozotocin
(STZ)-induced type 1 diabetic, and obese type 2 diabetic mouse
livers, the expression of beta subunit of ATPS (ATPSβ), the key
catalytic subunit of ATPS, is decreased with reduced ATP
content, hinting that decreased ATPSβ expression or activity
may play key roles in the development of hepatic glycolipid
metabolism (Vendemiale et al., 2001; Wang et al., 2014a).

Although ATP was canonically produced by ATPS in
mitochondria, recent study found that the plasma membrane
also exists the ecto-F0F1-ATP synthase (ectopic ATP synthase) in
multiple cells (Moser et al., 2001; Mangiullo et al., 2008; Fu and
Zhu, 2010; Wang et al., 2019). In rat hepatocytes, ectopic ATP
synthase is encoded both by nuclear and mitochondrial gene,
which might be assembled in mitochondria then transported to
plasma membrane, and regulate HDL uptake on cell surface (Rai
et al., 2013; Song et al., 2014). Another study in cholestasis also
indicated the role of ectopic ATP synthase in controlling
cholesterol transport (Giorgio et al., 2010). These indicated the
ectopic ATP synthase might also participate hepatic metabolism.

2.2 Metabolism of Extracellular ATP
Released ATP by cells can be degraded by soluble or plasma
membrane-bound ecto-nucleotidases. There are mainly four
ecto-nucleotidases families, including ecto-nucleoside
triphosphate diphosphohydrolases (E-NTPDases), ecto-5′-
nucleotidase (E-5′-NT), ectonucleotide pyrophosphatase/
phosphodiesterases (E-NPPs), and alkaline phosphatases (APs)
(Zimmermann et al., 2012). The E-NTPDases are nucleotide-
specific and hydrolyze nucleoside triphosphates or diphosphates
to nucleoside monophosphates. E-5′-NT is also nucleotide-
specific and degrades AMP to adenosine. E-NPPs hydrolyze
nucleoside triphosphates and diphosphates, dinucleoside
polyphosphates, and other substrates but not AMP. Beside
hydrolyzing triphosphates, diphosphates, monophosphates and
pyrophosphate, APs also hydrolyzes amount of monoesters of
phosphoric acid (Zimmermann et al., 2012). The
phosphohydrolysis of ATP by ectonucleotidases will stimulate
purinergic signaling in hepatic disease including ischemia
reperfusion, hepatic regeneration, steatohepatitis (NASH) and
cancer in animal models (Vaughn et al., 2014). Overexpression of
ectonucleotidases protein such as ENTPD1/CD39 and ENTPD2/
CD73 on hepatic stromal cells will result in hepatic metabolic
homeostatic integration and immune reactions in the liver
(Jhandier et al., 2005; Pommey et al., 2013; Shuai et al., 2021),
and genetic knock out of ENTPD1/CD39 leading to insulin
resistance and worsen hepatic glucose metabolism (Enjyoji
et al., 2008).

Adenosine will activate purinergic P1 receptors (P1Rs)
including A1 (A1R), A2A (A2AR and A2BR), and A3 (A3R) to
participate multiple effects such as stimulating inflammatory
cells, generating radical formation, as well as moderating cell
metabolic function, and all these P1 receptors belong to the
superfamily of G protein-coupled receptors that represent the
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most widely targeted pharmacological protein class (Trincavelli
et al., 2010; Wang S. et al., 2021). In recent years, it had also been
reported that P1Rs also play important roles in liver metabolism.
Peng et al. (2009) found that ethanol metabolism might induce
intracellular and extracellular adenosine accumulation, which
triggers ethanol-induced hepatic steatosis through A1 and A2B

receptors. A2AR stimulation would protect from the development
of NASH (Alchera et al., 2017), and A2AR disruption augment the
process of NAFLD in mice (Cai et al., 2018). A3R agonist
treatment also alleviated NASH in mice (Fishman et al., 2019).
Overall, these findings suggest that metabolism of extracellular
ATP plays important roles in maintaining glucose and lipid
homeostasis (Figure 1). Particularly, the homeostasis of
among extracellular ATP, ADP, AMP and adenosine should
be a character of metabolic healthy cell.

2.3 Extracellular ATP Signaling
ATPwas first isolated frommuscle and liver extracts by Lohmann in
1929 (Langen and Hucho, 2008), then Geoff Burnstock and
colleagues found that ATP is not only a universal intracellular
energy carrier but plays also an important role as extracellular
signaling molecule (Burnstock et al., 1970; Burnstock, 1972).
Extracellular ATP plays crucial biological roles in various tissues.
Additional studies showed that ATP as widespread cell-to-cell
signaling molecule regulates multiple cell functions (Lazarowski
et al., 2011). The mechanisms of ATP release from cells involve
in exocytosis, plasma membrane-derived microvesicles, calcium
homeostasis modulator 1 (CALHM1), specific ATP-binding
cassette (ABC) transporters, volume-regulated anion channels

(VRACs), maxi-anion channels (MACs) and membrane channels
[connexin (CX), pannexin (PANX)] (Lohman and Isakson, 2014;
Dahl, 2015; Vultaggio-Poma et al., 2020).

Extracellular ATP could activate the purinergic P2 receptors
(P2Rs) on the cell membrane, including the P2X receptors and
the P2Y receptors subfamilies. P2X receptors are cation-selective
channels, while P2Y receptors are G-protein-coupled receptors
(Cho et al., 2018; Vultaggio-Poma et al., 2020; Volker et al., 2020).
The P2X receptor subfamily consists of seven subtypes (P2X1-7),
while the P2Y receptor subfamily includes eight members (P2Y1,
2, 4, 6, 11,12, 13, 14), respectively (Alarcón-Vila and Pelegrín,
2019; Vultaggio-Poma et al., 2020). The P2X receptors are mainly
activated by ATP, while the typical ligands for P2Y receptors
include ATP, ADP and uridine triphosphate (UTP) (Abbracchio
et al., 2006; Burnstock, 2007). Among them, the P2Y2 and P2Y11
is dominantly activated by ATP, while P2Y1 receptor is sensitive
to ATP and ADP (Abbracchio et al., 2006; Burnstock, 2007). it
has been confirmed that extracellular ATP not only acts on P2
receptor to enhance glucose stimulated insulin secretion (GSIS)
in rodent and human islets (Richards-Williams et al., 2008;
Jacques-Silva et al., 2010), but also regulates glycolipid
metabolism in the livers (Wang et al., 2014b).

2.4 Distribution of P2 Receptors in
Pancreatic Beta Cells and Hepatocytes
It had been reported that several subtypes of P2 receptors
including P2X1-4, P2X6-7, P2Y1, P2Y2, P2Y4, P2Y6 and
P2Y11-13 are functionally expressed in pancreatic β cells (Petit

FIGURE 1 | Metabolism of extracellular ATP and its biological functions. ATP is synthesized and then secreted from the cells through CX or PANX channels.
Extracellular ATP can be degraded into ADP and AMP by the catalysis of E-NTPDases, APs and E-NPPs. AMP can be further hydrolysed into adenosine by APs or E-
5′NT. P1 receptors can be activated by adenosine and promote its influx into the cell. Nucleotides existing in the extracellular also activate P2 receptors, including P2X
and P2Y receptors, with the induction of Ca2+-CaM signal pathways or G-protein-PLC mediated activation of PI3K, or other biological regulations. Aden,
adenosine. APs, alkaline phosphatases. CaM, calmodulin. CaN, Calcineurin. CX, connexin channels. E-5′NT, ecto-5′-nucleotidase. E-NTPDases, ecto-nucleoside
triphosphate diphosphohydrolases. E-NPPs, ectonucleotide pyrophosphatase and phosphodiesterases. P1, P1 receptors. P2X, P2X receptors. P2Y, P2Y receptors.
PANX, pannexin channels. PI3K, phosphatidylinositol 3-kinase. PLC, phospholipase C.
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et al., 2009; Burnstock and Novak, 2013). After glucose challenge,
ATP secreted together with insulin in a pulsed manner provides a
feedback signal in islet β cells. P2X (but not P2Y receptors) and
Ca2+ dependent K+ channels participate in this potential signal
cascade (Bauer et al., 2019). Clarissa et al. found that in pancreatic
β cells, ATP could also activate calcium-mobilized P2Y purinergic
receptors (Bartley et al., 2019). In general, some P2 receptors
facilitate insulin release, while others impair insulin secretion in
pancreatic β cells. Previous research conducted in hamster beta
cell line (HIT-T15) revealed that long-term activation of ATP-
P2X7 signaling pathway inhibited GSIS, and led to cell apoptosis
and DNA fraction (Lee et al., 2007; Lee et al., 2008). Moreover,
activation of P2X3 and P2Y13 also exerted deleterious effects on
insulin secretion in pancreatic β cells (Petit et al., 2009). In
contrast, P2Y1 can be activated by Ca2+-induced ATP release
to depolarize cell membrane and amplify Ca2+ signals,
augmenting insulin secretion in pancreatic β cells (Hellman
et al., 2004; Tengholm, 2014).

In whole rat livers, the transcripts of P2X1-P2X7 receptors
were all detectable, while only those of P2X4 and P2X7 were
significantly detectable in isolated hepatocytes. In contrast, the
other P2X receptors such as P2X5 and P2X6 were hardly
detected in isolated hepatocytes (Emmett et al., 2008).
Particularly, P2X4 receptor was widely expressed in mouse
hepatocytes, rat HTC cells and Huh seven cells. P2X4 was
further shown to be localized in the basolateral and canalicular
membrane of hepatocytes, where it regulated Na+ and Ca2+

signals upon ATP stimulus (Emmett et al., 2008). In addition,
P2X7 antagonist exhibited beneficial effects on NASH and
liver fibrosis (Jain and Jacobson, 2021). In mouse livers, P2Y1,
P2Y2, P2Y6 and P2Y12-14 transcripts were significantly
expressed, and played different roles in the pathogenesis of
fibrosis (Emmett et al., 2008; Ortega et al., 2014). The
expression of P2Y2 was positively correlated with
hepatocyte proliferation (Prats-Puig et al., 2013), while
P2Y6 and P2Y14 had beneficial effects on NAFLD and
hepatic inflammation (Jain and Jacobson, 2021). P2Y
receptors could also mediate hepatic glycogenolysis,
eicosanoid production and regulate cellular Ca2+ and cAMP
homeostasis (Emmett et al., 2008; Olioso et al., 2019). In
hepatocytes, extracellular ATP promoted glycogenolysis
(Keppens and De Wulf, 1985), inhibited gluconeogenesis
(Asensi et al., 1991) and fatty acid synthesis (Guzman et al.,
1996).

2.5 Reduced ATP Production is Highly
Associated With Diabetes
In islet β cells, chronic exposure to high levels of pro-
inflammatory factors (interleukin-1β, tumor necrosis factor-α
and interferon-γ), free fatty acids (FFAs) and glucose will
inhibit the synthesis of ATP and impair insulin secretion
(Poitout et al., 2010; Giacca et al., 2011). Generally, the
reduction of ATP synthesis is usually accompanied by an
increase in mitochondrial potential, which trigger the excessive
production of reactive oxygen species (ROS) and cause oxidative
stress to further impair the survival and insulin secretion of islet β

cells (Mayr et al., 2010; Wang et al., 2014c). Other studies also
revealed that leucine can enhance ATP synthesis in rat islets,
human diabetic islets, and islet β cell line (INS-1) by up-
regulating ATPSβ, thereby enhancing insulin secretion with or
without glucose stimulation (Yang et al., 2004; Yang et al., 2006).
Studies have also shown that hepatic ATP synthesis and content
were reduced in high fat diet (HFD)-induced type 2 diabetic mice,
insulin resistant-patients, and type 2 diabetic patients (Miyamoto
et al., 2008; Serviddio et al., 2008; Berglund et al., 2009; Sharma
et al., 2009; Szendroedi et al., 2009; Schmid et al., 2011).
Moreover, in STZ-induced type 1 diabetic mice and rats with
methionine and choline deficient diet (MCD) induced non-
alcoholic steatohepatitis, the hepatic ATP contents were also
remarkably reduced (Vendemiale et al., 2001; Wang et al.,
2014c). These results revealed that the impairment of ATP
synthesis is highly associated with pancreatic β cell
dysfunctions, and dysregulated hepatic glycolipid metabolism.
Meanwhile, the plasma ATP concentration significantly
decreased in type 2 diabetic patients compared with control
participants detected by intravascular microdialysis technique
(Groen et al., 2019). In the diabetic children also observed the
reduced blood ATP level (Kniazev Iu et al., 1985).

3 ATP REGULATES ISLET β CELL
FUNCTIONS

In islet β cells, ATP synthesis and release plays key roles in
controlling the synthesis and secretion of insulin. Intracellular
ATP is the key mediator of GSIS (Seino, 2012). Besides, it also
stimulates β cell regeneration and proliferation (Andersson,
2014). Further research revealed that ATP released from β
cells could act on purinergic receptors of resident
macrophages in islets, which stabilize the islet composition
and size to maintain the insulin secretary function of islets
(Weitz et al., 2018). Reduction of ATP synthesis is an
important feature of mitochondrial dysfunction, and is also a
decisive event that causes islet β cell dysfunctions and diabetes
(Biddinger and Kahn, 2006; Sha et al., 2020).

