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Scope of the Series

Modern physiology requires a comprehensive understanding of the integration

of tissues and organs throughout the mammalian body, including the expression,
structure, and function of molecular and cellular components. While a daunting
task, learning is facilitated by our identification of common, effective signaling
pathways employed by nature to sustain life. As a main example, the cellular inter-
play between intracellular Ca2 increases and changes in plasma membrane potential
is integral to coordinating blood flow, governing the exocytosis of neurotransmit-
ters and modulating genetic expression. Further, in this manner, understanding
the systemic interplay between the cardiovascular and nervous systems has now
become more important than ever as human populations age and mechanisms of
cellular oxidative signaling are utilized for sustaining life. Altogether, physiological
research enables our identification of clear and precise points of transition from



health to development of multi-morbidity during the inevitable aging process (e.g.,
diabetes, hypertension, chronic kidney disease, heart failure, age-related macular
degeneration; cancer). With consideration of all organ systems (e.g., brain, heart,
lung, liver; gut, kidney, eye) and the interactions thereof, this Physiology Series
will address aims of resolve (1) Aging physiology and progress of chronic diseases
(2) Examination of key cellular pathways as they relate to calcium, oxidative stress,
and electrical signaling & (3) how changes in plasma membrane produced by lipid
peroxidation products affects aging physiology
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Preface

This book is a collection of papers written by clinical researchers in the field, with
chapters that focus on the role of adenosine triphosphate (ATP) in health and
disease. It aims to fill a gap in the literature and provide more information on the
regulatory mechanisms of living organisms. The book contains three excellent
papers and one human clinical observation in ophthalmology.

As a clinician, I have spent the last several decades conducting research in clinical
pharmacology, with a particular focus on peptic ulcer disease. As such, I introduce
the book with a bit about my studies and a discussion of ATP and its relation to both
healthy and ulcerated GI mucosa.

Further chapters address topics such as temperature-dependent effects of ATP on
smooth and skeletal muscles, purinergic signaling as a new regulator of ovarian
function, phosphorylation of NF-kB in cancer, and the role of ATP in asthenopia.

This book is designed for researchers and clinicians alike, and I hope it helps the
reader to better understand the essential points in human health and disease.

Gyula Mézsik, MD, PhD, ScD (Med)
Professor Emeritus of Medicine,

First Department of Medicine,
University of Pécs, Hungary






Chapter1

Introductory Chapter: From
Adenosine Triphosphate to Basic
and Clinical Research in Light

of First and Second Messenger
Systems to Cellular Energetical and
Other Regulatory Functions of
Cells in Animals and in Humans
(with a Sample of Peptic Ulcer
Disease Research)

Gyula Mdzsik

1. Introduction

The living animals and human organisms, organs, and cells are in a good equilib-
rium under the normal conditions. This excellent equilibrium can be kept with a
lot of regulatory mechanisms at the level of whole organisms, different organs,
and different cells, which together can organize the different regulatory steps and
pathways under normal conditions for the living organisms. These regulatory
mechanism systems represent a wonderful world. That is the very simple explana-
tion for that why many people do research works in these fields and they wanted
to know more and more details about this wonderful world. The researchers are
working in very different fields; however, all of us want to know more and more the
essential and general laws of the different regulatory mechanism systems in hoping
that these new observations will help us in keeping further this wonderful world in
the forthcoming future.

The researcher people are biologists, bacteriologists, animal researchers, veteri-
nary physicians, human physicians (and related specialists, like anatomists, physi-
ologists, biochemists, pathologists, pharmacologists, basic researchers, clinicians,
etc.), agricultural researchers, etc.

Basically we want to know more and more on the functions of living organisms;
however, the possible approaching pathways are very different in the science; fur-
thermore the “science” is a permanently changed process. Firstly, we try to register
the reactions (answers) of the whole organism, including physical, physiological,
and psychological aspects. In other words, we will see the whole organisms at the
first time; however, later we want to know more on their mechanisms involved in
the different “whole” reactions. Consequently, the main research tendency turned

1 IntechOpen
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into the microworlds from the whole organisms (e.g., biochemistry, pharmacology,
etc.), and now we are at the levels just at the level a small particles of cells (like
different enzymes, biochemical reactions, membrane functions, nucleic acids, and
very special particles).

This book contains four (five) different excellent chapters, three of them on
theories of health and diseases and one more chapter dealing with human clinical
problems, which together give a nice overview on the theories of human medical
practical problem.

2. First and second messenger systems

The centrally and peripherally originated neural influences (mediators), differ-
ent hormones, and—during the medical treatments—different drugs reach in the
serum the plasma cell membranes.

The terminology of cell membrane represents a very complicated system by
using this terminology. A lot of different enzymes and receptors are located in the
membranes with significantly different mechanisms (functions).

The different first messengers (hormones, mediators, drugs)—if they will not
be inactivated in the serum—will meet first with the cell membrane, and they will
modify the regulatory mechanisms in different extents.

The so-called sodium pump has been studied widely in the physiology. This
“sodium pump” system was responsible for the keeping of equilibrium between the
significant concentration gradients of sodium and potassium in the serum versus
intracellularly.

There was no question that this process is an energy-dependent process; how-
ever, the details were not known.

The sodium-potassium pump was discovered by Skou (in Denmark) in the
1950s, and it was proved that this sodium-potassium pump is responsible for the
so-called sodium pump (1965). The sodium-potassium pump can be worked by a
membrane enzyme. This enzyme is located in the membrane, splitted the mito-
chondrial adenosine triphosphate (ATP) and presence of Mg*” Na* and K, and this
process can be inhibited by application of g strophantin (ouabain). Skou (Aarhus,
Denmark) was awarded the Nobel Prize of Chemistry in 1997.

Later Sutherland (who received the Nobel Prize of Physiology or Medicine in
2001) discovered the existence of adenylate cyclase enzyme. This enzyme is also
located in the cell membrane, and the same electrolytes are necessary for the func-
tion as in the case of membrane ATPase.

Consequently, it became clear that the mitochondrial adenosine triphosphate is a
common substrate for both membrane ATPase and adenylate cyclase.

The breakdown of mitochondrial ATP by membrane ATPase is adenosine
diphosphate, while adenylate cyclase is cyclic adenosine monophosphate (cAMP).
During these processes, energy will be liberated in the cells; however their extents
are different from each other, namely, its value is about two times higher in the case
of adenylate cyclase than in the case of membrane ATPase. The adenosine mono-
phosphate is a common split intracellular compound after the breakdown of ADP
and cAMP.

Atkinson (1968) created a formula to express the values of the actual tissue
circumstances of phosphorylation/dephosphorylation by the following method:
[(ATP + O.5 ADP)/(ATP + ADP + AMP)]. This value is equal to ], when all adenos-
ine compounds are in the phosphorylate form, and this value is zero, when all
adenosine compounds are in the dephosphorylated form. The application of this
formula is very useful in different observation circumstances.
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From these very short informations, our attention has been focused in our peptic
ulcer research.

The second messenger systems are very complicated in our days, which are out
of our present work.

The editor of this book is a physician (internist, gastroenterologist, clinical
pharmacologist). However, before the editor would turn in the clinical works, he
worked a cup of years in physiological and pharmacological (molecular and bio-
chemical pharmacological) departments. When I met—as a physician—with the
patients, I registered many difficulties in their everyday medical duties, namely, the
patient’s treatments, and before taking of good diagnoses.

3. Molecular biochemical observations in human peptic ulcer diseases

My clinical work started in a medical department at Second Department of
Medicine, University of Debrecen, Hungary (1960). I met with a lot of gastroen-
terological patients, who originally suffered from “classic or genuine” peptic ulcer
disease (PUD) (with and without gastrointestinal (GI) bleedings). We had very
limited possibilities to take diagnosis (PUD) and treatments of patients with PUD
in the 1960s; however, in the forthcoming 10 years, the fiberoscopes appeared,
beside the X-ray examinations. The etiological role of tissue hypoxia was suggested
in the development of gastroduodenal mucosal damage in association with the
increased tone (activity) of the vagus nerve. In the different European countries,
the patients received atropine treatment (three times/day in doses of 0.3-0.9 orally
or 0.5-1.0 mg intramuscularly for 3-4 weeks). The scopolamine was used in the
USA beside the atropine. Following the medical treatment, we believed that the
patients healed, or we (internists) offered further the patient to surgeons for taking
gastric surgery (partial gastrectomy or partly surgical vagotomy).

The increased gastric secretory acid secretion was believed to be in the back-
ground of PUD; however no objective method(s) was (were) in the hand of
clinicians to measure the quantities of gastric acid secretion at that time. In the
1960s—near their end—different methods were established to measure gastric acid
secretion (including the gastric basal acid outputs, BAO, and maximal acid output,
MAO) using nasogastric tubes, and patients were given different doses of histamine
or pentagastrin. Independently from the presence of these methods, practically
these were not used generally in the everyday medical practice.

Many things (methods of clinical observations, modern endoscopic instru-
ments) changed in the forthcoming time, and the basic pharmacological research
produced a lot of tertiary and quaternary ammonium components (as antisecretory
agents). The effects of these compounds were tested practically in animal observa-
tions, and these results were accepted by the clinicians and introduced into the
medical treatment. The results differed in patients from those obtained in animal
experiments, and in some cases no beneficial effect of used drug is obtained in
patients. Between the years 1960 and 1970, a modern methodology was elaborated
by us to objectively measure drug absorption, metabolism, excretion, serum levels
of applied drugs, gastric acid secretory responses (BAO, MAO), parotid secretory
responses, gastric motility, and gastric emptying. These results obtained in oral or
parenteral application of different drugs offered a possibility to establish a complex
clinical pharmacological methodology for parasympatholytics and for other drugs.

The human clinical pharmacology developed further as produced the necessary
the controlled clinical pharmacological trials of different drugs. The first step was
to prove that really the different drugs have any beneficial effect of the target organ.
The identification and determination of drug action (“without giving any active
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drugs”) were one of the biggest problems (placebo effect) of the human medical
therapy (some to up to now, the correct understanding of this problems represents
an essential scientific and medical treatment problems) (like production of new
potentially new molecule is the research medicine, and the same in the clinical
practice). This problem is now out of our point of view in the practical every day
medical treatments.

We had good opportunity to carry out enough human studies on PUD patients
with different parasympatholytics, histamine H2 receptor blockings, antigastrin,
and proton pump inhibitors (PPI), antioxidants, and scavengers (so-called cytopro-
tective agents, like vitamin A, beta-carotene).

Just a small explanation is needed to understand the following step in our
research. The vitamin A and beta-carotene are both together, and these agents are
essential participants of human nutrition; however, these compounds have no any
inhibitory effect on the human (and animal) gastric acid secretion. These observa-
tions excluded, at least in some part, that only the gastric acid (HCI) secretionisa
responsible etiological factor to the development of GI ulcer diseases. Our clinical
pharmacological studies clearly indicated existence of this phenomenon of this
factor in patients with duodenal and gastric peptic ulcer. It was also very surprising
when we carried out regular treatment with atropine in duodenal ulcer patients,
we found that the ulcers healed; however the gastric acid secretion did not change
during the chronic treatment [1]; meanwhile the terminology of “cytoprotection”
was introduced by André Robert et al. in 1979, and later this name was generally
accepted worldwide.

Originally, we wanted to understand the etiological background of PUD and the
details of our medical activities during the patients’ treatments. We tried to analyze
very carefully the many results of correct human pharmacological treatments,
and we were not able to understand the “essential point(s)” of etiology of PUD
and our treatments. Furthermore, if the presence of tissue hypoxia is important in
the development of GI mucosal damage, then we have to go further in the deter-
mination of the direction of the quantities and changes of cellular energy storage
molecule, namely, “adenosine triphosphate (ATP),” in the healthy and ulcerated
GI mucosa. However it is also important that the determination of ATP alone is
possible only with the biochemical markers of the cell reactions. Consequently,
our attention forwarded to biochemical research profile. Perhaps, it is not needed
to mention that this is an extremely big challenge for the physicians working in the
everyday medical practice (as internists).