3.1 Intracellular ATP Stimulates GSIS in
Pancreatic β Cell
After meals, circulating glucose is transported to islet β cells by
glucose transporter 2 (GLUT2), and is oxidized into pyruvate by
glycolysis. Subsequently, the oxidative metabolism of pyruvate in
mitochondria increases the intracellular ATP content and the
ATP/ADP ratio, which closes ATP-sensitive K+ (KATP) channel
to depolarize cell membranes and open voltage-dependent Ca2+

channel, resulting in the influx of extracellular Ca2+. Finally, an
increase in cytosolic Ca2+ triggers insulin-secretory vesicles to
transport and fuse with the cell membrane, eventually releasing
insulin particles (De Marchi et al., 2017; Gerencser, 2018).
Overall, intracellular ATP is essential for maintaining islet β
cell function particular insulin granule exocytosis, and
interruption or reduction of mitochondrial ATP synthesis will
impair insulin secretion of pancreatic β cells.
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3.1.1 Reduction of ATP Synthesis Impairs Pancreatic β
Cell Functions
Under obese or insulin resistant condition, chronically increased
levels of blood glucose, free fatty acids (FFAs) and inflammatory
cytokines will exert deleterious effects on islet β cells, which are
called glucolipotoxicity and cytokine toxicity, respectively (Wang
et al., 2010; Bellini et al., 2018; Huang et al., 2018; Xue et al., 2018).
The toxicities of hyperglycemia, FFAs and inflammatory
cytokines in pancreatic β cells are highly associated with
inhibition of mitochondrial ATP synthesis. Reduction of
mitochondrial ATP production leading β cells dysfunction
during in glucose toxicity exposure (Kim et al., 2005a). Long-
term exposure to high glucose could cause decreased expression
of glucokinase (GCK), reduced cellular ATP production and
insulin secretion, and weaken GCK-mitochondria interaction
(Kim et al., 2005a). Haythorne et al. (2019) found that
hyperglycemia might changing β-cell metabolism, that
significantly reduces mitochondrial function and ATP
synthesis as well as β cells failure. Reduced ATP synthesis is
also involved in the lipotoxicity induced by free fatty acids (FFAs)
in β cells. Saturated long-chain FFAs (C20-C22) have deleterious
lipotoxic effects on human EndoC-betaH1 beta-cells by inducing
hydroxyl radical formation and cardiolipin peroxidation, and
causing ATP depletion (Plotz et al., 2019).

Moreover, inhibition of ATP is also involved in cytokine-
induced toxicity islet β cells. In islets, IL-1 beta and TNF alpha
promoted the generation of nitric oxide which inactivates
enzymes such as aconitase and ribonucleotide reductase by
formation of iron-nitrosyl complexes. This in turn may reduce
the oxidation of glucose and synthesis of ATP (Hahn et al., 2017).
In isolated islets of β cell specific Pax6-deficient mice, glucose-
induced elevation of cytosolic ATP/ADP ratio is impaired, which
leads to blunted insulin expression and secretion (Mitchell et al.,
2017). Moreover, in diabetic βV59M mice (a non-obese, eu-
lipidaemic diabetes model with suppressed insulin secretion),
in which tamoxifen-inducible expression of a constitutively open
KATP channel specifically in pancreatic β cells, the ATP synthesis
rate and insulin secretion are markedly reduced in the islet β cells
when compared with that in wild type mice (Haythorne et al.,
2019).

Mitochondrial ATP synthesis rate and GSIS of islets isolated
from Olfactory protein 4 (OLFM4)-deficient mice were
significantly enhanced and resistant to HFD-induced-glucose
intolerance and insulin resistance. OLFM4 is mainly localized
inmitochondria and negatively regulates GSIS by interacting with
genes associated with retinoid-interferon mortality (GRIM-19) in
Min6 cells (Liu et al., 2018). Kojima et al. (2017) found that
inhibition of type 1 taste receptor-3 (T1R3) and calcium-sensing
receptor (CaSR) heterodimers, which are themain components of
glucose receptors that inhibit the production of ATP and GSIS in
islet β cells. The immunosuppressant tacrolimus (rapamycin) is
widely used in tissue or islet transplantation. However, an
important side effect of long-term use of rapamycin is the
inhibition of mitochondrial respiratory function, which
reduced mitochondrial ATP production and decreased cellular
Ca2+ level, thereby blunted GSIS in islet β cells and increased the

risk of diabetes (Lombardi et al., 2017). ATPase inhibitory factor
1 (IF1) also negatively regulates GSIS by inhibiting ATP synthesis
in islet β cells (Kahancova et al., 2018).

Sirtuins (SIRTs) which have seven isoforms are highly
conserved nicotinamide adenine dinucleotide (NAD)+-
dependent deacetylases and ADP-ribosyl transferases (Han
et al., 2019). It has been shown that SIRT4 involved in
regulating cellular ATP content and insulin secretion in
pancreatic β cells (Haigis et al., 2006). Spaeth et al. (2019)
reported that both the pancreas size and islet β-cell functions
of mice are controlled by the ATP-dependent Swi/Snf chromatin
remodeling coregulatory complex, which interacts with
pancreatic and duodenal homeobox 1 (PDX-1) to regulate the
pancreatic progenitor cell proliferation and maintain mature islet
β cell functions. Bisphenol A (BPA) can up-regulate miR-338 to
directly inhibit PDX-1 expression, inhibit ATP production, and
impair pancreatic islet functions (Wei et al., 2017). In addition,
impaired ATP production is also involved in the DNA damage
response (DDR) signaling in β cells. Oleson et al. (2019) reported
that nitric oxide suppresses DDR signaling in the pancreatic β cell
line INS 832/13 cells and rat islets by increasing ATP generation
to ameliorate DDR-dependent cell apoptosis. Overall, it is widely
accepted that reduced mitochondrial ATP production plays
crucial roles in the development of pancreatic β cell dysfunction.

3.1.2 Targeting ATP Synthesis to Improve Pancreatic β
Cell Dysfunctions
Thylakoid fragments and lipid molecules had been combined to
synthesize a synthetic and biological mixed protein liposome
called a highly efficient life-support intracellular opto-driven
system (HELIOS). Under the stimulation of red light, HELIOS
can increase intracellular ATP concentrations in a variety of cell
lines and promote insulin secretion in islet β cells (Zheng et al.,
2018). In islets isolated from healthy subjects and diabetic
patients, an increase of voltage-dependent anion channel-1
(VDAC1) in the extracellular membrane of mitochondria
inhibits ATP synthesis. Treatment with VDAC1 inhibitors can
increase ATP production and improve GSIS in isolated islets of
type 2 diabetic patients. Administration of VDAC1 inhibitor
improved insulin secretion, glucose intolerance and
hyperglycemia in obese diabetic mice (Zhang et al., 2019).
Studies have also showed that polysaccharides from Portulaca
oleracea L (POP) can increase ATP synthesis, change electric
potential of cell membrane and mitochondria membrane in INS-
1 cells in a voltage-gated Na+ channel (VGSC)-dependent
manner. Polysaccharides increases intracellular Ca2+ level,
promotes insulin synthesis and secretion, and increases cellular
activity (Hu et al., 2019). In addition, Loureirin B, a flavonoid
extracted from Dracaena cochinchinensis, increases insulin
secretion and lowers blood glucose levels of diabetic mice.
This study further revealed that the promotion of insulin
secretion by Loureirin B is mainly achieved through the
induction of PDX-1 and V-maf musculoaponeurotic
fibrosarcoma oncogene homolog A (MafA) expressions, thus
increasing intracellular ATP levels and Ca2+ influx (Sha et al.,
2018).
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Beyond the role in controlling insulin secretion, increased
intracellular ATP also regulates the survival and proliferation of
islet β cells. Shahrestanaki et al. (2018) found that adenosine can
protect Min6 cells against tunicamycin-induced endoplasmic
reticulum (ER) stress and enhance insulin secretion. The
mechanism is mainly proposed as that adenosine can promote
mitochondrial ATP synthesis and increase free Ca2+ level inMin6
cells, thereby helping tomaintain ER homeostasis, and promoting
insulin synthesis and release. Kumar et al. (2018) demonstrated
that glucose-stimulated proliferation of pancreatic islet β cells
requires the participation of carbohydrate response element-
binding protein alpha (ChREBPα), and overexpression of
ChREBPα can augment this effect. Further study found that
ChREBPα can upregulate the expression and activity of
erythroid-derived nuclear factor 2-like 2 (Nrf2), which exerts
antioxidant effects, and increases mitochondrial biosynthesis and
ATP synthesis (Kumar et al., 2018). Overexpression of
Nrf2 in vitro promotes the proliferation of islet β cells. Rowley
et al. (2017) found that cocoa catechin monomer can promote the
nuclear translocation of Nrf2 to stimulate mitochondrial ATP
synthesis and improve islet β cell functions. Riopel et al. (2018)
reported that flamokines (FKN) can increase ATP content, ATP/
ADP ratio and oxygen consumption rate in islet β cells under
both basal and glucose stimulation states. Long-term
administration of FKN can improve islet β cell dysfunctions
and glucose intolerance in diabetic mice. Atanes et al. (2018)
found that complement component 3 and 5 (C3 and C5) and the
active complement component 3 and 5 receptors (C3aR and
C5aR1) are constitutively expressed in the islets of both humans
and mice. Activation of C3aR and C5aR1 can increase ATP
production and free Ca2+ level in islet cells, enhancing GSIS
and protecting islets against apoptosis induced by pro-
inflammatory factors or palmitic acid. Overall, increased
intracellular ATP improves pancreatic β cell functions in
multiple pathway.

3.2 Extracellular ATP is an Important
Regulator of Pancreatic β Cell Functions
In islet β cells, extracellular ATP can promote extracellular Ca2+

influx through the ion-channel-linked P2X receptors. Moreover,
extracellular ATP also acts on the G protein-coupled P2Y
receptors to stimulate Ca2+ release from internal calcium
storages. The activation of P2Y receptors by extracellular ATP
increases the level of inositol troposphere (IP3) in the cytoplasm
by activating phospholipase C (PLC), and then IP3 acts on the
endoplasmic reticulum IP3 receptor (IP3R) to stimulate Ca2+

release from the internal calcium pools. Overall, extracellular
ATP activates both P2X and P2Y receptor subtypes to increase
the cytosolic free Ca2+ levels and promote insulin secretion in
pancreatic β cells (Novak, 2008; Dingreville et al., 2019). In rat
islets, ATP and zinc could be co-secreted with insulin in response
to glucose stimulation, and the GSIS could be inhibited by P2
receptor antagonist (Richards-Williams et al., 2008). In human
islets, ATP could be secreted in response to glucose stimulation,
and released ATP in return augments GSIS via the activation of
P2X receptors. It has been further shown that human islets

predominantly express P2X3, P2X5, and P2X7 subtypes of P2
receptors. Released ATP mainly activates P2X3 subtype to
increase Ca2+ influx and enhance insulin secretion in human
islets (Jacques-Silva et al., 2010). During glucose stimulation,
extracellular ATP co-secreted with insulin in a pulsatile manner
and co-operated with Ca2+ and other signals to provide a negative
feedback signal driving β-cell oscillations (Bauer et al., 2019).

FAM3A is the first member of family with the sequence
similarity 3 (FAM3) (Zhu et al., 2002). Previous studies had
demonstrated that FAM3A is a novel mitochondrial protein, and
it enhances ATP production in various cell types (Zhang X. et al.,
2018; Xu et al., 2019; Chen et al., 2020; Xiang et al., 2020). In
diabetic mouse islet β cells, FAM3A expression is significantly
reduced. Mice with specific deletion of FAM3A in pancreatic β
cells exhibit markedly impaired insulin secretion and glucose
intolerance. In vitro, FAM3A overexpression enhances whereas
FAM3A deficiency blunts ATP production and secretion, and
GSIS in primary islets and β cell lines (Yang et al., 2020; Yan et al.,
2021). Mechanistically, FAM3A-promoted ATP release activates
both P2X and P2Y receptors to increase cellular Ca2+, which
stimulates the translocation of calmodulin (CaM) from
cytoplasm into nucleus and directly interacts with forkhead
box protein A2 (FOXA2) to augment its activation effect on
the PDX-1 gene expression (Yang et al., 2020). Upregulation of
PDX-1 finally induces insulin gene expression and insulin
secretion (Yang et al., 2020). Beyond extracellular ATP,
intracellular ATP also contributed to FAM3A-induced PDX-1
upregulation and pancreatic β cell proliferation (Yan et al., 2021).
Moreover, Weitz et al. (2018) also reported that ATP is a potent
activator for islet macrophages, and mouse islet macrophages
utilize locally released ATP to regulate islet β cell activity.

Taken together, both intracellular and extracellular ATP play
important roles in regulating insulin synthesis and secretion, cell
survival and proliferation of pancreatic β cells and hepatocyte.
Extracellular ATP plays important roles in regulating the
expression of PDX-1 gene, which is the master regulator of
pancreatic β cell functions. Impaired ATP production and
release are central events of pancreatic β cell dysfunctions. To
restore ATP production and release holds great promise for
correcting pancreatic β cell dysfunctions and treating diabetes.

4 ATP REGULATES HEPATIC GLYCOLIPID
METABOLISM

4.1 Reduced Hepatic ATP Synthesis is
Highly Associated With Hepatic Glycolipid
Metabolism
In the liver, abnormal ATP synthesis is highly associated with
dysregulated glycolipid homeostasis (Gonzales et al., 2010). By
using 31P magnetic resonance spectroscopy (MRS), it had been
revealed that the hepatic ATP content in type 2 diabetic
patients is reduced compared with health subjects
(Szendroedi et al., 2009). Additional, reduced hepatic ATP
content is tightly correlated with insulin resistance, obesity
and fasting hyperglycemia (Nair et al., 2003; Szendroedi et al.,
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2009; Schmid et al., 2011). Furthermore, hepatic ATP content
is also significantly decreased in type 1 diabetic mice and type 2
obese diabetic mice (Miyamoto et al., 2008; Berglund et al.,
2009; Wang et al., 2014a; Wu et al., 2019). Amelioration of
hyperglycemia and steatosis by factors such as exercise,
melatonin and eicosapentaenoic acid (EPA) treatment are
always associated with increased hepatic ATP content in
obese diabetic mice (Wang et al., 2014a; Stacchiotti et al.,
2016; Echeverria et al., 2019). It is well known that excessive
intake of fructose and sugar contributes to the rising
prevalence of non-alcoholic fatty liver disease (NAFLD)
parallels with the rise in obesity and diabetes (Mai and Yan,
2019). Researchers revealed that fructose metabolism via
fructokinase C gives rise to ATP over-consumption, which
led to nucleotide turnover and excessive uric acid generation
(Mai and Yan, 2019). Other studies also elucidated
carbohydrate response element-binding protein (ChREBP)
can protect against the ATP over-consumption induced by
fructose through L-type pyruvate kinase (Shi et al., 2020).
Hepatic ATP recovery from depletion induced by fructose
injection is inversely correlated with body mass index (BMI)
(Cortez-Pinto et al., 1999). Meanwhile, when compared with
healthy control, the obesity-related NASH patients were
harder recovery from the hepatic ATP depletion (Cortez-
Pinto et al., 1999). Consequently, hepatic ATP depletion
causes oxidative stress and mitochondrial dysfunction, and
inhibition of protein synthesis (Jensen et al., 2018; Mai and
Yan, 2019). These changes finally trigger obesity, insulin
resistance, hepatic lipid deposition, and metabolic syndrome
(Jensen et al., 2018; Mai and Yan, 2019). A recent study showed
that chronic HFD feeding aggravates the metabolic disorders
by inhibiting ATP production in mice, and the reduction of
ATP synthesis decreases ATP/ADP ratio, causes
mitochondrial dysfunction, and exacerbates lactate
dehydrogenase (LDH) levels, which further leads to altered
expressions of glucose transporters (GLUTs) in multiple
metabolic tissues (Jha and Mitra Mazumder, 2019).

At present, there is increasing evidence that ATP deficiency
is involved in the development of liver insulin resistance,
glucose and lipid metabolism disorders, and even diabetes.
Clearly, to restore hepatic ATP synthesis might be a potential
therapeutic strategy for the treatment of metabolic disorders. It
has been reported that liver-targeted Nano-MitoPBN, which
can not only decrease hepatic glucose output but also maintain
normal mitochondrial bioenergetics function and ATP
production, could be a promising drug for treating diabetes
(Wu et al., 2019). There are three paralogous ANT genes, Ant1,
Ant2 and Ant4 in mice. It has been reported that targeted
knockout of Ant2 in mouse liver or systemic administration of
low-dose carboxyatractyloside, a specific inhibitor of AAC,
enhances uncoupled respiration without affecting
mitochondrial integrity, ATP synthesis, and liver functions,
thus improving hepatic steatosis, obesity and insulin resistance
in diabetic mice (Cho et al., 2017). So far, the concise and direct
mechanisms of intracellular ATP in regulating hepatic
glycolipid metabolism still remains largely unclear.

4.2 Intracellular ATP on Glucose and Lipid
Metabolism in Hepatocytes
Intracellular ATP in hepatocytes ensures the energy supply for
various life activities and biological functions, and it is the
direct source of energy in cells (Mookerjee et al., 2017). It had
been reported that staurosporin and CD95 stimulation caused
hepatocyte necrosis when intracellular ATP levels were
reduced (Leist et al., 1997). It had also been reported that
increased apoptosis of hepatocyte promoted liver fibrosis,
while targeted apoptosis of stellate cells reduced or even
reversed liver fibrosis (Fallowfield and Iredale, 2004; Kim
et al., 2005b; Oakley et al., 2005). Moreover, mitochondrial
dysfunction plays pivotal roles in the development of hepatic
glucose and lipid deregulation (Fujita et al., 2008; Koliaki et al.,
2015; Mansouri et al., 2018; Lee et al., 2019). Impaired
mitochondrial oxidative phosphorylation reduced
intracellular ATP content, which led to cellular dysfunction,
decreased β-oxidation levels of free fatty acids, increased
lipogenesis and produced large amounts of reactive oxygen
species (ROS) (Koliaki et al., 2015; Mansouri et al., 2018; Lee
et al., 2019). Overall, although reduced intracellular ATP
content is highly associated with metabolic diseases, its
underlying mechanism(s) remains largely unclear.

4.3 Extracellular ATP is an Important
Regulator of Hepatic Glycolipid Metabolism
Purinergic receptors also been detected in the hepatocytes, and
regulate hepatic metabolic processes (Jain and Jacobson,
2021). ATP administration ameliorated hyperglycemia and
alleviated fatty liver in diabetic rats (Tahani et al., 1977).
Starved rat hepatocytes treated with high dose of
extracellular ATP elevated the intracellular ATP adenosine
levels to suppress gluconeogenesis (Asensi et al., 1991). In
hepatocytes and liver, extracellular ATP also promote
glycogenolysis (Keppens and De Wulf, 1985, 1986;
Haussinger et al., 1987), and glycogen phosphorylase
activated by purinergic agonists as a dose-dependent
manner in isolated rat hepatocytes (Keppens and De Wulf,
1985). Other study has shown that P2Y1 agonist 2-
methylthioadenosine 5′-diphosphate (2-MeSADP) could
stimulate glycogen phosphorylase and elevate cytosolic free
Ca2+ levels in primary rat hepatocytes (Dixon et al., 2004). In
primary human hepatocytes, extracellular ATP increases the
cytosolic free Ca2+ level and stimulated glycogen
phosphorylase in a dose-dependent manner via P2Y2
receptor (Dixon et al., 2005). The P2X4/P2X7 receptor
agonist 2′3′-O-(4-benzoyl-benzoyl)-adenosine 5′-
triphosphate (BzATP) reduced the hepatic glycogen content
indicated the P2X receptor also involved in glycogen
metabolism (Emmett et al., 2008).

Primary rat hepatocytes treated with extracellular ATP
exhibited decreased activity of acetyl-CoA carboxylase
(ACC) and repressed de novo fatty acid synthesis, and this
process might be mediated by Ca2+ (Guzman et al., 1996).
Meanwhile, the activity of carnitine O-palmitoyltransferase I
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(CPT-1) is also be inhibited by extracellular ATP through a
PKC-dependent pathway in the same study (Guzman et al.,
1996). Aa a non-thienopyridine ATP analog, acute intravenous
cangrelor injection increased HDL uptake and biliary bile acid
secretion in mouse liver, and these effects were blunted in
P2Y13 deficient mice (Fabre et al., 2010). Additional study
using longer cangrelor treatment also exhibited the same
results, suggesting that P2Y13 might be a potential
therapeutic target for HDL metabolism (Serhan et al., 2013).

4.4 Hepatocyte-Released ATP Suppresses
Gluconeogenesis and Lipogenesis
Independent of Insulin
As discussed above, hepatic ATP content is significantly
decreased in animals and humans under diabetic conditions,
suggesting that restoration of hepatic ATP content might be a
potential strategy for treating diabetes and fatty liver.

As ATPSβ is the key catalytic subunit of ATPS, we found that
in STZ-induced type 1 diabetic, and obese type 2 diabetic mouse
livers, the expression of ATPSβ is decreased with reduced ATP
content (Wang et al., 2014a). Hepatic overexpression of ATPSβ
markedly inhibits gluconeogenesis, improves insulin resistance
and hyperglycemia, and attenuates steatosis with increased
hepatic ATP content in obese diabetic mice (Wang et al.,
2014a). Mechanically, ATPSβ overexpression increases ATP
production and release in hepatocytes, the released ATP
activates P2X receptors to induce the influx of extracellular
Ca2+, and P2Y receptors to trigger the Ca2+ release from
internal calcium storages, increasing cellular Ca2+ level to
activate CaM. Upon activation, CaM directly activates PI3K-

Akt pathway independent of insulin to promote the nuclear
exclusion of forkhead box protein O1 (FOXO1), the key
transcription factor that controls the expression of
gluconeogenic genes, and repress gluconeogenic gene
expression and gluconeogenesis in hepatocytes (Wang et al.,
2014a).

FAM3A as a mitochondrial protein increased intracellular
and extracellular ATP production to activates P2 receptors-
Ca2+-CaM pathway, then promote protein kinase B (Akt) to
represses the expression of gluconeogenic and lipogenic genes
in obese diabetic mouse livers. This process is independent of
insulin (Wang et al., 2014b). Further study shows that hepatic
FAM3A is directly repressed by miR-423-5p under diabetic
condition (Yang et al., 2017). Hepatic miR-423-5p
overexpression inhibits FAM3A-ATP-P2R signaling
pathway to promote hyperglycemia, insulin resistance and
steatosis in normal mice, while miR-423-5p inhibition
activated FAM3A-ATP-P2R signaling pathway to
ameliorate hyperglycemia and fatty liver in obese mice
(Yang et al., 2017). In the livers of NAFLD patients as well
as obese diabetic mice, the expressions of nuclear factor
erythroid-derived 2 (NFE2) and miR-423-5p are increased
with decreased FAM3A expression, suggesting that inhibition
of FAM3A-ATP-P2R pathway by NFE2/miR-423-5p axis is
involved in the development of NAFLD and diabetes in both
humans and animals (Yang et al., 2017). Moreover, it has been
reported that activation of FAM3A-ATP-P2R pathway due to
the inhibition of NFE2/miR-423-5p axis in the liver is
involved in exercise-induced improvement of insulin
resistance and hyperglycemia in diabetic animals (Zhang Y.
et al., 2018). In patients with obesity, reduction of body weight

FIGURE 2 | FAM3A is a novel target for treating diabetes and NAFLD. FAM3A is a new mitochondrial protein that enhances ATP production and release in
pancreatic β cells and hepatocytes. In physiological condition, FAM3A-ATP-P2R signaling pathway plays important roles in controlling PDX-1 and insulin expressions in
pancreatic β cells, and suppressing gluconeogenesis and lipogenesis independent of insulin in liver. Under diabetic condition, inhibition of FAM3A-ATP-P2R signaling
pathway causes pancreatic β dysfunctions, and increases hepatic gluconeogenesis and lipogenesis. Clearly, activating FAM3A-ATP-P2R signaling pathway
represents a novel strategy for treating T2DM and NAFLD. Akt, protein kinase B; ATP, adenosine triphosphate; FFAs, free fatty acids; NAFLD, non-alcoholic fatty liver
disease. P2R, purinergic P2 receptors (ATP, ADP and UTP as ligands); PDX-1, pancreatic and duodenal homeobox 1.
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after bariatric surgery is associated with reduced circulating
miR-423-5p level (Bae et al., 2019). In type 2 diabetic patients,
amelioration of hyperglycemia after aerobic and resistance
training is also associated with decrease circulating miR-423-
5p level (Olioso et al., 2019). Disheveled binding antagonist of
beta catenin 1 (Dapper1), the key factor in Wnt signaling, can
elevate stimulate ATP production and release in diabetic
mouse liver and cultured hepatocytes. Dapper1-induced
ATP releases similarly activates p110α/Akt pathway via the
P2 receptors to repress gluconeogenesis and lipogenesis in
hepatocytes (Kuang et al., 2017). These findings have
established that hepatocyte-released ATP is an important
regulator of glucose and lipid metabolism via the activation
of P2 receptors.