The measurement of ATP in the different GI mucosal tissues represents only the
equilibrium between the breakdown of ATP and its resynthesis. The oxygenization
of mucosal tissues is not necessary in the case of ATP breakdown; however energy
will be liberated by this biochemical reaction. The liberated energy is necessary
for the normal functions of the very different cellular events (active transport at
the cell membrane, secretory responses of the stomach, protein synthesis, etc.).
However, the ATP resynthesis is possible only in circumstances of well-oxygenized
tissues; meanwhile if the statement is true that hypoxemic event is present in the
ulcerated gastrointestinal mucosa, consequently the ATP resynthesis is a priori
inhibited. We suggested at the start of our biochemical examinations that we will
find these results in a later time.

We had another (but essential) problem at that time, namely, in patients with
PUD, we use the drugs in medical treatment; all of them block the active metabolic
processes at least in the human gastric fundic mucosa (decrease of gastric acid
secretion). If this statement was absolutely true, then why is the application of
different drugs inhibiting the gastric acid section useful for the healing of damaged
mucosal damage? There was a contradiction in objecto.
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From 1964, we started with the biochemical examinations of the stomach in
animal gastric tissues and in human gastric (fundic, antral, and jejunal) mucosa
obtained in resecates at human gastric surgery. We did biochemical extractions
of acid-soluble inorganic and organic phosphates, phospholipid phosphates,
ribonucleic (RNA), and deoxyribonucleic acid (DNA). These biochemical frac-
tions of gastric tissues generally represented the main components of cells: lipid
(as membrane), acid-soluble inorganic and organic phosphates (mitochondrion),
RNA (partly the cytoplasm and well as nucleus), and DNA (nucleus). In other
words, we tried to study the different compartments of gastrointestinal cells.

It was important to note that at least 0.3-0.5 g wet tissue sample was necessary
to carry out of the abovementioned biochemical extractions. Of course, more
tissue samples were obtained in the different parts of the human stomach, and
all biochemical extractions and the classical measurements were done at the
same time. The results were calculated and expressed to 1.0 mg DNA. Classical
histological examinations were done. The tissue samples from the human gastric
(antral), duodenal, and jejunal ulcers (after Billroth II operation) were obtained
from different distances to form the edge of ulcer. In a later phase, we were able
to successfully prepare membrane-bound ATP-dependent enzymes, namely, the
Na’-K'~ATPase and adenylate cyclase, directly from the gastric mucosa from
rats and animals, and we received a possibility to study actions of different drugs
on both enzymes, firstly in vitro circumstances, later in living organs in animal
observations (of course). These results were critically summarizing in the last
years [1-4]. (I used Tables 1, 2 and Figures 1-5, together with the given informa-
tion texts to these demonstrations, and used in the text the reference list number
used in the original summary monography).

Drugs ATP-ADP transformation ATP-cAMP transformation
Effects Doses (M) Effects Doses (M)
Acetylcholine Stimulation 107M - Inhibition 107*M -
Parasympatholytics:
Atropine Inhibition 107" M - Stimulation 10 M -
Isopropamide Inhibition 10 M - Stimulation 107°M -
Gastrixon Inhibition 107°M - Stimulation 107*M -
Epinephrine Inhibition 107°M - Stimulation 107 M -
B-blocker (Visken) Stimulation 107*M - Inhibition 107°M -
Histamine Inhibition 107" M - Stimulation 107 M -
Cimetidine Stimulation(?) 107*M - Inhibition 10~°M -
Pentagastrin Inhibition 107" M - Stimulation 10~° -
PGE, Inhibition 10" M - Stimulation 10°M -
PGE, Inhibition 107" M - Stimulation 10°M -
Ouabain Inhibition 107°M - Stimulation 107*M -
cAMP Inhibition 1075 M -

"Direct effects of the membrane-bound ATP-splitting enzyme activities.

Table 1.

Pharmacological effects on the transformation of ATP into ADP by membrane ATPase and the ATP-cAMP
transformation by adenylate cyclase from vat and human gastric, fundic, antval, duodenal, and jejunal
mucosae [113] (with kind permission,).
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Mediators Actions Affinity values Intrinsic activities
(pDy)

(@) (pA2)
ATP-membrane ATP-ase-ADP
Ach Stimulation 5.50 1.00ach 5.50
Histamine Inhibibion 9.70 1.000uabain 9.70
Pentagastrin Inhibibion 10.55 0.870uabain 10.55
ATP-adenylate cyclase-cAMP
Ach Inhibition 530 —0.70pentagastrin 5.30
Histamine Stimulation 9.30 1.00pentagastrin 9.30
Pentagastrin Stimulation 940 1.00 940

Table indicates affinity (pD,) and intrinsic activity (pAs) curves for the actions of acetylcholine, histamine, and
pentagastrin. This table also indicates the contradictory actions of these agents on Na*-K'-dependent and adenylyl
cyclase systems.

Table 2.
Correlations between the magnitudes of drug actions on Na*-K*-dependent ATPase and the magnitudes of
Na*-K*-ATPase activity prepared from the human gastric fundic mucosa.

CORRELATIONS BETWEEN THE GASTRIC BASAL ACID
OUTPUT(BAD) AND THE ATP-Na'™-KXDEPEMNDENT ATR-
ASE-ADP SYSTEM IN THE HUMAN GASTRIC FUNDIC

Ma“-K - DEFENDEMT ATP-ASE*®"

. " ﬂDp‘ L
W

sxmmabe - hour™ (meanz SEM) |« = nanomole - mg L.NA":mmn:SEM]
ean mricramole of Py mg membr prot™" howr ™ imean: SEM)
{Mazsik ol al: Acta physiol scand Spechal Suppl 78, pp 1B9-208)

Figure 1.

Biochemically regulatory pathways between Na*-K*-dependent ATPase and tissue levels of ATP and ADP
in the human gastric fundic mucosa on dependence of gastric BAO values (means + SEM) [25] (with kind
permission,).

CORRELATIONS BETWEEN THE GASTRIC BaSaL ACID
OUTPUT (MAQ) AND THE ATP-Na*-K*-DEPEMDENT ATR-

ASE-ADP SYSTEM IN THE HUMAM GASTRIC FUNDIC

0SA
=M
?,-_-:.ﬂi“- _.——E—J‘Le Ma’ =K = DEPEMDEMT ATP- ASE™""
B
= =

MAO* ATP*: : 5> ADP**

smmimale . hour™" [mean = SEM) ;| == =nanormole -nﬁgmﬂ-—‘ [mean = SEM) |
sesmmicromete of Pi -mg membr . prat?hour ™ (mean £ SEM)

Figure 2.

Biochemically regulatory pathways between Na*-K*-dependent ATPase and tissue levels of ATP and ADP in
the human gastric fundic mucosa in dependence of gastric maximal acid output (MAO) values [65] (with kind
permission,).
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PATIENTS WITH

Basic and Clinical Research in Light...

CHRONIC ANTRAL ULCER
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Figure 3.

Changes in the extents of ATP-ADP transformation in the antral mucosa of patients with chronic antral ulcer

in the ulcerated and non-ulcevated (control) mucosae (means +

ATP LEVELS IN

SEM) [127, 145] (with kind permission).
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Figure 4.
Comparative demonstration in the changes of the tissue levels of

ATP in the ulcerated vs. non-ulcevated antral,

duodenal, and jejunal mucosae (the musculature located under the examined mucosa tissues) (means + SEM)

[143] (with kind permission).

There are some important notes from the clinical researchers and directions of

basic researchers:

1. These types of biochemical pharmacological studies just are able to give an
actual information (owing the human ethical positions, therapeutic protocols
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used in patients’ medical therapy, human rights). These problems are in the
case of basic research also.

2.In animal models we really inform the provocation agents (we used 17 differ-
ent models), and we used all the time a dose-response curve and followed the
time-course events. All the biochemical examinations (from one animal) were
done at the same time. The results were calculated. The applied agents were
expressed in molecular weights, and the affinity and intrinsic values (curves)
were calculated from the obtained dose-response curves.

3.The evaluation of the obtained results was evaluated at that time when the
whole observations were finished.

4.These types of examination can be very hard work for clinicians.

5.1 tried to demonstrate by my works how the clinicians are able to create a
special bridge between the basic and clinical research works.

Schematic conclusions

Differences in:

Aderine adencsine contems 1 mg DhAJ
AMP contems (11 mg DRA)

ADP contents (11 mg DNAG Decreass
Increase ATP contems (1 mg DAY
o ———— Adaedale pool o >

Fatio af ATRIADP

No differences in:

“Enangy charge”
[(ATP+0.5 ADPY{ATP+ADP+AMP)]

Corpus Antral Duocdenal

A Cd

MUCOSH
Hyperacid cells Hypacid cells

Figures.

The schematic presentation of biochemical buildup of human gastrointestinal mucosa in patients with
different gastric acid secretory responses. All of the adenine and adenosine compounds increased significantly
(meanwhile the stream of ATP breakdown enhanced in both divections) in the gastric corpus mucosa in
comparison to those vesults obtained in the corpus mucosa of patients with hyperacidity. The same biochemical
parameters were obtained in the ulcerated antral, duodenal, and jejunal mucosa in patients with chronic
antral, duodenal, and jejunal mucosae. So the biochemical structure of human chronic antral, duodenal, and
jejunal mucosa is the same as that obtained in the corpus fundic mucosa in patients with gastric hyperacidity
[149, 150] (with kind permission,).
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Chapter2

Temperature-Dependent Effects
of ATP on Smooth and Skeletal
Muscles

Ayrat U. Ziganshin and Sevgey N. Grishin

Abstract

ATP acting via different subtypes of P2X and P2Y receptors induces contrac-
tions or relaxation of mammalian smooth muscles, while in skeletal muscles, ATP
can pre- and postsynaptically modulate effect of acetylcholine. It was shown that
effects of ATP on both types of the muscle are significantly changed when the
temperature shifts from physiological condition. For example, contractile responses
of rodent urinary bladder and vas deferens mediated by P2X receptors are markedly
increased with the decrease of the temperature. Similarly, in frog skeletal muscles,
ATP-induced inhibition of acetylcholine release became more pronounced at low
temperatures. In case of mammalian skeletal muscle, effect of temperature on ATP-
induced responses depends on the type of muscle—slow and fast. In this chapter,
we will discuss temperature-dependent effects of ATP on different muscle contrac-
tility and their possible mechanisms.

Keywords: ATP, P2 receptors, temperature, hypothermia, smooth muscles,
skeletal muscles, contractility, neuromuscular synapse

1. Introduction

It is widely accepted now that ATP, except well-known role as an intracellular
source of energy, can regulate many important cell functions acting via specific
extracellular receptors, namely P2 receptors [1]. P2 receptors are divided into two
families, P2X and P2Y receptors, P2X receptors being a ligand-gated ion chan-
nel, while P2Y receptors are G protein-coupled. Seven subtypes of P2X and eight
subtypes of P2Y receptors are well identified and put into current classification of
receptors [2, 3].

P2X and P2Y receptors are widely distributed in animal and human tissues
including smooth and skeletal muscles. In smooth muscles, stimulation of P2X
receptors causes contractile responses, while stimulation of P2Y receptors usu-
ally leads to relaxant effects [4]. In contrast, in adult skeletal muscles, it has been
established that, while stimulation of P2 receptors does not cause either contraction
or relaxation, it significantly inhibits transmitter release at the neuromuscular
junction [5, 6].