Beyond regulating glucose and lipid metabolism, FAM3A-
ATP-P2R pathway also exerts beneficial effects on ischemia/
reperfusion injury (IRI) in mouse livers (Chen et al., 2017)
and inhibition of FAM3A-ATP-P2R pathway is involved in
the development of adipocyte dysfunction (Chi et al., 2017),
which also plays important roles in the pathogenesis of
diabetes. Furthermore, we found that antidepressive drug
doxepin can activate FAM3A-ATP signaling pathway to
ameliorate hyperglycemia and fatty liver in HFD mice and db/
db mice (Chen et al., 2020). Notably, doxepin’s beneficial effects
on hyperglycemia, fatty liver and obesity were completely
abolished in FAM3A-deficient mice. Given that depression is
the risk of diabetes and fatty liver (Richardson et al., 2008; Youssef
et al., 2013), doxepin may be prescribed in priority to depressive
patients with diabetes or fatty liver as anti-depressant.
Meanwhile, dulaglutide, an agonist of glucagon-like peptide-1
receptor (GLP-1A), promoted lipolysis and fatty acid oxidation
by activating FAM3A to attenuate steatosis (Lee et al., 2022). So
far, the mechanism of FAM3A-induced ATP synthesis and
release still remains unrevealed. To solve these issues will
definitely shed light on the pathogenesis and treatment of
mitochondrial dysfunctions, diabetes and steatosis.

Overall, both intracellular and extracellular ATP play
important roles in regulating hepatic glucose and lipid
metabolism. Particularly, hepatocyte-released ATP is an
important signaling molecule that regulates the activities of
CaM, Akt and FOXO1, the expression of gluconeogenic gene
expression and gluconeogenesis in hepatocytes, particularly in
basal condition when serum insulin level is low. Impaired ATP
production and release contribute much to the development of

oxidative stress, insulin resistance, hyperglycemia and
steatosis.

5 SUMMARY AND PERSPECTIVE

ATP plays decisive roles in regulating the metabolic functions of
pancreatic β cell and liver via the intracellular and extracellular
signaling transduction. Impaired mitochondrial ATP production
induced by free fatty acids, glucose and pro-inflammatory
cytokines is one of the key events in the pathogenesis of
pancreatic β cell dysfunctions and dysregulated hepatic
glycolipid metabolism.

The new mitochondrial protein FAM3A suppresses hepatic
gluconeogenesis and lipogenesis independent of insulin, and
also controls PDX1 and insulin expressions in pancreatic β
cells. Under diabetic condition, activation of hepatic FAM3A
expression has benefit for ameliorating hyperglycemia.
Activation of FAM3A in pancreatic β cells up-regulates
PDX-1 and insulin expression, and enhances insulin
secretion. Clearly, activating FAM3A-ATP-P2R pathway
represents a novel strategy for treating diabetes and other
metabolic diseases (Figure 2).

AUTHOR CONTRIBUTIONS

JL, HY, RX, WY, and YC wrote the manuscript. RY and JYE
collected the literatures. YC and JYG reviewed and edited the
manuscript.

FUNDING

This study was supported by grants from Beijing Natural Science
Foundation (7212123), the Natural Science Foundation of China
(82070844/81670787/81870551/82025008), Beijing Hospitals
Authority Youth Program (QML20190302), Peking University
Medicine Seed Fund for Interdisciplinary Research
(BMU2021MX004, BMU2022PY003, supported by the
Fundamental Research Funds for the Central Universities) and
Innovation Fund for Excellent Doctoral Students of Peking
University Health Science Center.

REFERENCES

Abbracchio, M. P., Burnstock, G., Boeynaems, J.-M., Barnard, E. A., Boyer, J. L.,
Kennedy, C., et al. (2006). International Union of Pharmacology LVIII: Update
on the P2Y G Protein-Coupled Nucleotide Receptors: from Molecular
Mechanisms and Pathophysiology to Therapy. Pharmacol. Rev. 58, 281–341.
doi:10.1124/pr.58.3.3

Alarcón-Vila, C., and Pelegrín, M. (2019). Purinergic Receptors and the
Inflammatory Response Mediated by Lipids. Curr. Opin. Pharmacol. 47,
90–96. doi:10.1016/j.coph.2019.02.004

Alchera, E., Rolla, S., Imarisio, C., Bardina, V., Valente, G., Novelli, F., et al.
(2017). Adenosine A2a Receptor Stimulation Blocks Development of

Nonalcoholic Steatohepatitis in Mice by Multilevel Inhibition of Signals
that Cause Immunolipotoxicity. Transl. Res. 182, 75–87. doi:10.1016/j.trsl.
2016.11.009

Andersson, O. (2014). Role of Adenosine Signalling and Metabolism in β-cell
Regeneration. Exp. Cell Res. 321, 3–10. doi:10.1016/j.yexcr.2013.11.019

Asensi, M., Lopez-Rodas, A., Sastre, J., Vina, J., and Estrela, J. M. (1991). Inhibition
of Gluconeogenesis by Extracellular ATP in Isolated Rat Hepatocytes. Am.
J. Physiology-Regulatory, Integr. Comp. Physiology 261, R1522–R1526. doi:10.
1152/ajpregu.1991.261.6.R1522

Atanes, P., Ruz-Maldonado, I., Pingitore, A., Hawkes, R., Liu, B., Zhao, M.,
et al. (2018). C3aR and C5aR1 Act as Key Regulators of Human and Mouse
β-cell Function. Cell. Mol. Life Sci. 75, 715–726. doi:10.1007/s00018-017-
2655-1

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9180429

Li et al. ATP is a Signaling Molecule

https://doi.org/10.1124/pr.58.3.3
https://doi.org/10.1016/j.coph.2019.02.004
https://doi.org/10.1016/j.trsl.2016.11.009
https://doi.org/10.1016/j.trsl.2016.11.009
https://doi.org/10.1016/j.yexcr.2013.11.019
https://doi.org/10.1152/ajpregu.1991.261.6.R1522
https://doi.org/10.1152/ajpregu.1991.261.6.R1522
https://doi.org/10.1007/s00018-017-2655-1
https://doi.org/10.1007/s00018-017-2655-1
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Bae, Y. U., Kim, Y., Lee, H., Kim, H., Jeon, J. S., Noh, H., et al. (2019). Bariatric
Surgery Alters microRNA Content of Circulating Exosomes in Patients with
Obesity. Obesity 27, 264–271. doi:10.1002/oby.22379

Bartley, C., Brun, T., Oberhauser, L., Grimaldi, M., Molica, F., Kwak, B. R., et al.
(2019). Chronic Fructose Renders Pancreatic β-cells Hyper-Responsive to
Glucose-Stimulated Insulin Secretion through Extracellular ATP Signaling.
Am. J. Physiology-Endocrinology Metabolism 317, E25–E41. doi:10.1152/
ajpendo.00456.2018

Bauer, C., Kaiser, J., Sikimic, J., Krippeit-Drews, P., Düfer, M., and Drews, G.
(2019). ATP Mediates a Negative Autocrine Signal on Stimulus-Secretion
Coupling in Mouse Pancreatic β-cells. Endocrine 63, 270–283. doi:10.1007/
s12020-018-1731-0

Bellini, L., Campana, M., Rouch, C., Chacinska, M., Bugliani, M., Meneyrol, K.,
et al. (2018). Protective Role of the ELOVL2/docosahexaenoic Acid axis in
Glucolipotoxicity-Induced Apoptosis in Rodent Beta Cells and Human Islets.
Diabetologia 61, 1780–1793. doi:10.1007/s00125-018-4629-8

Bensellam, M., Jonas, J.-C., and Laybutt, D. R. (2018). Mechanisms of β-cell
Dedifferentiation in Diabetes: Recent Findings and Future Research Directions.
J. Endocrinol. 236, R109–R143. doi:10.1530/JOE-17-0516

Berglund, E. D., Lee-Young, R. S., Lustig, D. G., Lynes, S. E., Donahue, E. P.,
Camacho, R. C., et al. (2009). Hepatic Energy State Is Regulated by Glucagon
Receptor Signaling in Mice. J. Clin. Invest. 119, 2412–2422. doi:10.1172/
jci38650

Biddinger, S. B., and Kahn, C. R. (2006). From Mice to Men: Insights into the
Insulin Resistance Syndromes. Annu. Rev. Physiol. 68, 123–158. doi:10.1146/
annurev.physiol.68.040104.124723

Burnstock, G. (1972). Purinergic Nerves. Pharmacol. Rev. 24, 509–581.
Burnstock, G., Campbell, G., Satchell, D., and Smythe, A. (1970). Evidence that

Adenosine Triphosphate or a Related Nucleotide Is the Transmitter Substance
Released by Non-adrenergic Inhibitory Nerves in the Gut. Br. J. Pharmacol. 40,
668–688. doi:10.1111/j.1476-5381.1970.tb10646.x

Burnstock, G., and Novak, I. (2013). Purinergic Signalling and Diabetes. Purinergic
Signal. 9, 307–324. doi:10.1007/s11302-013-9359-2

Burnstock, G. (2007). Purine and Pyrimidine Receptors. Cell. Mol. Life Sci. 64,
1471–1483. doi:10.1007/s00018-007-6497-0

Cai, Y., Li, H., Liu, M., Pei, Y., Zheng, J., Zhou, J., et al. (2018). Disruption of
Adenosine 2A Receptor Exacerbates NAFLD through Increasing Inflammatory
Responses and SREBP1c Activity.Hepatology 68, 48–61. doi:10.1002/hep.29777

Chen, H., and Zhang, Y.-H. P. J. (2021). Enzymatic Regeneration and Conservation
of ATP: Challenges and Opportunities. Crit. Rev. Biotechnol. 41, 16–33. doi:10.
1080/07388551.2020.1826403

Chen, Z., Liu, X., Luo, Y., Wang, J., Meng, Y., Sun, L., et al. (2020). Repurposing
Doxepin to Ameliorate Steatosis and Hyperglycemia by Activating FAM3A
Signaling Pathway. Diabetes 69, 1126–1139. doi:10.2337/db19-1038

Chen, Z., Wang, J., Yang, W., Chen, J., Meng, Y., Geng, B., et al. (2017). FAM3A
Mediates PPARγ’s Protection in Liver Ischemia-Reperfusion Injury by
Activating Akt Survival Pathway and Repressing Inflammation and
Oxidative Stress. Oncotarget 8, 49882–49896. doi:10.18632/oncotarget.17805

Chi, Y., Li, J., Li, N., Chen, Z., Ma, L., Peng, W., et al. (2017). FAM3A Enhances
Adipogenesis of 3T3-L1 Preadipocytes via Activation of ATP-P2 Receptor-Akt
Signaling Pathway. Oncotarget 8, 45862–45873. doi:10.18632/oncotarget.17578

Cho, J., Zhang, Y., Park, S.-Y., Joseph, A.-M., Han, C., Park, H.-J., et al. (2017).
Mitochondrial ATP Transporter Depletion Protects Mice against Liver
Steatosis and Insulin Resistance. Nat. Commun. 8, 14477. doi:10.1038/
ncomms14477

Cho, N. H., Shaw, J. E., Karuranga, S., Huang, Y., Da Rocha Fernandes, J. D.,
Ohlrogge, A. W., et al. (2018). IDF Diabetes Atlas: Global Estimates of Diabetes
Prevalence for 2017 and Projections for 2045. Diabetes Res. Clin. Pract. 138,
271–281. doi:10.1016/j.diabres.2018.02.023

Cortez-Pinto, H., Chatham, J., Chacko, V. P., Arnold, C., Rashid, A., and Diehl, A.
M. (1999). Alterations in Liver ATP Homeostasis in Human Nonalcoholic
Steatohepatitis. JAMA 282, 1659–1664. doi:10.1001/jama.282.17.1659

Dahl, G. (2015). ATP Release through Pannexon Channels. Phil. Trans. R. Soc. B
370, 20140191. doi:10.1098/rstb.2014.0191

DeMarchi, U., Hermant, A., Thevenet, J., Ratinaud, Y., Santo-Domingo, J., Barron,
D., et al. (2017). Novel ATP-Synthase Independent Mechanism Coupling
Mitochondrial Activation to Exocytosis in Insulin-Secreting Cells. J. Cell Sci.
130, 1929–1939. doi:10.1242/jcs.200741

Dingreville, F., Panthu, B., Thivolet, C., Ducreux, S., Gouriou, Y., Pesenti, S., et al.
(2019). Differential Effect of Glucose on ER-Mitochondria Ca2+ Exchange
Participates in Insulin Secretion and Glucotoxicity-Mediated Dysfunction of β-
Cells. Diabetes 68, 1778–1794. doi:10.2337/db18-1112

Dixon, C. J., Hall, J. F., Webb, T. E., and Boarder, M. R. (2004). Regulation of Rat
Hepatocyte Function by P2Y Receptors: Focus on Control of Glycogen
Phosphorylase and Cyclic AMP by 2-Methylthioadenosine 5′-Diphosphate.
J. Pharmacol. Exp. Ther. 311, 334–341. doi:10.1124/jpet.104.067744

Dixon, C. J., White, P. J., Hall, J. F., Kingston, S., and Boarder, M. R. (2005).
Regulation of Human Hepatocytes by P2Y Receptors: Control of Glycogen
Phosphorylase, Ca2+, and Mitogen-Activated Protein Kinases. J. Pharmacol.
Exp. Ther. 313, 1305–1313. doi:10.1124/jpet.104.082743