Although most experiments on P2 receptors were carried out on normal temper-
ature conditions, we have shown in our publications that in several animal smooth
and skeletal muscles, the responses mediated by both P2X and P2Y receptors are
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significantly affected by changing the temperature conditions. In this chapter, we
will review our earlier and recent studies as well as those findings done in other
laboratories.

2. Guinea pig smooth muscle tissues

Our first publication on temperature dependency of the P2 receptor-mediated
processes was about guinea pig smooth muscle tissue [7]. We registered responses
of isolated guinea pig urinary bladder and vas deferens (P2X receptors) and taenia
caeci (P2Y receptors) at the three temperature conditions of 30, 37, and 42°C. We
found that the contractile responses of both urinary bladder and vas deferens to
a P2X receptor agonist a,p-methylene ATP (o,p-meATP) and to electrical field
stimulation in the presence of atropine and phentolamine were markedly more
prominent at a temperature of 30°C than at 37 or 42°C. Similarly, relaxation of
carbachol-precontracted taenia caeci caused by electrical field stimulation tem-
perature dependently increased with decrease of temperature, while relaxation of
this tissue by exogenous ATP was not affected by the temperature. A P2 receptor
antagonist pyridoxalphosphate-6-azophenyl-2’,4'-disulphonic acid (PPADS) at all
three temperature conditions concentration-dependently antagonized contractile
responses to ,3-meATP and electrical field stimulation in both urinary bladder and
vas deferens. PPADS, even at the highest concentration tested, had no effect on the
relaxant responses of the taenia caeci either to electrical field stimulation or ATP,
and its action was not affected by the change of temperature. It was concluded that
the effectiveness of P2 receptor-mediated responses in guinea pig urinary bladder,
vas deferens, and taenia caeci increases by the decrease of temperature.

Temperature dependency for some receptor-mediated responses has been tested
earlier on several animal and human tissues. Using guinea pig ileum and trachea
and rat vas deferens and atria preparations, hypothermia-induced supersensitivity
to adenosine has been established for responses mediated via adenosine Al, but not
adenosine A2, receptors [8]. It has been shown that in the rabbit central ear artery,
but not femoral artery, cooling to 24°C reduces contraction, increases the relaxation
caused by histamine [9], and enhances the relaxation caused by cholinoceptor
stimulation [10]. Later in the study from the same laboratory, it was shown that in
rabbit central ear artery at 30°C al-adrenoceptor-mediated response is reduced and
the P2 receptor-mediated component becomes more prominent [11]. On the other
hand, it was found that the release of ATP from rabbit pulmonary artery induced by
methoxamine, an al-adrenoceptor agonist, being observed at 37°C, was completely
eliminated at a temperature of 27°C [12].

The increase of bladder contractility at low temperature might be due to activa-
tion of cold receptors in the bladder, the presence of which has been shown both in
animal and human urinary bladder [13, 14]. However, it is unlikely that cold recep-
tors are involved in the effects which we registered in the present study since the
threshold temperature to stimulate these receptors was found to be less than 30°C,
and the maximum effect was registered at around 20°C [13].

It is generally accepted that in the presence of adreno- and cholinoceptor block-
ers, the contractions of guinea pig vas deferens and urinary bladder are mediated
by P2X receptors, while in guinea pig taenia caeci, low-frequency electrical field
stimulation evokes the relaxation via P2Y receptors [15-17]. We have found that
both P2X and P2Y receptor-mediated responses elicited by electrical field stimula-
tion are increased at low temperature. It could be suggested that this effect occurs
due to the decrease of activity of the transmitter-metabolizing enzymes, namely,
ecto-ATPase and ectonucleotidases during cooling, since it is generally accepted that
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ecto-ATPase activity is temperature-dependent, with the optimum temperature
of 37°C for warm-blood temperature animals [18]. However, this cannot explain
results with the enzymatically stable P2X receptor agonist a,f-meATP, the effects
of which are not affected by ecto-ATPases. Moreover, in taenia caeci when we used
ATP, which is readily degraded by ecto-ATPases, we did not find any temperature
dependency in agonist activity. Thus, it seems that supersensitivity of P2 receptors
at a low temperature is a feature of receptor itself and is not dependent on ecto-
ATPase activity.

It was believed initially that PPADS was a selective P2X receptor antagonist
[19, 20] although later antagonism of recombinant P2Y receptors by PPADS was
reported [21]. In our earlier study, we established that in the guinea pig taenia caeci,
substantial antagonism against P2Y receptor-mediated relaxation was obtained only
at a concentration of 100 pM of PPADS [22]. Similarly, in these experiments we did
not find any antagonism at P2Y receptors of PPADS at concentrations up to 30 pM
on taenia caeci. Thus, it supports the view that at least in the pharmacological organ
bath experiments, PPADS shows relatively good selectivity to P2X receptors.

It was an interesting finding that in taenia caeci responses to electrical field
stimulation were clearly temperature-dependent, while the relaxation caused by
exogenous ATP was statistically identical at different temperature conditions. Since
it has been clearly shown that ATP is a transmitter which is released during electri-
cal field stimulation of guinea pig taenia caeci to act on P2Y receptors, it seems that
in this tissue only prejunctional mechanisms of transduction are sensitive to the
shifts of the temperature while postjunctional processes are not.

3. Frog skeletal muscle

Next, we decided to test the P2 receptor-mediated effects in tissues of cold-
blooded animals. For that the contractile responses of isolated Rana ridibunda frog
sartorius muscle contractions evoked by electrical field stimulation (EFS) were
studied at three temperature conditions of 17, 22, and 27°C [23]. ATP concentration
dependently inhibited the electrical field stimulation-evoked contractions of sarto-
rius muscle at all three temperatures; this effect was significantly more prominent
at a temperature of 17°C than at the other two temperatures. Adenosine also caused
inhibition of electrical field stimulation-evoked contractions which was statisti-
cally identical at all three temperature conditions tested. A P2 receptor antagonist,
PPADS, reduced the inhibitory effect of ATP at all three temperatures but did not
affect inhibitory action of adenosine. In contrast, 8- (p-sulfophenyl)theophylline
(8-SPT), a nonselective P1 receptor antagonist, abolished inhibitory effects of
adenosine at all three temperature conditions but did not antagonize inhibition
caused by ATP. In electrophysiological experiments, ATP and adenosine tempera-
ture dependently reduced end-plate currents recorded in sartorius neuromuscular
junction by voltage clamp technique. The inhibitory effects of both agonists were
enhanced with the decrease of temperature. 8-SPT abolished the inhibitory effect
of adenosine but not ATP on end-plate currents. Suramin, a nonselective P2 recep-
tor antagonist, inhibited the action of ATP but not adenosine, while PPADS had
no influence on the effects of either ATP or adenosine. It was concluded from this
study that the effectiveness of P2 receptor-mediated inhibition of frog skeletal
muscle contraction in contrast to that of adenosine is dependent on the temperature
conditions.

Thus, we had demonstrated that presynaptic P2 receptor-mediated inhibition
of the frog skeletal muscle contractions produced by nerve stimulation has a clear
temperature-dependent feature—lowering the temperature leads to the increase of
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P2 receptor-mediated inhibition. The depressant effect of exogenous ATP on neu-
romuscular transmission was demonstrated for the first time more than 40 years
ago [24], although for a long time, it was believed that inhibitory action of ATP is
indirect and depends on degradation to adenosine [25, 26]. In mammalian tissues,
the existence of presynaptic P2 receptors at neuromuscular junction was suggested
by immunohistochemical analysis [27], and electrophysiologically, it was estab-
lished that ATP but not adenosine inhibited nonquantal release of acetylcholine
[5]. At frog neuromuscular junction, it was shown that ATP inhibited transmitter
release via presynaptic P2 receptors [6], and it was proposed that ATP produces its
effect via P2Y2-like receptors coupled to multiple intracellular cascades [28].

Temperature dependency of skeletal muscle contractility is a known phenom-
enon. It has been shown that this phenomenon has an endothermic nature, and
raising the temperature increases the force and the strain of the myosin heads
attached in the isometric contraction [29]. The decrease of contractile force at lower
temperature could be due to the attenuation of metabolic enzyme activities [30, 31]
or processes of energy production and transfer [32, 33].

In contrast to adenosine, we have found that the effect of ATP on neuromuscular
transmission was temperature-dependent in functional experiments. Lowering
the temperature caused the increase of ATP-induced inhibition of electrical field
stimulation-evoked contractions, and this effect was highly sensitive to P2 receptor
antagonist PPADS and not sensitive to 8-SPT, a P1 antagonist. These differences
between two purines are thought to be coupled at their action mechanism. Both
ATP and adenosine reduce quantal release of acetylcholine [6], thereby decreasing
amplitude of postsynaptic end-plate currents. However, the temperature-mediated
effect of ATP is more prominent and can achieve corresponding to amplitude of
end-plate current reduction of the muscle contraction.

To find the nature of receptors involved, we used PPADS, a P2 receptor
antagonist with a preferential effect on P2X receptors in functional whole tissue
experiments [19, 20], and found that ATP-evoked inhibition of muscle contraction
was highly sensitive to this antagonist, while in electrophysiological study, it failed
to affect responses to ATP. However, another nonselective P2 receptor antagonist
suramin [15] significantly reduced ATP-induced inhibition. Although both PPADS
and suramin are considered as nonselective P2 receptor antagonists, it has been
shown that suramin, compared to PPADS, has a more broad P2 receptor antagonist
activity, affecting most of P2X and P2Y receptor subtypes [34]. For instance, it has
been shown that recombinant P2Y2 receptors are sensitive to antagonistic effect
of suramin but not of PPADS [35]. In addition, in organ bath pharmacological
experiments, PPADS tends to antagonize mostly P2X receptor subtypes [16, 19,
20], blocking P2Y receptor-mediated processes only at higher concentrations [22].
Neither PPADS nor suramin affects inhibition caused by adenosine. These results
support the view that ATP inhibited the electrical field stimulation-evoked contrac-
tions of frog skeletal muscle by acting on presynaptic P2 receptors. It is most likely
that these receptors belong to P2Y family, but involving some subtypes of P2X
receptors cannot be ruled out at present.

It has been proposed that purine nucleotides and nucleosides were among the
first neurotransmitters in the evolution and development of the living cells [36, 37].
Thus, it is possible that, in phylogenetically older animals, in which organism is
functioning in low-temperature conditions, the transmitter role of purine nucleo-
sides and nucleotides in cell-to-cell communications is as important as well-known
intracellular metabolic actions of purines (production of energy, involvement in
synthesis of nucleic acids). Thus, we suggest that supersensitivity of P2 receptor-
mediated responses at lower temperature, which we have demonstrated in mammal
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[7] and amphibian tissues [23], is a fundamental feature of these receptors which
could be a reflection of their past role in the early stage of evolution.

4. Rodent skeletal muscles

When we found that, similar to that in guinea pig smooth muscle tissues, P2
receptor-mediating processes in amphibian skeletal muscles are markedly more
pronounced in low-temperature condition, we did the next study using rodent
skeletal muscles, namely rat soleus muscle [38].

We registered carbachol- and electric field stimulation-induced contractions of
rat soleus muscle in norm and in the presence of ATP under different temperature
conditions—37 and 14°C. We found that with decreasing temperature, both the
force and the time of contractions are increased. ATP inhibited the amplitude of
contraction caused by indirect stimulation by an electric field; in this case, the
combined pre- and postsynaptic modulation effect of this purine was observed.

To separate these effects, we investigated the effect of ATP on carbachol-induced
contraction. In this mode, ATP increased the contraction of the “slow” muscle.
With a decrease in temperature, both pre- and postsynaptic effects of ATP are
enhanced, but not equivalent. The increasing potentiating effect of ATP with the
use of postsynaptic P2 receptors overlaps and masks an increased, but to a lesser
extent, inhibitory presynaptic effect [38].

Maintaining the body temperature in certain range provides for warm-blooded
animals the ability to move and perform motor activity in a wide range of tempera-
ture differences of the environment [39].

It is known that in the absence of significant fluctuations in the temperature of
the internal organs of mammals, the peripheral parts of their body can experience
significant changes in temperature, for example, up to 15°C decrease in humans
[40, 41]. Thus, the peripheral skeletal muscles of warm-blooded animals retain the
ability to contractile activity even with a significant decrease in their temperature.

According to modern ideas, the strength, speed of contraction, and relaxation
of skeletal muscles of warm-blooded animals as a rule increase with increasing tem-
perature [42, 43]. This was observed, for example, during physical exercises when
the temperature of skeletal muscles on the periphery of the human body increased
by several degrees Celsius [44-46].

At the same time, the above studies did not attach special importance to the
types of skeletal muscle examined. It is known that several types of phase skeletal
muscle fibers are distinguished from which “slow” and “fast” are distinguished
in all classifications [47, 48]. It is understandable that these muscles differing in
their very function—maintaining pose (“slow” muscles) and performing subtle
movements (“fast”)—are made to react differently to temperature changes which is
observed in practice [49-51].

Molecular non-quantum secretion of the mediator still has not given a funda-
mental importance due to the lack of a generalized action. Indeed, despite its large
value, non-quantum secretion only depolarizes the end-plate region by ~5 mV which
can be determined by hyperpolarization in the presence of postsynaptic receptor
blockers—the “H effect” [52-54]. However, non-quantum secretion is extremely
important and is crucial for the functioning of the synapse. It should be noted that
the evaluation of non-quantum secretion of the myoneural synapse in the cold-
blooded is difficult because of the small value of the registered H effect [54, 55].

The temperature dependence of the magnitude of non-quantum secretion in
neuromuscular preparations of rodents is complex. It was found that in the range
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from 10 to 35°C, the size of non-quantum secretion has two relative peaks at 20 and
35°C and two minima at 25 and 10°C (in the latter case, the H effect is not expressed
at all) [54-56].

The frequency of spontaneous single-quantum responses in synapses of warm-
blooded animals increases as the temperature increases [56-58] without changing
the amplitude of these responses [59]. Thus, two processes of acetylcholine release,
namely quantum and non-quantum, have a different temperature dependence,
which indicates the presence of independent mechanisms [55, 58].

The analysis of the published data leads to an unequivocal conclusion about the
rise of the synaptic delay of postsynaptic responses with decreasing temperature on
rodent preparations [60, 61]—the same as in cold-blooded.

It is known that in the neuromuscular synaptic cleft, there is an acetylcholines-
terase which rapidly cleaves the neurotransmitter acetylcholine [62]. It was shown
that when the temperature of the rat diaphragm preparation was reduced from 37 to
17°C, the activity of acetylcholinesterase decreased by 34% [63]. A similar pattern
was observed in experiments with the preparation of the frog sartorius muscle
which led to a suggestion that a decrease in the activity of acetylcholinesterase is
responsible for an increase of the time course of the end-plate current at hypother-
mia [64].

To study the state of postsynaptic cholinergic receptors, cholinomimetics
(primarily the slowly decaying cholinomimetic agent—carbachol) and cholinolyt-
ics are used. In experiments with slow muscle preparations such as rat m. soleus,
the amplitude of the miniature potentials of the terminal plate did not change after
application of carbachol at a temperature range from 18 to 38°C. On the other hand,
at temperatures 37-38°C, there was a 40% decrease in the incidence of spontaneous
postsynaptic responses in the presence of this cholinomimetic (in which combina-
tion indicates presynaptic nature of the effect) [65].

There are several studies on the temperature dependence of the contractile appa-
ratus of “slow” skeletal muscles with conflicting data on the muscles of the same
animals [66-70]. Thus, according to some sources, the temperature dependence of
the “slow” muscle fibers of the rat is much more pronounced than the “fast” ones
[42, 71-79], while others found that the temperature sensitivity of the myosin of the
“slow” muscle fibers of the rat does not differ from the “fast ones” [80, 81].

In experiments on demembranized muscle fibers, where the temperature effects
of electromechanical coupling are not relevant and only the modulation of the
mechanical function itself plays a role, it was clarified that the dependence of the
reduction force of “slow” and “fast” fibers on temperature is similar [80]. With an
increase of temperature from 10 to 35°C, the force of contraction of “slow” fibers
increased threefold and the “fast” ones by three and a half. The situation is different
with the rate of contraction. Thus, the rate of reduction of “fast” fibers increased
with increasing temperature from 10 to 35°C, while for “slow” fibers this parameter
changed insignificantly [80].

We found that as the temperature is lowered, the force of contractions of the
slow skeletal muscle of the rat increases [38], while the fast one decreases. With
carbachol-induced contraction (when only receptors of the postsynaptic membrane
are stimulated), as the temperature decreases, the amplitude of contractions of the
slow muscle of the rat also increases [38].

It is known that a decrease in Ca®* concentration, which provides exocytosis of
the neurotransmitter quanta [82-84], reduces the strength of the contraction of the
skeletal muscle over time—in contrast to the rapid effect on cardiomyocytes [85].
This action is temperature-dependent; in rat fast muscle fibers, the contraction force
increased with increasing concentration of calcium ions; the lower the temperature,
the more is the effect. A rat slow muscle did not produce similar effect [86].
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5. Conclusion

Despite a large number of studies, the direct mechanisms of temperature effects
on the functioning of the muscle remain unsolved [87, 88]. Moreover, if the muscle
is stimulated directly, then the temperature change no longer has such an effect.
That is, the reason for the phenomenon being discussed is synaptic.

It was believed that changes in motor units at low temperature are due to deple-
tion of the activity of metabolic enzyme systems [30, 31] or energy synthesis
and transfer processes [89, 90]. However, it was clear that the contribution of the
temperature sensitivity of the muscle biochemical processes cannot justify such
dramatic changes in the nature of the contraction of the whole muscular organ
with a change in temperature [91]. We suggest that the temperature-sensitive tonic
effects of endogenous ATP during the contraction can underlie the phenomenology
of changes in muscle responses with decreasing temperature.

In conclusion, we believe that studying the effects of hypothermic conditions has
not only theoretical significance but also potentially important clinical implications
since hypothermia is widely used in clinical practice for cerebral protection during
surgical interventions or resuscitation of critically ill patients [92-96]. This underlines
the importance of studying the reaction of other organs and tissues to hypothermia
and especially the effect that low temperatures have on receptor-based interactions.
Such studies add important information regarding the activity of P2 receptors under
hypothermic conditions in mammalian muscles. Although these results cannot be
directly transferred to human muscle tissues, they provide important insight into how
activation of human P2 receptors might behave under hypothermia and predict how
effects of certain drugs might be altered by this nonphysiologic state.
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Abstract

Purinergic signaling is a sophisticated system of elements in which ATP and
related molecules function as intercellular messengers. When ATP is released into
the extracellular space, it activates specific receptors that belong to the P2 family. In
parallel, ectonucleotidases transform ATP in its dephosphorylated metabolites
including adenosine, which stimulates P1 receptors. The activity of both receptors
influences various cellular processes. Moreover, metabolic conditions are
concatenated with purine signaling to conform a dynamic and continuous informa-
tional network. The role of purinergic signaling in ovarian cells has been investi-
gated, for instance, it is known that cells conforming the follicle express functional
receptors that modulate basic cellular process such as proliferation, induction of
apoptotic cell death, and steroidogenesis. In this chapter, we review contemporary
information on purinergic action in ovarian cell physiology and state its relevance in
this field.

Keywords: purinergic signaling, ovary, granulosa, theca, OSE

1. Introduction

The ovary is a complex cell system where folliculogenesis and steroid hormone
synthesis take place. These processes involve dynamic changes in the cellular
populations of this tissue and highly precise mechanisms of regulation.
Folliculogenesis requires a complex coordination of three stages: recruitment, which
is the initial growth of a group of follicles from the reserve pool; selection, during
which a subgroup from this pool of recruited follicles survives and grows, while the
remainders suffer atresia; and dominance, in which the follicles that will be ovulated
reach the preovulatory stage and increase their size, while the subordinate follicles
arrest their growth. It is well known that the initial stages of folliculogenesis are
independent of gonadotropins, whereas the advanced stages depend on these hor-
mones. At the same time, selection and dominance stages implicate the elimination of
subordinated follicles by apoptosis; thus, a coordinated set of events directs growth
and surveillance of some follicles and disappearance of others with extreme preci-
sion [1].

Folliculogenesis involves constant rearrangement in ovarian cellular architec-
ture. A primordial follicle is formed by an oocyte surrounded by a layer of
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squamous epithelial cells and is arrested in the diplotene phase of meiosis I. When it
is recruited and enters the growing stage, granulosa cells change their shape from
flat to cuboid, starting their proliferation; this entity is known as primary follicle.
The granulosa layer continues proliferating to adopt a stratified epithelium; then,
the theca layer surrounding the follicle emerges. This layer is innervated and
vascularized conforming a secondary follicle. Inside the follicle, three to four cavities
filled with fluid are formed; the cavities fuse and form the antrum. This stage is
known as antral follicle. Antrum formation implicates the emergence of two
granulosa populations: cumulus cells in contact with the oocyte and mural cells
attached to the follicular theca. These follicles grow until reaching the preovulatory
stage [1]. Changes in follicle development are orchestrated by diverse cellular mes-
sengers (reviewed in [2]).

Moreover, synthesis and secretion of ovarian steroid hormones are coordinated
by the somatic components of the follicle; thus, cholesterol and acetate uptake from
the blood by the theca layer allows the synthesis of androgens that are aromatized
into estrogens in the granulosa cells [3]. This process is finely regulated by the
coordinated action of intraovarian and endocrine components.

All these dynamic processes are organized at distinct levels by endocrine, ner-
vous, and autocrine-paracrine mechanisms acting with high systematic precision.
Recent findings suggest that purinergic signaling participates in the control of
cellular process in the follicle cells, making it a new player in the network of signals
regulating the cellular biology of ovarian physiology. Given that follicle cell types
have defined roles and are typical for each follicular growth stage, receptor expres-
sion in each of these cell types suggests a potential physiological role; thus, we
organized the information of this chapter to cover the role played by purinergic
receptors in ovarian physiology.

2. Purinergic system

From a chemical perspective, purines are defined as nitrogen-containing het-
erocyclic aromatic compounds formed by the fusion of a pyrimidine and an imid-
azole ring (in total, five carbon and four nitrogen atoms). The purine molecule can
be associated with an amino group, such as adenine (6-amino purine), or with
amino and keto groups, such as guanine (2-amino-6-oxy purine). The existence of
functional groups that are weakly acidic next to a system of conjugated dienes
favors the relocation of a proton along the molecule, allowing the formation of
constitutional isomers called tautomers. The principal tautomeric equilibriums in
purine molecules are amino (predominant)-imino forms and lactam (predomi-
nant)-lactim forms [4].

Purines are part of important informational polymers, such as nucleic acids
(DNA and RNA), and of various biomolecules with metabolic and functional
significance such as bioenergetic factors (ATP and GTP), redox coenzymes (NAD
(P)H/NAD(P)*, FMNH,/FMN*, and FADH,/FAD"), biochemical crossroad metab-
olites (coenzyme A), and signaling molecules (cyclic AMP, cyclic ADP-ribose,
nicotinic acid adenine dinucleotide phosphate [NAADP]) and ligands for purinergic
receptors. Caffeine and theobromine are naturally occurring purines in plants [5].
In this section, we will refer exclusively to ATP, adenosine (ADO), and other
related molecules as factors in cellular communication and coordinators of
metabolic networks (Figure 1).
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Figure 1.