Echeverría, F., Valenzuela, R., Bustamante, A., Álvarez, D., Ortiz, M., Espinosa,
A., et al. (2019). High-fat Diet Induces Mouse Liver Steatosis with a
Concomitant Decline in Energy Metabolism: Attenuation by
Eicosapentaenoic Acid (EPA) or Hydroxytyrosol (HT) Supplementation
and the Additive Effects upon EPA and HT Co-administration. Food
Funct. 10, 6170–6183. doi:10.1039/c9fo01373c

Emmett, D. S., Feranchak, A., Kilic, G., Puljak, L., Miller, B., Dolovcak, S., et al.
(2008). Characterization of Ionotrophic Purinergic Receptors in Hepatocytes.
Hepatology 47, 698–705. doi:10.1002/hep.22035

Enjyoji, K., Kotani, K., Thukral, C., Blumel, B., Sun, X., Wu, Y., et al. (2008).
Deletion of Cd39/entpd1 Results in Hepatic Insulin Resistance. Diabetes 57,
2311–2320. doi:10.2337/db07-1265

Fabre, A. C., Malaval, C., Ben Addi, A., Verdier, C., Pons, V., Serhan, N., et al.
(2010). P2Y13 Receptor Is Critical for Reverse Cholesterol Transport.
Hepatology 52, 1477–1483. doi:10.1002/hep.23897

Fallowfield, J. A., and Iredale, J. P. (2004). Targeted Treatments for Cirrhosis.
Expert Opin. Ther. Targets 8, 423–435. doi:10.1517/14728222.8.5.423

Fishman, P., Cohen, S., Itzhak, I., Amer, J., Salhab, A., Barer, F., et al. (2019). The
A3 Adenosine Receptor Agonist, Namodenoson, Ameliorates Non-alcoholic
S-teatohepatitis in M-ice. Int. J. Mol. Med. 44, 2256–2264. doi:10.3892/ijmm.
2019.4364

Fu, Y., and Zhu, Y. (2010). Ectopic ATP Synthase in Endothelial Cells: a Novel
Cardiovascular Therapeutic Target. Cpd 16, 4074–4079. doi:10.2174/
138161210794519219

Fujita, N., Sugimoto, R., Ma, N., Tanaka, H., Iwasa, M., Kobayashi, Y., et al. (2008).
Comparison of Hepatic Oxidative DNADamage in Patients with Chronic Hepatitis
B and C. J. Viral Hepat. 15, 498–507. doi:10.1111/j.1365-2893.2008.00972.x

Gerencser, A. A. (2018). Metabolic Activation-Driven Mitochondrial
Hyperpolarization Predicts Insulin Secretion in Human Pancreatic Beta-
Cells. Biochimica Biophysica Acta (BBA) - Bioenergetics 1859, 817–828.
doi:10.1016/j.bbabio.2018.06.006

Giacca, A., Xiao, C., Oprescu, A. I., Carpentier, A. C., and Lewis, G. F. (2011). Lipid-
induced Pancreatic β-cell Dysfunction: Focus on In Vivo Studies. Am.
J. Physiology-Endocrinology Metabolism 300, E255–E262. doi:10.1152/
ajpendo.00416.2010

Giorgio, V., Bisetto, E., Franca, R., Harris, D. A., Passamonti, S., and Lippe, G.
(2010). The Ectopic FOF1 ATP Synthase of Rat Liver Is Modulated in Acute
Cholestasis by the Inhibitor Protein IF1. J. Bioenerg. Biomembr. 42, 117–123.
doi:10.1007/s10863-010-9270-2

Gonzales, E., Julien, B., Serrière-Lanneau, V., Nicou, A., Doignon, I.,
Lagoudakis, L., et al. (2010). ATP Release after Partial Hepatectomy
Regulates Liver Regeneration in the Rat. J. Hepatology 52, 54–62. doi:10.
1016/j.jhep.2009.10.005

Gonzalez-Franquesa, A., and Patti, M.-E. (2017). Insulin Resistance and
Mitochondrial Dysfunction. Adv. Exp. Med. Biol. 982, 465–520. doi:10.1007/
978-3-319-55330-6_25

Groen, M. B., Knudsen, T. A., Finsen, S. H., Pedersen, B. K., Hellsten, Y., and
Mortensen, S. P. (2019). Reduced Skeletal-Muscle Perfusion and Impaired ATP
Release during Hypoxia and Exercise in Individuals with Type 2 Diabetes.
Diabetologia 62, 485–493. doi:10.1007/s00125-018-4790-0

Guzman, M., Velasco, G., and Castro, J. (1996). Effects of Extracellular ATP on
Hepatic Fatty Acid Metabolism. Am. J. Physiology-Gastrointestinal Liver
Physiology 270, G701–G707. doi:10.1152/ajpgi.1996.270.4.G701

Hahn, A., Vonck, J., Mills, D. J., Meier, T., and Kühlbrandt, W. (2018). Structure,
Mechanism, and Regulation of the Chloroplast ATP Synthase. Science 360,
eaat4318. doi:10.1126/science.aat4318

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 91804210

Li et al. ATP is a Signaling Molecule

https://doi.org/10.1002/oby.22379
https://doi.org/10.1152/ajpendo.00456.2018
https://doi.org/10.1152/ajpendo.00456.2018
https://doi.org/10.1007/s12020-018-1731-0
https://doi.org/10.1007/s12020-018-1731-0
https://doi.org/10.1007/s00125-018-4629-8
https://doi.org/10.1530/JOE-17-0516
https://doi.org/10.1172/jci38650
https://doi.org/10.1172/jci38650
https://doi.org/10.1146/annurev.physiol.68.040104.124723
https://doi.org/10.1146/annurev.physiol.68.040104.124723
https://doi.org/10.1111/j.1476-5381.1970.tb10646.x
https://doi.org/10.1007/s11302-013-9359-2
https://doi.org/10.1007/s00018-007-6497-0
https://doi.org/10.1002/hep.29777
https://doi.org/10.1080/07388551.2020.1826403
https://doi.org/10.1080/07388551.2020.1826403
https://doi.org/10.2337/db19-1038
https://doi.org/10.18632/oncotarget.17805
https://doi.org/10.18632/oncotarget.17578
https://doi.org/10.1038/ncomms14477
https://doi.org/10.1038/ncomms14477
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1001/jama.282.17.1659
https://doi.org/10.1098/rstb.2014.0191
https://doi.org/10.1242/jcs.200741
https://doi.org/10.2337/db18-1112
https://doi.org/10.1124/jpet.104.067744
https://doi.org/10.1124/jpet.104.082743
https://doi.org/10.1039/c9fo01373c
https://doi.org/10.1002/hep.22035
https://doi.org/10.2337/db07-1265
https://doi.org/10.1002/hep.23897
https://doi.org/10.1517/14728222.8.5.423
https://doi.org/10.3892/ijmm.2019.4364
https://doi.org/10.3892/ijmm.2019.4364
https://doi.org/10.2174/138161210794519219
https://doi.org/10.2174/138161210794519219
https://doi.org/10.1111/j.1365-2893.2008.00972.x
https://doi.org/10.1016/j.bbabio.2018.06.006
https://doi.org/10.1152/ajpendo.00416.2010
https://doi.org/10.1152/ajpendo.00416.2010
https://doi.org/10.1007/s10863-010-9270-2
https://doi.org/10.1016/j.jhep.2009.10.005
https://doi.org/10.1016/j.jhep.2009.10.005
https://doi.org/10.1007/978-3-319-55330-6_25
https://doi.org/10.1007/978-3-319-55330-6_25
https://doi.org/10.1007/s00125-018-4790-0
https://doi.org/10.1152/ajpgi.1996.270.4.G701
https://doi.org/10.1126/science.aat4318
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Hahn, C., Tyka, K., Saba, J. D., Lenzen, S., and Gurgul-Convey, E. (2017).
Overexpression of Sphingosine-1-Phosphate Lyase Protects Insulin-Secreting
Cells against Cytokine Toxicity. J. Biol. Chem. 292, 20292–20304. doi:10.1074/
jbc.M117.814491

Haigis, M. C., Mostoslavsky, R., Haigis, K. M., Fahie, K., Christodoulou, D. C.,
Murphy, A. J., et al. (2006). SIRT4 Inhibits Glutamate Dehydrogenase and
Opposes the Effects of Calorie Restriction in Pancreatic β Cells. Cell 126,
941–954. doi:10.1016/j.cell.2006.06.057

Han, Y., Zhou, S., Coetzee, S., and Chen, A. (2019). SIRT4 and its Roles in Energy
and Redox Metabolism in Health, Disease and during Exercise. Front. Physiol.
10, 1006. doi:10.3389/fphys.2019.01006

Hassinger, D., Stehle, T., and Gerok, W. (1987). Actions of Extracellular UTP and
ATP in Perfused Rat Liver. A Comparative Study. Eur. J. Biochem. 167, 65–71.
doi:10.1111/j.1432-1033.1987.tb13304.x

Haythorne, E., Rohm,M., Van De Bunt, M., Brereton, M. F., Tarasov, A. I., Blacker,
T. S., et al. (2019). Diabetes Causes Marked Inhibition of Mitochondrial
Metabolism in Pancreatic β-cells. Nat. Commun. 10, 2474. doi:10.1038/
s41467-019-10189-x

Hellman, B., Dansk, H., and Grapengiesser, E. (2004). Pancreatic β-cells
Communicate via Intermittent Release of ATP. Am. J. Physiology-
Endocrinology Metabolism 286, E759–E765. doi:10.1152/ajpendo.00452.2003

Holst, J. J., Madsbad, S., Bojsen-Møller, K. N., Svane, M. S., Jørgensen, N. B.,
Dirksen, C., et al. (2018). Mechanisms in Bariatric Surgery: Gut Hormones,
Diabetes Resolution, and Weight Loss. Surg. Obes. Relat. Dis. 14, 708–714.
doi:10.1016/j.soard.2018.03.003

Hu, Q., Niu, Q., Song, H., Wei, S., Wang, S., Yao, L., et al. (2019). Polysaccharides
from Portulaca Oleracea L. Regulated Insulin Secretion in INS-1 Cells through
Voltage-Gated Na Channel. Biomed. Pharmacother. 109, 876–885. doi:10.1016/
j.biopha.2018.10.113

Huang, Q., You, W., Li, Y., Sun, Y., Zhou, Y., Zhang, Y., et al. (2018).
Glucolipotoxicity-Inhibited miR-299-5p Regulates Pancreatic β-Cell
Function and Survival. Diabetes 67, 2280–2292. doi:10.2337/db18-0223

Jacques-Silva, M. C., Correa-Medina, M., Cabrera, O., Rodriguez-Diaz, R.,
Makeeva, N., Fachado, A., et al. (2010). ATP-gated P2X 3 Receptors
Constitute a Positive Autocrine Signal for Insulin Release in the Human
Pancreatic β Cell. Proc. Natl. Acad. Sci. U.S.A. 107, 6465–6470. doi:10.1073/
pnas.0908935107

Jain, S., and Jacobson, K. A. (2021). Purinergic Signaling in Liver Pathophysiology.
Front. Endocrinol. 12, 718429. doi:10.3389/fendo.2021.718429

Jensen, T., Abdelmalek, M. F., Sullivan, S., Nadeau, K. J., Green, M., Roncal, C.,
et al. (2018). Fructose and Sugar: A Major Mediator of Non-alcoholic Fatty
Liver Disease. J. Hepatology 68, 1063–1075. doi:10.1016/j.jhep.2018.01.019

Jha, D., andMitraMazumder, P. (2019). High Fat Diet Administration Leads to the
Mitochondrial Dysfunction and Selectively Alters the Expression of Class 1
GLUT Protein in Mice.Mol. Biol. Rep. 46, 1727–1736. doi:10.1007/s11033-019-
04623-y

Jhandier, M. N., Kruglov, E. A., Lavoie, É. G., Sévigny, J., and Dranoff, J. A. (2005).
Portal Fibroblasts Regulate the Proliferation of Bile Duct Epithelia via
Expression of NTPDase2. J. Biol. Chem. 280, 22986–22992. doi:10.1074/jbc.
M412371200

Jin, E. S., Beddow, S. A., Malloy, C. R., and Samuel, V. T. (2013). Hepatic Glucose
Production Pathways after Three Days of a High-Fat Diet. Metabolism 62,
152–162. doi:10.1016/j.metabol.2012.07.012

Johnson, T. A., Jinnah, H. A., and Kamatani, N. (2019). Shortage of Cellular ATP as
a Cause of Diseases and Strategies to Enhance ATP. Front. Pharmacol. 10, 98.
doi:10.3389/fphar.2019.00098

Kahancová, A., Sklenář, F., Ježek, P., and Dlasková, A. (2018). Regulation of
Glucose-Stimulated Insulin Secretion by ATPase Inhibitory Factor 1 (IF1).
FEBS Lett. 592, 999–1009. doi:10.1002/1873-3468.12991

Keppens, S., and De Wulf, H. (1986). Characterization of the Liver P2-
Purinoceptor Involved in the Activation of Glycogen Phosphorylase.
Biochem. J. 240, 367–371. doi:10.1042/bj2400367

Keppens, S., and De Wulf, H. (1985). P2-purinergic Control of Liver
Glycogenolysis. Biochem. J. 231, 797–799. doi:10.1042/bj2310797

Kim, W.-H., Lee, J. W., Suh, Y. H., Hong, S. H., Choi, J. S., Lim, J. H., et al. (2005a).
Exposure to Chronic High Glucose Induces β-Cell Apoptosis Through
Decreased Interaction of Glucokinase with Mitochondria. Diabetes 54,
2602–2611. doi:10.2337/diabetes.54.9.2602

Kim, W.-H., Matsumoto, K., Bessho, K., and Nakamura, T. (2005b). Growth
Inhibition and Apoptosis in Liver Myofibroblasts Promoted by Hepatocyte
Growth Factor Leads to Resolution from Liver Cirrhosis. Am. J. Pathology 166,
1017–1028. doi:10.1016/s0002-9440(10)62323-1

Kniazev, Iu. A., Vakhrusheva, L. L., Chesnokova, T. T., Sergeeva, N. A., and
Demidova, L. V. (1985). Blood Levels of Glycosylated Hemoglobin and ATP in
Diabetes Mellitus in Children. Vopr. Med. Khim 31, 67–71.