Purines in cellular signaling and metabolic networks. The figure depicts two cells in communication using
purines as signaling molecules. Released ATP is recognized by two types of receptors (P2X, ionotropic, and P2Y,
metabotropic). ATP can be hydrolyzed by different ectonucleotidases (such as CD39 and CDy73) to be
transformed in less phosphorylated nucleotides (ADP and AMP) and eventually to the nucleoside adenosine
(ADO). The receptors that mediate ADO’s actions are all metabotropic. Thus, purinergic signaling is the result
of the types of receptors present in the cellular system, as well as the variable proportion of adenine nucleotides
and ADO that result from the enzymatic activities of the expressed ectonucleotidases. There are membrane
transporters with the capacity to transfer ADO to the cellular inside. Within the cell, ADO can be transformed
in multiple metabolites and act as modulator of strategic metabolic pathways. ADO is catabolized by adenosine
deaminase (ADA) resulting in a set of purines that culminates with uric acid (a mild antioxidant) with
xanthine as an intermediary with the capability to generate the anion superoxide (O,~). By the action of
adenosine kinase, ADO can turn into a nucleotide (AMP) that is a modulator of the AMPK, which is an
important enzyme to regulate energy homeostasis. AMP can be further phosphorylated to ADP and ATP.
Eventually, ATP can go to the extracellular space to fulfill its messenger role by exocytosis or by specialized
channels (pannexin and connexin hemichannels). The proportion of adenine nucleotides (energy charge) is an
important modulator of the equilibrium between catabolic and anabolic veactions. It has been reported that
ADO is able to increase the cellular energy charge in the liver. When ADO binds homocysteine to form
S-adenosylhomocysteine (SAH), it can also influence the transmethylation and transsulfuration pathways.
SAH is usually formed when the methylating agent S-adenosylmethionine (SAM) transfers a methyl moiety to a
given substrate. Interestingly, SAM can also participate in the synthesis of polyamines by transferring an
aminopropyl group from decarboxylated SAM to putrescine. Homocysteine is joined to serine to form the
intermediary cystathionine, which is transformed into cysteine and the intracellular messenger H,S.
Meanwhile, cysteine can be incorporated into the redox and antioxidant molecule glutathione (GSH) or can be
converted into the osmolyte taurine. Hence, a condition in which ADO is increased beyond a threshold may
accumulate SAH with the consequent interruption of the methylating reaction and the promotion of polyamine
synthesis, as well as the reduction of homocysteine availability and the decrease in cystathionine and all its
derivatives.
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Adenine-related molecules are ubiquitously present in all living beings. ATP
(a nucleotide) and ADO (a nucleoside) are easily interconverted by a set of three
phosphorylation/dephosphorylation steps. Interestingly, this purine conversion
involves different mechanisms when it takes places either inside or outside the
cellular milieu. Intermediates of these reactions are AMP and ADP nucleotides,
whereas some metabolically important ADO derivatives are uric acid, S-adenosyl
methionine (SAM), and S-adenosylhomocysteine (SAH). Various physiopathologi-
cal events modulated by ATP and/or ADO have been reported, including sleep,
immunity, tumorigenesis, platelet aggregation, vasodilation, inflammatory and
hypoxic responses, and antioxidant status [6]. Overall, adenine nucleotides and
ADO are interconnected signaling factors that activate specific membrane receptors
and act as metabolic regulators that coordinate the equilibrium between anabolic
and catabolic reactions [7].

2.1 Purinergic communication

ATP and ADO are well-known signaling molecules. Both purines have the
capacity to promote a set of cellular responses by acting through specific membrane
receptors, either by activating ionic conductance or by promoting the formation of
second messengers. Two families of receptors for purine ligands have been charac-
terized: (1) P1 or ADORA receptors, which are G-coupled metabotropic adenosine
receptors and are classified as Al and A3 (associated with adenylate cyclase inhibi-
tion and formation of IP; and diacylglycerol) and as A2A and A2B (both activate
adenylate cyclase), (2) P2 receptors, which recognize ATP as a principal ligand but
also a variety of related compounds. P2 receptors are divided into ionotropic recep-
tors (P2X1-7) and G-coupled metabotropic receptors (P2Y1, P2Y2, P2Y4, P2Y6,
P2Y11-P2Y14). In addition to ATP, P2Y receptors can be recognized by alternative
ligands such as ADP, UTP, UDP, and UDP glucose [8].

Unlike other signal transduction systems, purinergic signaling involves the
actions of two interconvertible ligands, ATP and ADO, within the same system.
Interestingly, these ligands exert complementary or antagonistic actions on each
other [9]. For example, epithelial-mesenchymal transition (EMT), a cellular plas-
ticity process important in phenotypic programming of metastatic tumors, can be
upregulated by ATP in SKOV-3 cells (from ovarian carcinoma) but downregulated
by ADO [10]. This circumstance indicates that enzymes (ectonucleotidases)
allowing the sequential conversion from ATP to ADO are a potential regulatory
node that controls diverse cellular and physiological responses.

Four families of extracellular enzymes that transform purine nucleotides into
ADO and phosphate are known: (1) ENTPD/CD39 (ectonucleoside triphosphate
diphosphohydrolase) forms AMP from ATP/ADP; (2) ENPP (ectonucleotide
pyrophosphatase) forms AMP from ATP/ADP/ADP-ribose; (3) alkaline phospha-
tase hydrolyzes different nucleotides to be transformed into ADO; and (4) NT5E
(ecto-5'-nucleotidase) forms ADO from AMP [11]. It is expected that the combined
and sequential activities of these enzymes in a given cell system result in a highly
variable and potentially fine-tuned proportion of adenine nucleotides (ATP, ADP,
and AMP) and ADO. Therefore, the physiological equilibrium between ATPergic
and adenosinergic transmissions should be considered as a unique and emergent
property of each cell system.

2.2 Purine-related metabolites

Adenine purines are key elements in metabolic network control. The proportion
of adenine nucleotides dictates the direction of anabolic and catabolic processes by
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means of the regulatory parameter known as energy charge (ATP + Y2ADP/

ATP + ADP + AMP). In this context, ATP and AMP act as allosteric factors for a
variety of enzymes that are important in the bioenergetic status of the cell: phos-
phofructokinase 1 (glycolysis), aspartate carbamoyltransferase (pyrimidine synthe-
sis), and glycogen phosphorylase (glycogenolysis). Interestingly, ADO treatment is
one of the few cases that can upregulate the energy charge in vivo [12]. Another
example of how the AMP/ATP ratio influences the metabolic networks is AMP
kinase (AMPK) activation. AMPK is a strategic kinase that modulates the fasting
response by phosphorylating and activating key catabolic enzymes [13].

ADO is a crossroad metabolite; it can be turned into nucleotides (first in AMP by
adenosine kinase), or it can originate active catabolites such as xanthine (a source of
superoxide) and uric acid (a terminal metabolite and mild antioxidant). The produc-
tion of ADO in the liver and its transport through the blood are controlled by the
circadian timing system; eventually, these mechanisms allow the 24-h rhythmic pres-
ence of purine rings in the nervous system, which are necessary for the onset of sleeping
[14]. ADO has also been used as a hepatoprotective and antitumoral agent [15].

ADO also plays a role in the transmethylation and transsulfuration pathways, with
SAM as a central metabolite for both. Initially, ATP activates methionine, which in
turn generates SAM, the main cellular methylating agent. Some principal methylated
molecules are phospholipids (phosphatidylethanolamine turns into phosphatidylcho-
line), catecholamines (adrenaline turns into noradrenaline and serotonin into mela-
tonin), and nucleic acids (during epigenesis and RNA processing). SAM is
transformed into SAH, which is hydrolyzed into ADO and homocysteine. In this
metabolic step, ADO levels can modulate the methylation process, as high ADO
favors SAH synthesis, thus blocking methyl donation. SAM is also a substrate for
polyamine synthesis. In the presence of serine, homocysteine is converted into
cystathionine. Within the mitochondria, this intermediate is the precursor of both the
gasotransmitter H,S and the principal antioxidant agent, glutathione [16].

2.3 Membrane transporters

Extracellular and intracellular purine dynamics are interconnected, mainly
through specialized protein transporters that allow ATP and ADO to transit
throughout the plasma membrane.

ATP exists at millimolar levels within the cell. It exits to the extracellular space,
where it acts as a cellular messenger through two main paths: (1) exocytic, which
involves secretion of vesicles mainly derived from Golgi and secretory ATP-
containing granules by means of Ca**-dependent membrane depolarization and (2)
conductive, in which the ATP efflux is carried out by different ion channels:
hexamers of connexin subunits, assemblies of pannexin subunits, volume-regulated
anion channels, and maxi-anion channels [17]. As mentioned, ATP can lose its phos-
phates in the extracellular space and transform into ADO. In turn, ADO can return to
the intracellular milieu by the action of two types of carriers; one is driven by a
facilitated diffusion event (sensitive to dipyridamole), and the other mobilizes ADO
by an active process regulated by the Na*-transmembrane gradient [18]. Overall, a
net flux of purines can be visualized: first, purine rings exiting as ATP and eventually
purines returning to the cell interior as ADO. Indeed, this cycle involves the net efflux
of phosphate as well as the net conversion of intracellular ATP into ADO.

2.4 Integrative considerations

The transformation among purine molecules inside and outside the cell has the
potential of intricately regulating both purinergic signaling and metabolic control.
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To propose a model of this interaction, the following considerations are necessary:
(1) at least three compartments should be taken in account—extracellular, cyto-
plasmic, and mitochondrial. However, if there is segregation of receptor
populations in different membrane domains (e.g., signalosomes), the extracellular
compartment could be more complex. (2) It is important to know the principal
metabolite and intermediate levels in the process; indeed, the concentrations of
these factors are expected to fluctuate, but knowing average levels is necessary. For
example, ATP is at [mM] in the intracellular milieu, but when it is released in the
pericellular space, it changes from [nM] to [mM] [19]. (3) It is important to know
which receptors are present in a given cell system, as well as their physical constants
(Kd and Bmax). (4) It is convenient to have a clear idea of the activities and
regulation of all ectonucleotidases and their corresponding carriers. (5) In the same
context, determining the presence of purine metabolizing enzymes and kinetic
constants (Km and Vmax) is required. (6) It is necessary to know the conforma-
tional status of all proteins involved in the purine cycle in order to detect potential
allosteric modulation.

3. Purinergic signaling in the ovary
3.1 Granulosa and luteal cells

Early studies analyzed the effects of ADO over the gonadotropin-induced cAMP
production in granulosa and luteal cells. In rat and human granulosa cells, ADO
incremented the accumulation of cAMP in response to follicle-stimulating hormone
(FSH); similar effects were observed when human luteal cells were stimulated with
human chorionic gonadotropin (hCG) or luteinizing hormone (LH), revealing the
possibility that ADO is a gonadotropic modulator [20-23]. According to the dual
role of ADO in metabolism and cell signaling, it was originally proposed that ADO
effects were mediated by two mechanisms acting synergically: ADO translocation to
the cytoplasm where the nucleoside can sustain the increment of cytosolic ATP and
extracellular activation of specific membrane receptors [20].

In primary cultures of rat granulosa cells, incubation with ADO incremented
intracellular ATP; dipyridamole blocked this effect, indicating ADO uptake through
specific transporters [22]. The regulation of adenylate cyclase (AC) activity by ADO
analogues was investigated in membranes isolated from the whole ovaries in follic-
ular growth. It was observed that adenosinergic agonists incremented adenylate
cyclase (AC) activity. Pharmacological approaches suggested that the effect of ADO
analogues was mediated by the A2A receptor because it was strongly promoted by
5’-N-ethylcarboxamidoadenosine (NECA) and antagonized by 8-phenyltheo-
phylline (8-PTH) [24]. Similar findings were observed in membranes from
luteinized ovaries from superovulated rats induced by injection with pregnant mare
serum gonadotropin (PMSG) and in homogenates of isolated cells from luteal bod-
ies; moreover, it was shown that ADO analogues incremented progesterone syn-
thesis. In these preparations, pharmacological evidence also indicated the
participation of A2A receptor in the adenosinergic induction of cAMP accumula-
tion, suggesting that ADO is a paracrine regulator of the luteal body’s endocrine
activity [25].

In addition, it has been shown that in ovine luteal cells, ADO increases the effect
on luteotropins [hCG] as well as prostaglandins (E1 and E2) over progesterone
production and inhibits the antigonadotropic and luteolytic effect of prostaglandin
F2a (PGF2a) [20, 26]. Purinergic responses in ovarian cells were described before
cloning P2 receptors. The effect of adenine nucleotides on cytosolic concentration
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of Ca?* ([Ca?*];) was first investigated in human luteal cells and in porcine
granulosa cells; it was observed that nucleotides elicited an increment of [Ca®*]; in
both cell types. Moreover, in luteal cells, these compounds also induced an increase
in progesterone and estradiol secretion [27]. Consistently, in granulosa from hen
preovulatory follicles, ATP, and other adenine nucleotides also induced an incre-
ment of [Ca**];; the pharmacological characterization of this response revealed that
it was mediated by intracellular Ca** release and dihydropyridine-insensitive Ca**
channels according to P2Y receptor activation [28]. In human granulosa cells, it was
determined that ATP responses were dependent on Ca®* released from intracellular
stores [29].

The molecular description of the P2Y2 receptor (then named P2U because of its
sensitivity to UTP) in human granulosa-luteal cells (GLC) was made by Leung’s
group in British Columbia [30]. They detected the transcript of P2U receptor by
Northern blot and reported the elevation of cAMP promoted by hCG. The stimula-
tion of these cells with UTP/ATP induced an increment of [Ca**]; associated with
phospholipase C (PLC) activation. Downstream of this pathway, protein kinase C
(PKC) was activated, and it negatively modulated the P2Y2-dependent [Ca®*];
response [31]. The molecular machinery and mechanism involved in the purine-
induced increment of [Ca®*]; have been studied. ATP-induced Ca** release medi-
ated by activation of PLC and inositol triphosphate (IP3) production. Indeed, IP;
and ryanodine receptor (RyR) expression in GLC has been demonstrated. The
increment of ATP-induced [Ca?*]; was modulated by substances interfering with
the activity of both RyR and IP;R, revealing an interplay between both receptors to
amplify the purinergic [Ca®*]; signal [32]. Moreover, it was described that GLC
expresses three isoforms of IPsR, RyR, and thapsigargin-sensitive Ca**-ATPase
(SERCA) [33].

Electrophysiological and Ca”** imaging studies in the GFSHR-17 cell line from
granulosa determined that P2Y2 and P2Y4 receptor stimulation induces Ca** mobi-
lization and hyperpolarization. Both responses were sensitive to the PLC inhibitor
U73122 and to the IP;R antagonist 2-aminoethyl diphenyl; hyperpolarization was
mediated by Cl~ channels, probably dependent on intracellular Ca** [34].

Moreover, it was shown that the P2Y2 (P2U) activation in human GLC induced a
decrease in the LH-dependent cAMP levels; this antigonadotropic effect was medi-
ated by PKCa activity [35]. In parallel, it was shown that P2Y2 stimulation also
activated extracellular mitogen-regulated kinases (ERK) through a Gag-dependent
pathway; ERK activity was responsible for inhibiting LH-dependent production of
progesterone induced by P2Y?2 activation [36]. Further experiments revealed that
phospho-ERK translocates to the nucleus and regulates cell proliferation by early
growth-1 (egr-1) and c-raf-1 responses [37]. These data clearly show that the
purinergic response mediated by P2Y2 in GLC can be an important modulator of
gonadotropic actions and granulosa cell physiology.

Expression of the P2Y6 receptor was observed in murine GLC. Its stimulation
with the selective agonist UDP incremented cell viability and progesterone but did
not affect estradiol production. This effect on steroidogenesis was concomitant with
a negative regulation of enzymes corresponding to A4 steroidogenic pathway,
CYP11A, 3p-HSD, and StAR. The effects were blocked by the antagonist MRS2578
before UTP stimulus [38]. These results suggested that purines acting through P2Y6
regulate luteal body viability and steroidogenic function.

In human GLC, extracellular ATP promoted apoptosis by activating P2 recep-
tors. These receptors elevated [Ca®*];, which in turn activated Caz"—dependent K*
channels, leading to membrane depolarization [39]; however, the specific receptor
involved in this response was not identified. These observations were confirmed by
a later study that demonstrated the participation of apoptotic marker caspase-3
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[40]. This effect was apparently not consistent with previous observations regard-
ing ATP actions in GLC, but it could be explained by the differential sensitivity of
distinct P2 receptors [41]. It is possible that extracellular concentration of ATP
and the expression of P2 receptor determine the specific effect of purinergic
stimulation.

Recently it was described that the P2X7 receptor is expressed in mouse luteal
cells. Its activation with ATP or BzATP induced an antiproliferative effect by
regulating the expression of cyclin D2 and cyclin E2, as well as the phosphorylation
of mitogen-activated protein kinase p38 [42]. The result suggests a role for the P2X7
receptor in luteal body function.

The purinergic system is well represented in GLC. A set of purinergic receptors
can modulate basic cellular processes such as proliferation, apoptosis, and steroido-
genesis. Growing evidence indicates that purines are important regulators of GLC,
but further studies are necessary to reinforce their role in ovarian physiology.

3.2 Theca cells

The theca cell layer is an enclosure of cells that surrounds the oocyte during
folliculogenesis. It is crucial for maintaining the structural integrity of the follicle as
well as for regulating nutrient influx to the avascular GCL [43, 44]. Theca is also the
site for the synthesis of steroid hormones, specifically androgens (testosterone and
dihydrotestosterone), from acetate or cholesterol into estrogens by granulosa cells
in an LH-dependent manner [3]. In addition, theca is the only component of the
follicle that is innervated by sympathetic and parasympathetic nervous systems,
implicating that this layer functions as a complex integrator of endocrine and neural
information [45].

When a primary follicle has one or two layers of granulosa cells, an outer
granulosa cell layer differentiates into theca cells and, together with recruited theca
precursor cells from the stroma, forms the theca cell layer surrounding the oocyte
[44, 46]. Some pathophysiological reproduction-related conditions such as infertil-
ity or polycystic ovarian syndrome are often the result of dysfunctional activity of
theca cells during ovulation and follicle development [47, 48].

The theca cell layer contacts the rich microvasculature system surrounding each
follicle and integrates signals from autonomic innervation [49]. It has been demon-
strated that ATP can be co-released with noradrenaline from terminals of the
peripheral nervous system [50] and as a result of mechanical stress and changes in
cell volume in the oocyte [51]; thus, ATP is a relevant modulator of cellular com-
munication between the theca cell layer and surrounding oocyte cells.

Purinergic signaling has been described in female reproductive organs, and
evidence has shown that ATP in the extracellular space participates in the physio-
logical regulation of the ovary [52]. The first characterization of purinergic signaling
in theca cells showed the functional expression, and activation of P2X7 receptors
induced cell death, an important mechanism for the onset and physiological pro-
gression of follicle atresia [53]. P2X7 receptors have also been associated with the
inhibition of luteal cell survival and proliferation, pointedly in small luteal cells,
which have been suggested as theca-derived luteal cells [42].

On the other hand, there is also evidence of the expression of uridine triphos-
phate (UTP)-sensitive P2Y receptors in theca cells P2Y2 and P2Y6, but not P2Y4
[54]. In this system, stimulation of the expressed P2Y receptors with UTP in cul-
tured theca cells induces the activation of mitogenic-signaling pathways that pro-
mote cell proliferation [54]. This finding is a relevant pathophysiological indication,
since a slow but maintained proliferation takes place in polycystic ovarian syn-
drome [47].
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Furthermore, an interaction between adenosine receptor A2 and P2Y receptors
has been described in theca of Xenopus ovarian follicles. The authors suggested that
this association took place when both the epithelial and theca cell layers of the
oocyte were intact [55].

Collectively, these findings suggest that a tight regulation of purinergic expres-
sion and signaling must be in place for the theca cell layer to function properly and
communicate with neighboring cells.

3.3 Cumulus complex

The organized structure of the cumulus-enclosed oocyte (CEO) complex corre-
sponds to a specialized GLC surrounding the oocyte. Cumulus cells secrete factors
to regulate oocyte maturation and maintain meiotic arrest [56]. It was reported that
porcine and murine follicular fluid contains purine compounds that presumably
participate in CEO functions, suggesting that it could be an important signal to
trigger physiological events [57, 56]. Until recently, purinergic receptors were
identified and characterized in CEO, indicating that purinergic signaling partici-
pates in CEO physiology [58, 59].

When Eppig et al. discovered that the main components of follicular fluid were
nucleotide-derived metabolites [60] and established a relationship with follicle
maturation [56, 57], they hypothesized that the local purinergic metabolism in the
ovarian fluid can be involved in oocyte maturation or may participate in other
aspects of follicular functions.

In these studies, the concentration of nucleotide compounds in murine follicular
fluid was determined using high-performance liquid chromatography (HPLC).
They identified two purine compounds: hypoxanthine and ADO, with concentra-
tions in ranges of 2-4 and 0.3-0.7 mM, respectively. They also showed that these
purines affected the CEO by maintaining the meiotic arrest [56].

Eppig et al. also analyzed the same compounds in porcine follicular fluid; they
identified that hypoxanthine at 1.4 mM is the major inhibitory component produc-
ing a transient inhibition [61]. This observation contrasted with that of other labo-
ratories which had failed to detect inhibitory activity in follicular fluid.

On the other hand, the cellular effects of purinergic ligands were studied by Ca**
imaging and electrophysiological approaches. In 2002, two reports elucidated which
purinergic receptor was expressed in CEO cells. The first report of P2Y expression
in CEO began with an interesting observation that ATP could stimulate an intracel-
lular Ca*? transient. Experiments using the CEO complex and applying ATP or UTP
to the extracellular solution induced a wave of Ca*? mobilization from cumulus cells
to the oocyte through gap junctions, suggesting that ATP was involved in oocyte
maturation; moreover, they showed that the response involved the P2Y2 receptor.
Since gonadotropin hormones, follicle-stimulating hormone (FSH), and luteinizing
hormone (LH) had no effect on Ca*? changes [59], the authors concluded that ATP
was the specific messenger to mediate calcium signals involved in oocyte matura-
tion in the CEO complex.

In another report, the responses generated by a putative purinergic receptor
expressed in the CEO were identified and characterized. Employing the voltage
clamp technique with two electrodes, the authors observed depolarization
responses when extracellular ATP was applied. RT-PCR analysis revealed a product
correspondent to the P2Y2 receptor, suggesting that calcium mobilization is depen-
dent on this receptor. A detailed description of distinct currents generated from
several ionic channels, such as Ca*>-dependent Cl~ current, voltage-dependent K*
currents, and a cationic current mainly driven by Na*, was provided. The authors
concluded that both purinergic receptors and ionic channels were located in CEO
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cells that transmitted their electrical signals to the oocyte via gap junctions [58].