Kojima, I., Medina, J., and Nakagawa, Y. (2017). Role of the Glucose-Sensing
Receptor in Insulin Secretion. Diabetes Obes. Metab. 19, 54–62. doi:10.1111/
dom.13013

Koliaki, C., Szendroedi, J., Kaul, K., Jelenik, T., Nowotny, P., Jankowiak, F., et al.
(2015). Adaptation of Hepatic Mitochondrial Function in Humans with Non-
alcoholic Fatty Liver Is Lost in Steatohepatitis. Cell Metab. 21, 739–746. doi:10.
1016/j.cmet.2015.04.004

Kuang, J.-R., Zhang, Z.-H., Leng, W.-L., Lei, X.-T., and Liang, Z.-W. (2017).
Dapper1 Attenuates Hepatic Gluconeogenesis and Lipogenesis by Activating
PI3K/Akt Signaling. Mol. Cell. Endocrinol. 447, 106–115. doi:10.1016/j.mce.
2017.02.028

Kumar, A., Katz, L. S., Schulz, A. M., Kim, M., Honig, L. B., Li, L., et al. (2018).
Activation of Nrf2 Is Required for Normal and ChREBPα-Augmented Glucose-
Stimulated β-Cell Proliferation. Diabetes 67, 1561–1575. doi:10.2337/db17-
0943

Langen, P., and Hucho, F. (2008). Karl Lohmann and the Discovery of ATP.
Angew. Chem. Int. Ed. 47, 1824–1827. doi:10.1002/anie.200702929

Lazarowski, E. R., Sesma, J. I., Seminario-Vidal, L., and Kreda, S. M. (2011).
Molecular Mechanisms of Purine and Pyrimidine Nucleotide Release. Adv.
Pharmacol. 61, 221–261. doi:10.1016/B978-0-12-385526-8.00008-4

Lee, D. H., Kim, E. G., Park, K.-S., Jeong, S.-W., Kong, I. D., and Lee, J.-W. (2007).
Characteristics of P2X7-like Receptor Activated by Adenosine Triphosphate in
HIT-T15 Cells. Pancreas 35, 53–62. doi:10.1097/01.mpa.0000278676.58491.ef

Lee, D. H., Park, K.-S., Kim, D.-R., Lee, J.-W., and Kong, I. D. (2008). Dual Effect of
ATP on Glucose-Induced Insulin Secretion in HIT-T15 Cells. Pancreas 37,
302–308. doi:10.1097/MPA.0b013e318168daaa

Lee, J., Hong, S.-W., Kim, M.-J., Moon, S. J., Kwon, H., Park, S. E., et al. (2022).
Dulaglutide Ameliorates Palmitic Acid-Induced Hepatic Steatosis by Activating
FAM3A Signaling Pathway. Endocrinol. Metab. 37, 74–83. doi:10.3803/EnM.
2021.1293

Lee, J., Park, J.-S., and Roh, Y. S. (2019). Molecular Insights into the Role of
Mitochondria in Non-alcoholic Fatty Liver Disease. Arch. Pharm. Res. 42,
935–946. doi:10.1007/s12272-019-01178-1

Leist, M., Single, B., Castoldi, A. F., Kühnle, S., and Nicotera, P. (1997). Intracellular
Adenosine Triphosphate (ATP) Concentration: a Switch in the Decision
between Apoptosis and Necrosis. J. Exp. Med. 185, 1481–1486. doi:10.1084/
jem.185.8.1481

Li, Y., Teng, D., Shi, X., Qin, G., Qin, Y., Quan, H., et al. (2020). Prevalence of
Diabetes Recorded in Mainland China Using 2018 Diagnostic Criteria from the
American Diabetes Association: National Cross Sectional Study. BMJ 369,
m997. doi:10.1136/bmj.m997

Liu, W., Aerbajinai, W., Li, H., Liu, Y., Gavrilova, O., Jain, S., et al. (2018).
Olfactomedin 4 Deletion Improves Male Mouse Glucose Intolerance and
Insulin Resistance Induced by a High-Fat Diet. Endocrinology 159,
3235–3244. doi:10.1210/en.2018-00451

Lohman, A. W., and Isakson, B. E. (2014). Differentiating Connexin Hemichannels
and Pannexin Channels in Cellular ATP Release. FEBS Lett. 588, 1379–1388.
doi:10.1016/j.febslet.2014.02.004

Lombardi, A., Trimarco, B., Iaccarino, G., and Santulli, G. (2017). Impaired
Mitochondrial Calcium Uptake Caused by Tacrolimus Underlies Beta-Cell
Failure. Cell Commun. Signal 15, 47. doi:10.1186/s12964-017-0203-0

Mai, B. H., and Yan, L.-J. (2019). The Negative and Detrimental Effects of High
Fructose on the Liver, with Special Reference to Metabolic Disorders. Dmso 12,
821–826. doi:10.2147/dmso.s198968

Mangiullo, R., Gnoni, A., Leone, A., Gnoni, G. V., Papa, S., and Zanotti, F. (2008).
Structural and Functional Characterization of FoF1-ATP Synthase on the
Extracellular Surface of Rat Hepatocytes. Biochimica Biophysica Acta (BBA)
- Bioenergetics 1777, 1326–1335. doi:10.1016/j.bbabio.2008.08.003

Mansouri, A., Gattolliat, C.-H., and Asselah, T. (2018). Mitochondrial Dysfunction
and Signaling in Chronic Liver Diseases. Gastroenterology 155, 629–647. doi:10.
1053/j.gastro.2018.06.083

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 91804211

Li et al. ATP is a Signaling Molecule

https://doi.org/10.1074/jbc.M117.814491
https://doi.org/10.1074/jbc.M117.814491
https://doi.org/10.1016/j.cell.2006.06.057
https://doi.org/10.3389/fphys.2019.01006
https://doi.org/10.1111/j.1432-1033.1987.tb13304.x
https://doi.org/10.1038/s41467-019-10189-x
https://doi.org/10.1038/s41467-019-10189-x
https://doi.org/10.1152/ajpendo.00452.2003
https://doi.org/10.1016/j.soard.2018.03.003
https://doi.org/10.1016/j.biopha.2018.10.113
https://doi.org/10.1016/j.biopha.2018.10.113
https://doi.org/10.2337/db18-0223
https://doi.org/10.1073/pnas.0908935107
https://doi.org/10.1073/pnas.0908935107
https://doi.org/10.3389/fendo.2021.718429
https://doi.org/10.1016/j.jhep.2018.01.019
https://doi.org/10.1007/s11033-019-04623-y
https://doi.org/10.1007/s11033-019-04623-y
https://doi.org/10.1074/jbc.M412371200
https://doi.org/10.1074/jbc.M412371200
https://doi.org/10.1016/j.metabol.2012.07.012
https://doi.org/10.3389/fphar.2019.00098
https://doi.org/10.1002/1873-3468.12991
https://doi.org/10.1042/bj2400367
https://doi.org/10.1042/bj2310797
https://doi.org/10.2337/diabetes.54.9.2602
https://doi.org/10.1016/s0002-9440(10)62323-1
https://doi.org/10.1111/dom.13013
https://doi.org/10.1111/dom.13013
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1016/j.mce.2017.02.028
https://doi.org/10.1016/j.mce.2017.02.028
https://doi.org/10.2337/db17-0943
https://doi.org/10.2337/db17-0943
https://doi.org/10.1002/anie.200702929
https://doi.org/10.1016/B978-0-12-385526-8.00008-4
https://doi.org/10.1097/01.mpa.0000278676.58491.ef
https://doi.org/10.1097/MPA.0b013e318168daaa
https://doi.org/10.3803/EnM.2021.1293
https://doi.org/10.3803/EnM.2021.1293
https://doi.org/10.1007/s12272-019-01178-1
https://doi.org/10.1084/jem.185.8.1481
https://doi.org/10.1084/jem.185.8.1481
https://doi.org/10.1136/bmj.m997
https://doi.org/10.1210/en.2018-00451
https://doi.org/10.1016/j.febslet.2014.02.004
https://doi.org/10.1186/s12964-017-0203-0
https://doi.org/10.2147/dmso.s198968
https://doi.org/10.1016/j.bbabio.2008.08.003
https://doi.org/10.1053/j.gastro.2018.06.083
https://doi.org/10.1053/j.gastro.2018.06.083
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Mayr, J. A., Havlickova, V., Zimmermann, F., Magler, I., Kaplanova, V., Jesina, P., et al. (2010).
Mitochondrial ATP Synthase Deficiency Due to aMutation in the ATP5E Gene for the F1
Subunit. Hum. Mol. Genet. 19, 3430–3439. doi:10.1093/hmg/ddq254

Mitchell, R. K., Nguyen-Tu, M.-S., Chabosseau, P., Callingham, R. M., Pullen, T. J.,
Cheung, R., et al. (2017). The Transcription Factor Pax6 Is Required for Pancreatic β
Cell Identity, Glucose-RegulatedATP Synthesis, andCa2+Dynamics in AdultMice.
J. Biol. Chem. 292, 8892–8906. doi:10.1074/jbc.M117.784629

Miyamoto, A., Takeshita, M., Pan-Hou, H., and Fujimori, H. (2008). Hepatic
Changes in Adenine Nucleotide Levels and Adenosine 3’-monophosphate
Forming Enzyme in Streptozotocin-Induced Diabetic Mice. J. Toxicol. Sci.
33, 209–217. doi:10.2131/jts.33.209

Mookerjee, S. A., Gerencser, A. A., Nicholls, D. G., and Brand, M. D. (2017).
Quantifying Intracellular Rates of Glycolytic and Oxidative ATP Production
and Consumption Using Extracellular Flux Measurements. J. Biol. Chem. 292,
7189–7207. doi:10.1074/jbc.M116.774471

Moser, T. L., Kenan, D. J., Ashley, T. A., Roy, J. A., Goodman, M. D., Misra, U. K.,
et al. (2001). Endothelial Cell Surface F 1 -F O ATP Synthase Is Active in ATP
Synthesis and Is Inhibited by Angiostatin. Proc. Natl. Acad. Sci. U.S.A. 98,
6656–6661. doi:10.1073/pnas.131067798

Nair, S., Chacko, V. P., and Diehl, A. M. (2003). Hepatic ATP Reserve and
Efficiency of Replenishing: Comparison between Obese and Nonobese Normal
Individuals. Am. J. Gastroenterol. 98, 466–470. doi:10.1111/j.1572-0241.2003.
07221.x

Novak, I. (2008). Purinergic Receptors in the Endocrine and Exocrine Pancreas.
Purinergic Signal. 4, 237–253. doi:10.1007/s11302-007-9087-6

Oakley, F., Meso, M., Iredale, J. P., Green, K., Marek, C. J., Zhou, X., et al. (2005).
Inhibition of Inhibitor of κB Kinases Stimulates Hepatic Stellate Cell Apoptosis
and Accelerated Recovery from Rat Liver Fibrosis. Gastroenterology 128,
108–120. doi:10.1053/j.gastro.2004.10.003

Oleson, B. J., Broniowska, K. A., Yeo, C. T., Flancher, M., Naatz, A., Hogg, N., et al.
(2019). The Role of Metabolic Flexibility in the Regulation of the DNA Damage
Response by Nitric Oxide. Mol. Cell Biol. 39. doi:10.1128/mcb.00153-19

Olioso, D., Dauriz, M., Bacchi, E., Negri, C., Santi, L., Bonora, E., et al. (2019).
Effects of Aerobic and Resistance Training on Circulating Micro-RNA
Expression Profile in Subjects with Type 2 Diabetes. J. Clin. Endocrinol.
Metab. 104, 1119–1130. doi:10.1210/jc.2018-01820