These data support the idea that P2Y2 is an important element in paracrine signaling
in regulating CEO complex physiology. Future studies are required to determine the
mechanisms involved in CEO functions and oocyte maturation by ATP stimulation.

3.4 Ovarian surface epithelium

Ovarian surface epithelium (OSE) is a monolayer surrounding the ovary. It is
composed of a single flat layer of squamous-to-cuboidal epithelial cells featuring
distinguished epithelial and mesenchymal markers. OSE is essential during ovula-
tion to promote follicular rupture and release the oocyte [62] and for postovulatory
repair of the ovary [63].

Initial and important studies were led by Nelly Auersperg to characterize and
identify epithelial and mesenchymal markers, hormonal and growth factor recep-
tors, and physiopathological role, with the idea that OSE is determinant in the onset
of ovarian carcinoma [64]. During ovulation, the OSE is involved in three main
phases: apex formation, rupture, and repair [65].

The initial phase starts with the actions of luteinizing hormone (LH) and triggers
apex formation at the rupture site of the ovarian surface [66]. In the second phase,
OSE cells initiate a lytic cascade [62, 67, 68], releasing proteolytic enzymes to
degrade the basal lamina, the tunica albuginea, and ovarian cells of the mature
follicle. The digested matrix, follicular wall disintegration, and peeling of OSE cells
create a wound stigma that facilitates oocyte release. Finally, the repair phase
consists in wound closure by postovulatory cell proliferation and migration [69].

Nevertheless, the signaling involved in these phases during ovulation in the OSE
is unclear. Purinergic signaling was suggested as a part of intraovarian modulation
due to a certain purinergic receptor expressed in the OSE committed in physiolog-
ical processes. Recently, Vazquez-Cuevas et al. demonstrated the expression of
ligand-activated ion channel P2X7 in OSE. In primary cultures of mouse OSE, they
observed that BZATP induced a non-desensitizing increment of [Ca*?];, and this
response was blocked with A438079, a selective antagonist of the P2X7 receptor.
The functional role of P2X7 was investigated in situ by TUNEL assay. P2X7 stimu-
lation with BzATP induced apoptosis in OSE cells and was differential throughout
the oestrous cycle; DNA fragmentation was greater during proestrous [70]. These
findings contribute to the idea that local factors, such as ATP, may participate in a
proposed cyclic proliferation-death equilibrium of the OSE cell layer in the ovula-
tory process.

Understanding purinergic signaling and receptor expression in the OSE will help
to decipher the mechanisms underlying ovary physiology and pathology. However,
more studies need to contribute evidence related to homeostasis and postovulatory
repair. Some studies regarding OSE-derived cancer cells will be discussed in the
next section.

4. Purinergic signaling in ovarian cancer

Although the specific roles for purinergic signaling in ovarian physiology are not
completely understood, significant advances have been made in deciphering the
role of purines in cancer. Plenty of information supports that purinergic system
elements have a role in cancer progression, and this implicates that they are poten-
tial therapeutic targets. Here we will address the relevance of the purinergic system
in ovarian cancer (OC).
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Ovarian cancer (OC) is considered the most lethal gynecological malignancy, as
it is usually diagnosed by the time the tumor has spread to other regions [71]. OC is
the seventh most common type of cancer in women, and patients have a low
survival rate [72]. Early detection of the disease proves difficult due to unspecific
symptoms such as abdominal pain and bloating, whereas advanced stages are con-
fused with gastrointestinal illnesses [73]. Although OC can arise from any of the
cells located in the ovary (germ, stroma, and the epithelium), it is acknowledged
that almost 90% of OC is derived from the OSE. According to histological charac-
teristics, epithelial ovarian cancer (EOC) is classified in serous, endometrioid, and
clear cells and in mucinous carcinomas [74].

Ovarian tumors frequently show disseminated metastasis through ascites in the
peritoneal cavity. OC cells are exfoliated from the primary tumor surface to the
peritoneal fluid, where they survive as single cells or multicellular aggregates. These
cells acquire resistance to anoikis, have stem cell properties, and are plastic in terms
of switching between epithelial and mesenchymal phenotypes. In addition to cancer
cells, the malignant ascite microenvironment has normal cell types, such as plate-
lets, associated fibroblast, and immune cells, which support and assist cancer cells
[75, 76]. This distinctive tumor microenvironment (TME) has paracrine and auto-
crine signals that support cancer cell proliferation, death evasion, dissemination,
and invasion to peritoneal organs. Therefore, understanding cellular and molecular
mechanisms that promote progression of the disease is very relevant.

Purinergic signaling has emerged as an important regulator of tumor growth
[77]. The following facts support this assertion: (1) cancer cells increase in meta-
bolic rate [78]; (2) ATP and ADO levels increase in the tumor interstitium [79, 80];
(3) purinergic receptors are expressed in tumor cells [77]; and (4) high CD73
ectonucleotidase expression is a prognosis factor for several types of cancer [81].

Early studies of purinergic signaling in ovarian carcinoma-derived cells (OCDC)
evaluated the effects of ATP on [Ca®*]; mobilization. It was demonstrated in
OVCAR-3 and SKOV-3 cell lines that stimulation with ATP in a pM range induced a
biphasic response that consisted in a rapid peak followed by a smaller and sustained
plateau phase. In addition, chelation of Ca** abrogated the slower response induced
by ATP, while the rapid response was maintained. Furthermore, low concentrations
of ATP induced SKOV-3 and OVCAR-3 cell proliferation [82, 83]. These pioneer
works indicated that OCA cells were responsive to ATP. Furthermore, the biphasic
response induced by ATP suggested that these cells could express two types of
purinergic receptors: channels operated by ligands and G protein-coupled receptors
(GPCRs).

In other OCDC lines (EFO-21 and EFO-27), the presence of P2Y2 receptor was
described, and ATP response was monitored through intracellular Ca?* mobilization
and phospholipase D (PLD) activation. In addition, ATP downregulated basal cell
proliferation and the proliferation induced by fetal calf serum (FCS) [84]. How-
ever, in IOSE-29 (preneoplastic) and IOSE-29EC (neoplastic) cell lines, which also
express P2Y2, ATP-stimulated cell growth through the MAPK/ERK kinase activa-
tion [85]. These findings showed that ATP effects differ across cell lines, which
could be associated with the activated intracellular mechanism.

Regarding the expression of P2X receptors in OCDC lines, some of the first
reports evaluated P2X7 expression in OC biopsies as in SKOV-3 and OVCAR-3 cells.
P2X7 expression in human ovaries is confined to the OSE, whereas in EOC biopsies,
its expression is wider and localized in transformed zones [86, 87]. Additionally,
receptor functionality was evaluated in cell lines, and it was demonstrated that its
stimulation induces ERK and AKT phosphorylation, whereas its inhibition reduces
cell viability [87]. The latter result was surprising due to previous findings that
associated P2X7 receptor activation with apoptosis.
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An important feature of cancer cells is their ability to migrate and invade sec-
ondary organs. One process that allows OC cells to dissociate from primary tumors
and survive in peritoneal fluid is the EMT, in which cells switch from an epithelial
to a mesenchymal phenotype. Even though this process was first described in
embryonic development, today its role in cancer is well accepted. The involvement
of purines in EMT has recently been reviewed [9]. It has been proven that P2Y2
stimulation promotes SKOV-3 cell migration, and this effect is associated with
epithelial growth factor receptor (EGFR) transactivation. Moreover, expression of
EMT inductors such as SNAIL and TWIST was promoted in response to UTP; in
addition, the intermediate filament vimentin was augmented by this pharmacolog-
ical stimulus. Interestingly, addition of apyrase (Apy) to cell medium, with the aim
of removing extracellular ATP, decreased cell migration and favored an epithelial-
like phenotype due to the relocation of E-cadherin to SKOV-3 cellular junctions
[88]. The authors concluded that products obtained by ATP hydrolysis (i.e., ADO)
promoted an epithelial phenotype, while P2Y2 activation by ATP analogues pro-
moted a mesenchymal one.

As previously mentioned, ATP and ADO concentrations increase in cancer.
Although ATP is within a low nM range in the healthy interstitium, it increases to
uM concentrations (~800 pM) near the tumor. This new evidence is relevant
because extracellular ATP was monitored in vivo in tumors induced with OVCAR-3
cells in nude mice [80]. Given that extracellular ATP can be hydrolyzed by mem-
brane ectonucleotidases (CD39 breaks ATP into ADP and AMP, and CD73 hydro-
lyzes AMP to ADO)), it could be assumed that the increase in extracellular ATP is
directly correlated with the increase in ADO. Even though extracellular ADO has
not been measured in tumors in vivo, there is evidence that ADO levels increase in
tumor microdialysates and are more abundant at the core of the tumor [79]. In vitro
studies have also indicated that OCDC-derived cell lines release ATP to the cell
medium [10, 89].

Correspondingly, ADO function has been evaluated in several types of cancer,
and an immunosuppressive role has been proposed for this molecule through
ADORA2A receptor activation. Specifically, in OCDC cell lines, it has been demon-
strated that ADO inhibits antitumor activity of T and natural killer (NK) cells.
Moreover, OC biopsies, OC-derived primary cultures, and cell lines express func-
tional CD39 and CD73 [89]. Therefore, strategies such as CD39 and CD73 inhibition
with the aim of reducing extracellular ADO concentrations have been performed,
and an improved immune response was described using antibodies against these
enzymes [89]. CD73 expression has also been associated with poor prognosis in
high-grade serous ovarian carcinoma (HGSOC) [90]. Recent evidence demon-
strated that CD73 expression in primary-derived OC promotes stemness and tumor
growth and proved that this enzyme acts as an EMT promoter [91], allowing us to
recognize CD73 as a promising target for OC.

Eventually, ADO in the extracellular milieu activates ADORA receptors (also
known as P1), whose expression has also been characterized in different OCDC
lines (e.g., in SKOV-3, CAOV-4, and OVCAR-3). Transcript and protein presence
of the four ADORA receptors has been described in the previously mentioned cell
lines, with ADORA2B and ADORA3 expression being more abundant; their func-
tionality was demonstrated through cAMP measurement in response to specific
agonists [92, 93].

SKOV-3 cell incubation with Apy, ADO, or NECA, an ADORA?2 receptor ago-
nist, decreases cell migration. A transcriptional study using a microarray demon-
strated that treatment with ADO reduced expression of WNT2, WNT6, WNT10B,
and FGF-18, all of which activate signaling pathways involved in EMT in OC [10].
On the other hand, expression of ARPC4 and RAPGEGI transcripts associated with
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cytoskeleton rearrangement increased [10]. Regarding ADORA2 expression, it has
been proven that the addition of NECA reduces cell viability and promotes apopto-
sis in CAOV-4 and OVCAR-3 cell lines [92]. Activation of ADORA3 in OCA-derived
cell lines is associated with apoptosis induction and G1 phase cell cycle arrest [94].
Altogether, the evidence highlights purinergic signaling as an important regulator in
EOC progression.