Ortega, F. J., Mercader, J. M., Moreno-Navarrete, J. M., Rovira, O., Guerra, E.,
Esteve, E., et al. (2014). Profiling of Circulating microRNAs Reveals Common
microRNAs Linked to Type 2 Diabetes that Change with Insulin Sensitization.
Diabetes Care 37, 1375–1383. doi:10.2337/dc13-1847

Peng, Z., Borea, P. A., Wilder, T., Yee, H., Chiriboga, L., Blackburn, M. R., et al.
(2009). Adenosine Signaling Contributes to Ethanol-Induced Fatty Liver in
Mice. J. Clin. Invest. 119, 582–594. doi:10.1172/JCI37409

Petit, P., Lajoix, A.-D., and Gross, R. (2009). P2 Purinergic Signalling in the
Pancreatic β-cell: Control of Insulin Secretion and Pharmacology. Eur.
J. Pharm. Sci. 37, 67–75. doi:10.1016/j.ejps.2009.01.007

Plötz, T., Von Hanstein, A. S., Krümmel, B., Laporte, A., Mehmeti, I., and Lenzen,
S. (2019). Structure-toxicity Relationships of Saturated and Unsaturated Free
Fatty Acids for Elucidating the Lipotoxic Effects in Human EndoC-βH1 Beta-
Cells. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1865, 165525. doi:10.
1016/j.bbadis.2019.08.001

Poitout, V., Amyot, J., Semache, M., Zarrouki, B., Hagman, D., and Fontés, G. (2010).
Glucolipotoxicity of the Pancreatic Beta Cell. Biochimica Biophysica Acta (BBA) -
Mol. Cell Biol. Lipids 1801, 289–298. doi:10.1016/j.bbalip.2009.08.006

Pommey, S., Lu, B., Mcrae, J., Stagg, J., Hill, P., Salvaris, E., et al. (2013). Liver Grafts
from CD39-Overexpressing Rodents Are Protected from Ischemia Reperfusion
Injury Due to Reduced Numbers of Resident CD4+T Cells. Hepatology 57,
1597–1606. doi:10.1002/hep.25985

Prats-Puig, A., Ortega, F. J., Mercader, J. M., Moreno-Navarrete, J. M., Moreno, M.,
Bonet, N., et al. (2013). Changes in Circulating microRNAs Are Associated with
Childhood Obesity. J. Clin. Endocrinol. Metab. 98, E1655–E1660. doi:10.1210/jc.
2013-1496

Qi, M., Bilbao, S., Forouhar, E., Kandeel, F., and Al-Abdullah, I. H. (2018).
Encompassing ATP, DNA, Insulin, and Protein Content for Quantification
and Assessment of Human Pancreatic Islets. Cell Tissue Bank. 19, 77–85. doi:10.
1007/s10561-017-9659-9

Rai, A. K., Spolaore, B., Harris, D. A., Dabbeni-Sala, F., and Lippe, G. (2013).
Ectopic F0F1 ATP Synthase Contains Both Nuclear and Mitochondrially-

Encoded Subunits. J. Bioenerg. Biomembr. 45, 569–579. doi:10.1007/s10863-
013-9522-z

Richards-Williams, C., Contreras, J. L., Berecek, K. H., and Schwiebert, E. M.
(2008). Extracellular ATP and Zinc Are Co-secreted with Insulin and Activate
Multiple P2X Purinergic Receptor Channels Expressed by Islet Beta-Cells to
Potentiate Insulin Secretion. Purinergic Signal. 4, 393–405. doi:10.1007/s11302-
008-9126-y

Richardson, L. K., Egede, L. E., andMueller, M. (2008). Effect of Race/ethnicity and
Persistent Recognition of Depression on Mortality in Elderly Men with Type 2
Diabetes and Depression. Diabetes Care 31, 880–881. doi:10.2337/dc07-2215

Riopel, M., Seo, J. B., Bandyopadhyay, G. K., Li, P., Wollam, J., Chung, H., et al.
(2018). Chronic Fractalkine Administration Improves Glucose Tolerance and
Pancreatic Endocrine Function. J. Clin. Invest. 128, 1458–1470. doi:10.1172/
jci94330

Rowley, T. J., Bitner, B. F., Ray, J. D., Lathen, D. R., Smithson, A. T., Dallon, B. W.,
et al. (2017). Monomeric Cocoa Catechins Enhance β-cell Function by
Increasing Mitochondrial Respiration. J. Nutr. Biochem. 49, 30–41. doi:10.
1016/j.jnutbio.2017.07.015

Sabbert, D., Engelbrecht, S., and Junge, W. (1996). Intersubunit Rotation in Active
F-ATPase. Nature 381, 623–625. doi:10.1038/381623a0

Schmid, A. I., Szendroedi, J., Chmelik, M., Krššák, M., Moser, E., and Roden, M.
(2011). Liver ATP Synthesis Is Lower and Relates to Insulin Sensitivity in
Patients with Type 2 Diabetes. Diabetes Care 34, 448–453. doi:10.2337/dc10-
1076

Seino, S. (2012). Cell Signalling in Insulin Secretion: the Molecular Targets of ATP,
cAMP and Sulfonylurea. Diabetologia 55, 2096–2108. doi:10.1007/s00125-012-
2562-9

Serhan, N., Cabou, C., Verdier, C., Lichtenstein, L., Malet, N., Perret, B., et al.
(2013). Chronic Pharmacological Activation of P2Y13 Receptor in Mice
Decreases HDL-Cholesterol Level by Increasing Hepatic HDL Uptake and
Bile Acid Secretion. Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids
1831, 719–725. doi:10.1016/j.bbalip.2012.12.006

Serviddio, G., Bellanti, F., Tamborra, R., Rollo, T., Romano, A. D., Giudetti, A. M.,
et al. (2008). Alterations of Hepatic ATP Homeostasis and Respiratory Chain
during Development of Non-alcoholic Steatohepatitis in a Rodent Model. Eur.
J. Clin. Invest. 38, 245–252. doi:10.1111/j.1365-2362.2008.01936.x

Sha, W., Hu, F., and Bu, S. (2020). Mitochondrial Dysfunction and Pancreatic Islet
&beta;-cell F-ailure (Review). Exp. Ther. Med. 20, 266. doi:10.3892/etm.2020.
9396

Sha, Y., Zhang, Y., Cao, J., Qian, K., Niu, B., and Chen, Q. (2018). Loureirin B
Promotes Insulin Secretion through Inhibition of K ATP Channel and Influx of
Intracellular Calcium. J Cell. Biochem. 119, 2012–2021. doi:10.1002/jcb.26362

Shahrestanaki, M. K., Arasi, F. P., and Aghaei, M. (2018). Adenosine Protects
Pancreatic Beta Cells against Apoptosis Induced by Endoplasmic Reticulum
Stress. J Cell. Biochem. 120, 7759–7770. doi:10.1002/jcb.28050

Sharma, R., Sinha, S., Danishad, K. A., Vikram, N. K., Gupta, A., Ahuja, V., et al.
(2009). Investigation of Hepatic Gluconeogenesis Pathway in Non-diabetic
Asian Indians with Non-alcoholic Fatty Liver Disease Using In Vivo (31P)
Phosphorus Magnetic Resonance Spectroscopy. Atherosclerosis 203, 291–297.
doi:10.1016/j.atherosclerosis.2008.06.016

Shi, J.-H., Lu, J.-Y., Chen, H.-Y., Wei, C.-C., Xu, X., Li, H., et al. (2020). Liver
ChREBP Protects against Fructose-Induced Glycogenic Hepatotoxicity by
Regulating L-Type Pyruvate Kinase. Diabetes 69, 591–602. doi:10.2337/
db19-0388

Shuai, C., Xia, G.-q., Yuan, F., Wang, S., and Lv, X.-w. (2021). CD39-mediated
ATP-Adenosine Signalling Promotes Hepatic Stellate Cell Activation and
Alcoholic Liver Disease. Eur. J. Pharmacol. 905, 174198. doi:10.1016/j.
ejphar.2021.174198

Song, K., Han, Y., Zhang, L., Liu, G., Yang, P., Cheng, X., et al. (2014). ATP
Synthaseβ-Chain Overexpression in SR-BI Knockout Mice Increases HDL
Uptake and Reduces Plasma HDL Level. Int. J. Endocrinol. 2014, 356432.
doi:10.1155/2014/356432

Spaeth, J. M., Liu, J.-H., Peters, D., Guo, M., Osipovich, A. B., Mohammadi, F., et al.
(2019). The Pdx1-Bound Swi/Snf Chromatin Remodeling Complex Regulates
Pancreatic Progenitor Cell Proliferation and Mature Islet β-Cell Function.
Diabetes 68, 1806–1818. doi:10.2337/db19-0349

Stacchiotti, A., Favero, G., Lavazza, A., Golic, I., Aleksic, M., Korac, A., et al. (2016).
Hepatic Macrosteatosis Is Partially Converted to Microsteatosis by Melatonin

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 91804212

Li et al. ATP is a Signaling Molecule

https://doi.org/10.1093/hmg/ddq254
https://doi.org/10.1074/jbc.M117.784629
https://doi.org/10.2131/jts.33.209
https://doi.org/10.1074/jbc.M116.774471
https://doi.org/10.1073/pnas.131067798
https://doi.org/10.1111/j.1572-0241.2003.07221.x
https://doi.org/10.1111/j.1572-0241.2003.07221.x
https://doi.org/10.1007/s11302-007-9087-6
https://doi.org/10.1053/j.gastro.2004.10.003
https://doi.org/10.1128/mcb.00153-19
https://doi.org/10.1210/jc.2018-01820
https://doi.org/10.2337/dc13-1847
https://doi.org/10.1172/JCI37409
https://doi.org/10.1016/j.ejps.2009.01.007
https://doi.org/10.1016/j.bbadis.2019.08.001
https://doi.org/10.1016/j.bbadis.2019.08.001
https://doi.org/10.1016/j.bbalip.2009.08.006
https://doi.org/10.1002/hep.25985
https://doi.org/10.1210/jc.2013-1496
https://doi.org/10.1210/jc.2013-1496
https://doi.org/10.1007/s10561-017-9659-9
https://doi.org/10.1007/s10561-017-9659-9
https://doi.org/10.1007/s10863-013-9522-z
https://doi.org/10.1007/s10863-013-9522-z
https://doi.org/10.1007/s11302-008-9126-y
https://doi.org/10.1007/s11302-008-9126-y
https://doi.org/10.2337/dc07-2215
https://doi.org/10.1172/jci94330
https://doi.org/10.1172/jci94330
https://doi.org/10.1016/j.jnutbio.2017.07.015
https://doi.org/10.1016/j.jnutbio.2017.07.015
https://doi.org/10.1038/381623a0
https://doi.org/10.2337/dc10-1076
https://doi.org/10.2337/dc10-1076
https://doi.org/10.1007/s00125-012-2562-9
https://doi.org/10.1007/s00125-012-2562-9
https://doi.org/10.1016/j.bbalip.2012.12.006
https://doi.org/10.1111/j.1365-2362.2008.01936.x
https://doi.org/10.3892/etm.2020.9396
https://doi.org/10.3892/etm.2020.9396
https://doi.org/10.1002/jcb.26362
https://doi.org/10.1002/jcb.28050
https://doi.org/10.1016/j.atherosclerosis.2008.06.016
https://doi.org/10.2337/db19-0388
https://doi.org/10.2337/db19-0388
https://doi.org/10.1016/j.ejphar.2021.174198
https://doi.org/10.1016/j.ejphar.2021.174198
https://doi.org/10.1155/2014/356432
https://doi.org/10.2337/db19-0349
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Supplementation in Ob/ob Mice Non-alcoholic Fatty Liver Disease. PLoS One
11, e0148115. doi:10.1371/journal.pone.0148115

Szendroedi, J., Chmelik, M., Schmid, A. I., Nowotny, P., Brehm, A., Krssak, M.,
et al. (2009). Abnormal Hepatic Energy Homeostasis in Type 2 Diabetes.
Hepatology 50, 1079–1086. doi:10.1002/hep.23093

Tahani, H., Samia, M., Rizk, S., Habib, Y. A., and Tallaat, M. (1977). Effect of Repeated
Doses of ATP on Serum Protein Pattern and Fat Content of the Liver in
Experimental Diabetes. Z Ernährungswiss 16, 120–127. doi:10.1007/BF02021488

Tengholm, A. (2014). Purinergic P2Y1 Receptors Take Centre Stage in Autocrine
Stimulation of Human Beta Cells. Diabetologia 57, 2436–2439. doi:10.1007/
s00125-014-3392-8

Trincavelli, M. L., Daniele, S., and Martini, C. (2010). Adenosine Receptors: what
We Know and what We Are Learning. Ctmc 10, 860–877. doi:10.2174/
156802610791268756

Vaughn, B. P., Robson, S. C., and Longhi, M. S. (2014). Purinergic Signaling in
Liver Disease. Dig. Dis. 32, 516–524. doi:10.1159/000360498

Vendemiale, G., Grattagliano, I., Caraceni, P., Caraccio, G., Domenicali, M.,
Dall’agata, M., et al. (2001). Mitochondrial Oxidative Injury and Energy
Metabolism Alteration in Rat Fatty Liver: Effect of the Nutritional Status.
Hepatology 33, 808–815. doi:10.1053/jhep.2001.23060

Volker, V., Robert, U., Ew, I., J, L., and Bk, K. (2020). Extracellular Nucleotides and
P2 Receptors in Renal Function. Physiol. Rev. 100, 211–269. doi:10.1152/
physrev.00038.2018

Vultaggio-Poma, V., Sarti, A. C., and Di Virgilio, F. (2020). Extracellular ATP: A
Feasible Target for Cancer Therapy. Cells 9, 2496. doi:10.3390/cells9112496

Wang, C., Chen, Z., Li, S., Zhang, Y., Jia, S., Li, J., et al. (2014a). Hepatic
Overexpression of ATP Synthase β Subunit Activates PI3K/Akt Pathway to
Ameliorate Hyperglycemia of Diabetic Mice. Diabetes 63, 947–959. doi:10.
2337/db13-1096

Wang, C., Chi, Y., Li, J., Miao, Y., Li, S., Su, W., et al. (2014b). FAM3A Activates
PI3K p110α/Akt Signaling to Ameliorate Hepatic Gluconeogenesis and
Lipogenesis. Hepatology 59, 1779–1790. doi:10.1002/hep.26945

Wang, C., Geng, B., Cui, Q., Guan, Y., and Yang, J. (2014c). Intracellular and
Extracellular Adenosine Triphosphate in Regulation of Insulin Secretion from
Pancreatic β Cells (β). J. Diabetes 6, 113–119. doi:10.1111/1753-0407.12098

Wang, C., Guan, Y., and Yang, J. (2010). Cytokines in the Progression of Pancreaticβ-
Cell Dysfunction. Int. J. Endocrinol. 2010, 515136. doi:10.1155/2010/515136

Wang, L., Peng, W., Zhao, Z., Zhang, M., Shi, Z., Song, Z., et al. (2021a). Prevalence
and Treatment of Diabetes in China, 2013-2018. JAMA 326, 2498–2506. doi:10.
1001/jama.2021.22208

Wang, S., Gao, S., Zhou, D., Qian, X., Luan, J., and Lv, X. (2021b). The Role of the
CD39-CD73-Adenosine Pathway in Liver Disease. J. Cell Physiol. 236, 851–862.
doi:10.1002/jcp.29932

Wang, T., Shen, Y., Li, Y., Wang, B., Wang, B., Wu, D., et al. (2019). Ectopic ATP
Synthase β Subunit Proteins on Human Leukemia Cell Surface Interact with
Platelets by Binding Glycoprotein IIb. Haematologica 104, e364–e368. doi:10.
3324/haematol.2019.216390

Wei, J., Ding, D., Wang, T., Liu, Q., and Lin, Y. (2017). MiR-338 Controls BPA-
triggered Pancreatic Islet Insulin Secretory Dysfunction from Compensation to
Decompensation by Targeting Pdx-1. FASEB J. 31, 5184–5195. doi:10.1096/fj.
201700282R

Weitz, J. R., Makhmutova, M., Almaça, J., Stertmann, J., Aamodt, K., Brissova, M., et al.
(2018). Mouse Pancreatic Islet Macrophages Use Locally Released ATP to Monitor
Beta Cell Activity. Diabetologia 61, 182–192. doi:10.1007/s00125-017-4416-y

Wu, M., Liao, L., Jiang, L., Zhang, C., Gao, H., Qiao, L., et al. (2019). Liver-targeted
Nano-MitoPBN Normalizes Glucose Metabolism by Improving Mitochondrial
Redox Balance. Biomaterials 222, 119457. doi:10.1016/j.biomaterials.2019.119457

Xiang, R., Chen, J., Li, S., Yan, H., Meng, Y., Cai, J., et al. (2020). VSMC-Specific
Deletion of FAM3A Attenuated Ang II-Promoted Hypertension and
Cardiovascular Hypertrophy. Circ. Res. 126, 1746–1759. doi:10.1161/
CIRCRESAHA.119.315558

Xu,W., Liang, M., Zhang, Y., Huang, K., andWang, C. (2019). Endothelial FAM3A
Positively Regulates Post-ischaemic Angiogenesis. EBioMedicine 43, 32–42.
doi:10.1016/j.ebiom.2019.03.038

Xue, L. J., Huang, Q., Zeng, J. E., Zhu, H., and Xu, C. Y. (2018). Up-regulation of
Receptor Interaction Protein 140 Promotes Glucolipotoxicity-Induced Damage

in MIN6 Cells. Cell Mol. Biol. (Noisy-le-grand) 64, 39–45. doi:10.14715/cmb/
2018.64.4.7

Yan, H., Chen, Z., Zhang, H., Yang, W., Liu, X., Meng, Y., et al. (2021). Intracellular
ATP Signaling Contributes to FAM3A-Induced PDX1 Upregulation in
Pancreatic Beta Cells. Exp. Clin. Endocrinol. Diabetes. 1. 1. doi:10.1055/a-
1608-0607

Yang, J., Wong, R. K., Park, M., Wu, J., Cook, J. R., York, D. A., et al. (2006).
Leucine Regulation of Glucokinase and ATP Synthase Sensitizes Glucose-
Induced Insulin Secretion in Pancreatic β-Cells. Diabetes 55, 193–201.
doi:10.2337/diabetes.55.01.06.db05-0938

Yang, J., Wong, R. K., Wang, X., Moibi, J., Hessner, M. J., Greene, S., et al. (2004).
Leucine Culture Reveals That ATP Synthase Functions as a Fuel Sensor in
Pancreatic β-Cells. J. Biol. Chem. 279, 53915–53923. doi:10.1074/jbc.
M405309200

Yang, J., Zhang, L. J., Wang, F., Hong, T., and Liu, Z. (2019). Molecular Imaging of
Diabetes and Diabetic Complications: Beyond Pancreatic β-cell Targeting. Adv.
Drug Deliv. Rev. 139, 32–50. doi:10.1016/j.addr.2018.11.007

Yang, W., Chi, Y., Meng, Y., Chen, Z., Xiang, R., Yan, H., et al. (2020). FAM3A
Plays Crucial Roles in Controlling PDX1 and Insulin Expressions in Pancreatic
Beta Cells. FASEB J. 34, 3915–3931. doi:10.1096/fj.201902368RR

Yang, W., Wang, J., Chen, Z., Chen, J., Meng, Y., Chen, L., et al. (2017). NFE2
Induces miR-423-5p to Promote Gluconeogenesis and Hyperglycemia by
Repressing the Hepatic FAM3A-ATP-Akt Pathway. Diabetes 66, 1819–1832.
doi:10.2337/db16-1172

Youssef, N. A., Abdelmalek, M. F., Binks, M., Guy, C. D., Omenetti, A., Smith, A.
D., et al. (2013). Associations of Depression, Anxiety and Antidepressants with
Histological Severity of Nonalcoholic Fatty Liver Disease. Liver Int. 33,
1062–1070. doi:10.1111/liv.12165

Zhang, E., Mohammed Al-Amily, I., Mohammed, S., Luan, C., Asplund, O.,
Ahmed, M., et al. (2019). Preserving Insulin Secretion in Diabetes by
Inhibiting VDAC1 Overexpression and Surface Translocation in β Cells.
Cell Metab. 29, 64–77.e66. doi:10.1016/j.cmet.2018.09.008

Zhang, X., Yang, W., Wang, J., Meng, Y., Guan, Y., and Yang, J. (2018a). FAM3
Gene Family: A Promising Therapeutical Target for NAFLD and Type 2
Diabetes. Metabolism 81, 71–82. doi:10.1016/j.metabol.2017.12.001

Zhang, Y., Wan, J., Liu, S., Hua, T., and Sun, Q. (2018b). Exercise Induced
Improvements in Insulin Sensitivity Are Concurrent with Reduced NFE2/
miR-432-5p and Increased FAM3A. Life Sci. 207, 23–29. doi:10.1016/j.lfs.2018.
05.040

Zheng, D. W., Xu, L., Li, C. X., Dong, X., Pan, P., Zhang, Q. L., et al. (2018). Photo-
Powered Artificial Organelles for ATP Generation and Life-Sustainment. Adv.
Mat. 30, 1805038. doi:10.1002/adma.201805038

Zhu, Y., Xu, G., Patel, A., Mclaughlin, M. M., Silverman, C., Knecht, K. A., et al.
(2002). Cloning, Expression, and Initial Characterization of a Novel Cytokine-
like Gene Family. Genomics 80, 144–150. doi:10.1006/geno.2002.6816

Zimmermann, H., Zebisch, M., and Sträter, N. (2012). Cellular Function and
Molecular Structure of Ecto-Nucleotidases. Purinergic Signal. 8, 437–502.
doi:10.1007/s11302-012-9309-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Yan, Xiang, Yang, Ye, Yin, Yang and Chi. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 91804213

Li et al. ATP is a Signaling Molecule

https://doi.org/10.1371/journal.pone.0148115
https://doi.org/10.1002/hep.23093
https://doi.org/10.1007/BF02021488
https://doi.org/10.1007/s00125-014-3392-8
https://doi.org/10.1007/s00125-014-3392-8
https://doi.org/10.2174/156802610791268756
https://doi.org/10.2174/156802610791268756
https://doi.org/10.1159/000360498
https://doi.org/10.1053/jhep.2001.23060
https://doi.org/10.1152/physrev.00038.2018
https://doi.org/10.1152/physrev.00038.2018
https://doi.org/10.3390/cells9112496
https://doi.org/10.2337/db13-1096
https://doi.org/10.2337/db13-1096
https://doi.org/10.1002/hep.26945
https://doi.org/10.1111/1753-0407.12098
https://doi.org/10.1155/2010/515136
https://doi.org/10.1001/jama.2021.22208
https://doi.org/10.1001/jama.2021.22208
https://doi.org/10.1002/jcp.29932
https://doi.org/10.3324/haematol.2019.216390
https://doi.org/10.3324/haematol.2019.216390
https://doi.org/10.1096/fj.201700282R
https://doi.org/10.1096/fj.201700282R
https://doi.org/10.1007/s00125-017-4416-y
https://doi.org/10.1016/j.biomaterials.2019.119457
https://doi.org/10.1161/CIRCRESAHA.119.315558
https://doi.org/10.1161/CIRCRESAHA.119.315558
https://doi.org/10.1016/j.ebiom.2019.03.038
https://doi.org/10.14715/cmb/2018.64.4.7
https://doi.org/10.14715/cmb/2018.64.4.7
https://doi.org/10.1055/a-1608-0607
https://doi.org/10.1055/a-1608-0607
https://doi.org/10.2337/diabetes.55.01.06.db05-0938
https://doi.org/10.1074/jbc.M405309200
https://doi.org/10.1074/jbc.M405309200
https://doi.org/10.1016/j.addr.2018.11.007
https://doi.org/10.1096/fj.201902368RR
https://doi.org/10.2337/db16-1172
https://doi.org/10.1111/liv.12165
https://doi.org/10.1016/j.cmet.2018.09.008
https://doi.org/10.1016/j.metabol.2017.12.001
https://doi.org/10.1016/j.lfs.2018.05.040
https://doi.org/10.1016/j.lfs.2018.05.040
https://doi.org/10.1002/adma.201805038
https://doi.org/10.1006/geno.2002.6816
https://doi.org/10.1007/s11302-012-9309-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	ATP Secretion and Metabolism in Regulating Pancreatic Beta Cell Functions and Hepatic Glycolipid Metabolism
	1 Introduction
	2 Reduced ATP Production and Dysfunction of ATP Signaling Associates With Diabetes
	2.1 ATP Synthesis
	2.2 Metabolism of Extracellular ATP
	2.3 Extracellular ATP Signaling
	2.4 Distribution of P2 Receptors in Pancreatic Beta Cells and Hepatocytes
	2.5 Reduced ATP Production is Highly Associated With Diabetes

	3 ATP Regulates Islet β Cell Functions
	3.1 Intracellular ATP Stimulates GSIS in Pancreatic β Cell
	3.1.1 Reduction of ATP Synthesis Impairs Pancreatic β Cell Functions
	3.1.2 Targeting ATP Synthesis to Improve Pancreatic β Cell Dysfunctions

	3.2 Extracellular ATP is an Important Regulator of Pancreatic β Cell Functions

	4 ATP Regulates Hepatic Glycolipid Metabolism
	4.1 Reduced Hepatic ATP Synthesis is Highly Associated With Hepatic Glycolipid Metabolism
	4.2 Intracellular ATP on Glucose and Lipid Metabolism in Hepatocytes
	4.3 Extracellular ATP is an Important Regulator of Hepatic Glycolipid Metabolism
	4.4 Hepatocyte-Released ATP Suppresses Gluconeogenesis and Lipogenesis Independent of Insulin

	5 Summary and Perspective
	Author Contributions
	Funding
	References