5. Conclusion

Since Geoffrey Burnstock proposed his purinergic hypothesis in the early 1970s,
enormous advances have been achieved in describing the molecular elements that
conform the purinergic system and in our understanding of a complex system that
is constituted as a continuous metabolic network together with the dynamic events
in extracellular signaling. Indeed, the specific actions of purinergic signaling in each
system are still being discovered, and its study is a growing field of knowledge. In
this chapter, we summarize current knowledge of purinergic signaling in the ovary,
where an extensive and specialized expression of purinergic receptors and purine-
handling enzymes are observed. The accumulated evidence depicts an emergent
and complex system, and at the same time, it raises important questions with deep
physiological and pathological implications.
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AC adenylate cyclase

ADO adenosine

ADP adenosine diphosphate

AMP adenosine monophosphate

AMPK AMP kinase

Apy apyrase

ATP adenosine triphosphate

[Ca*]; intracellular concentration of Ca®*
CEO cumulus-enclosed oocyte

EGFR epithelial growth factor receptor
egr-1 early growth-1

EMT epithelial to mesenchymal transition
ENPP ectonucleotide pyrophosphatase
ENTPD/CD39 ectonucleoside triphosphate diphosphohydrolase
EOC epithelial ovarian cancer
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ERK extracellular mitogen-regulated kinases

FCS fetal calf serum

FADH,/FAD* reduced/oxidized flavin adenine dinucleotide

FMNH,/FMN* reduced/oxidized riboflavin-5'-phosphate

FSH follicle-stimulating hormone

GLC granulosa-luteal cells

GPCRs G protein-coupled receptors

GTP guanosine triphosphate

hCG human chorionic gonadotropin

HGSOC high-grade serous ovarian carcinoma

HPLC high-performance liquid chromatography

LH luteinizing hormone

NAADP nicotinic acid adenine dinucleotide phosphate

NAD(P)H/NAD(P)* reduced/oxidized nicotinamide adenine dinucleotide
phosphate

NECA 5’-N-ethylcarboxamidoadenosine

NK natural killer

NT5E ecto-5"-nucleotidase

0oC ovarian cancer

OCDC ovarian carcinoma-derived cells

OSE ovarian surface epithelium

PGF2a prostaglandin F2«

PLD phospholipase D

PLC phospholipase C

PKC protein kinase C

PMSG pregnant mare serum gonadotropin

8-PTH 8-phenyltheophylline

RyR ryanodine receptor

SAM S-adenosylmethionine

SAH S-adenosylhomocysteine

SERCA Ca®*-ATPase

TME tumor microenvironment

UTP uridine triphosphate
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Abstract

The proinflammatory transcription factor nuclear factor-kB (NF-xB) has
emerged as a central player in inflammatory responses and tumor development
since its discovery three decades ago. In general, aberrant NF-kB activity plays a
critical role in tumorigenesis and acquired resistance to chemotherapy. This aber-
rant NF-kB activity frequently involves several post-translational modifications of
NF-kB, including phosphorylation. In this chapter, we will specifically cover the
phosphorylation sites reported on the p65 subunit of NF-kB and their relationship
to cancer. Importantly, phosphorylation is catalyzed by different kinases using
adenosine triphosphate (ATP) as the phosphorus donor. These kinases are fre-
quently hyperactive in cancers and thus may serve as potential therapeutic targets
to treat different cancers.

Keywords: kinase, NF-kB, phosphorylation, post-translational modifications

1. Introduction
1.1 Basic nuclear factor-kB (NF-kB) family and signaling pathways

So what is NF-kB? In mammals, NF-kB is a collective term for a small family of
dimeric transcription factors [comprising p65 (RelA) and RelB, c-Rel, p50/p105
(NF-xB1), and p52/p100 (NF-kB2)]. All NF-«B proteins share a Rel homology
domain (RHD), which is responsible for DNA binding and dimerization. Only
p65; RelB, and c-Rel contain potent transactivation domains within sequences
from C-terminal to the RHD. Therefore, p50 and p52 cannot act as transcriptional
activators by themselves. Dimers of these two proteins have been reported to
repress NF-kB-dependent transcription in vivo, most likely by competing with
other transcriptionally active dimers. These proteins form homo- and heterodi-
mers, and their activity is regulated by the canonical or alternative pathways
described as following [1]. A simple diagram of canonical NF-kB signaling, which
will be the focus of this chapter, is shown in Figure 1. The canonical pathway is
activated by multiple stimuli, including proinflammatory cytokines (e.g., tumor
necrosis factor, TNF; interleukin 1, IL-1), and the components of the bacterial
wall (Lipopolysaccharide, LPS). Exterior signals lead to the phosphorylation
and degradation of the inhibitory complex IkB, which is modulated by the IxkB
kinase (IKK), and its degradation allows for the release of the typical NF-xB
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heterodimer, p65/p50, to translocate into the nucleus. NF-xB binds to its cognate
DNA elements and can transcriptionally activate different target genes among
which 200-500 genes have been implicated in cell survival/apoptosis, cell growth,
immune response, and inflammation [2].

The alternative or noncanonical pathway is activated by the members of the
TNF cytokine family, such as B-cell activating factor (BAFF), cluster of differentia-
tion 40 ligand (CD40L), receptor activator of nuclear factor-«xB ligand (RANKL),
and lymphotoxin-p2 (LTP2), and requires recruitment of the p52/RelB dimers to
activate transcription. Firstly, activation of NIK (NF-kB-inducing kinase) leads to

Non-Canonical
pathway
Example: Stimulus BAFF, CD-40L

Canonical
pathway
Example: Stimulus IL-18, TNFa

PES | p50 degradation

j I
- NF-xB RelB
P p50 translocation to

l the nqc.'eus l

target gene | target gene
p65  p50 expression RelB expression
oy Ta  #T Chi g e M1l ‘i.‘ N X . L ST L P
Vgl ;*hiHJ.“Il . LTl T LI Tl .*'Il.l.linIl .
]
Figure 1.

Pathway of canonical and non-canonical NF-kB signaling. Under the canonical pathway of NF-B signaling,
activation of the NF-B is initiated by a stimulus vesulting in phosphorylation and subsequent proteasomal
degradation of IxkBa. This allows the release of the p65/p50 heterodimer into the nucleus, where they can bind
to their cognate DNA elements and promote NF-«B target gene expression [1]. On the other hand, under
noncanonical activation of NF-kB, NIK (NF-xB-inducing kinase) leads to activation of IKKa in this pathway.
Subsequent phosphorylation of the NF-xB1 precursor molecule, p100, triggers partial proteolysis giving rise to
P52, which preferentially dimerizes with RelB. This allows translocation of p52/RelB to the nucleus where they
can bind to cognate DNA elements and promote gene transcription [1]. Figure adapted and simplified from
Hoesel et al. [103].
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activation of IKKa in this pathway. This event leads to the subsequent phosphoryla-
tion of the NF-kB1 precursor molecule, pl00, and triggers partial proteolysis to give
rise to p52, which preferentially dimerizes with RelB [1]. The p52/RelB heterodimer
then translocates to the nucleus where they can bind to cognate DNA elements and
promote gene transcription (Figure1).

1.2 Important role of NF-kB in cancer

NF-kB was first discovered by Dr. Ranjan Sen in 1986 [3]. This family of
transcription factors plays important roles in the regulation of apoptosis, prolif-
eration, inflammation, and immune response in both normal and cancer cells.
Generally, in normal cells, the central transcription factor NF-kB is transiently
activated in response to certain stimuli. However, cancer cells usually exhibit
sustained activation of NF-«B [4, 5] which significantly contributes to their
survival. Moreover, NF-«B activity plays critical roles in many of the well-known
“hallmarks” of cancer, via its regulation of target genes involved in tumor cell pro-
liferation, suppression of apoptosis, activation of angiogenesis as well as induction
of the epithelial-to-mesenchymal transition (EMT) phenotype, a critical step
in metastasis [6]. Constitutively active NF-kB has been found in many types of
cancer. For instance, in thyroid cancer, oncogenic proteins including “rearranged
during transfection” (RET), “Rat Sarcoma” (RAS), and “v-Raf murine sarcoma
viral oncogene homolog B” (BRAF) were shown to induce NF-«B activation,
which in turn activated proliferative and antiapoptotic signaling pathways [7].
Moreover, in renal cell carcinoma (RCC), NF-«B is constitutively activated. The
phosphorylated p65, a major subunit of NF-kB, exhibited a significant increase in
the RCC samples compared with corresponding normal tissues [8]. Furthermore,
Nogueira et al. showed that in glioblastoma (GBM), deletion of IxkB showed a
phenotype similar to that of epidermal growth factor receptor (EGFR) amplifica-
tion in the pathogenesis of GBM. This was also correlated with low survival rates
in affected patients [2].

Importantly, our laboratory also found that in colon cancer, NF-kB can be acti-
vated by the Y-box protein 1 (YBX1), a critical event correlated with increased colon
cancer cell proliferation and anchorage-independent growth [9, 10]. Additionally,
in pancreatic cancer, a mutant oncogenic KrasG12D (glycine to aspartic acid) muta-
tion induced positive feedback loops of interleukin 1a (IL-1) and p62 expression to
sustain constitutive IKKf (inhibitor of NF-xB kinase subunit §)/NF-kB activation [11].
In breast cancer, moderately elevated NF-«B led to chronic inflammatory conditions
that result in some cells escaping immune surveillance [12]. Additionally, NF-xB
activation was shown to upregulate the expression of cyclin D1, cyclin-dependent
kinase 2 (CDK2), and c-Myc, which drives cell cycle progression and causes uncon-
trolled cell proliferation [13]. Moreover, in breast cancer, NF-kB has been shown to
induce and stabilize the expression of EMT markers (Snail and twist-related pro-
teinl) [14], a pivotal process in tumor metastasis. In addition to the role of NF-xB
in solid tumors as described thus far, Gasparini et al. has thoroughly reviewed the
important tumorgenic role of NF-xB in hematological malignancies, including
acute lymphocytic lymphoma (ALL), acute myeloid leukemia (AML), chronic lym-
phocytic leukemia (CLL), chromic myeloid leukemia (CML), B lymphomas, diffuse
large B-cell lymphomas (DLBCLs), Hodgkin’s lymphoma, adult T-cell lymphomas
(ATLL), anaplastic large-cell lymphomas (ALCL), and multiple myeloma, which
will not be further discussed in this chapter [15]. Overall, these studies highlight a
prominent role of dysregulated NF-kB in multiple aspects of cancer progression in
both solid tumors and hematological malignancies.
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2. Role of phosphorylation of NF-kB in cancer

2.1 Phosphorylation of the p65 subunit of NF-kB and the role of its kinases
in cancer

Phosphorylation is a critical modification for NF-kB activation and plays an indis-
pensable role in the regulation of its target genes. Moreover, as mentioned above,
many of these target genes contribute to the hallmarks of cancer such as cellular
proliferation, antiapoptosis as well as enhanced angiogenesis via vascular endothelial
growth factor expression, among others [6]. Thus, understanding how phosphoryla-
tion of NF-kB contributes to these cancer phenotypes is a critical step in effectively
limiting NF-kB activity [16]. Generally speaking, phosphorylation requires phos-
phorus which is supplied by the donor molecule adenosine tri-phosphate (ATP).
Although several members of the NF-kB family of proteins are reported to be
subjected to phosphorylation, p65 stands out as the most frequently modified sub-
unit (Table 1). Furthermore, scientists have found that p65 can be phosphorylated
by a variety of different kinases, some of which are themselves frequently overactive
in cancer. For instance, p65 phosphorylation at serine 536 (S536) by IKKp has been
shown to be critical for TNFa-induced transformation of mouse epidermal cells [17].
Additional studies have also reported a role for p65 S536 phosphorylation in mediat-
ing expression of matrix metalloproteinase 1 (MMP-1) in lymphomas, wherein high
MMP-1 expression correlated with lymphatic invasion and lymph node metastasis
[18]. Another study with an immortalized prostate cell line, PNT1a, showed a role for
phosphorylated S536 of p65 in cell motility and transformation [19].

As mentioned above, phosphorylation events on NF-«xB are mediated by a
variety of kinases. It is therefore unsurprising that the action of these kinases has
been tightly regulated to maintain normal cellular function. However, deregulation

Known phosphorylation Cancers involved Cell line discovered References

sites of p65

S205 No cancers currently known HEK 293 cells [104]

T254 Breast cancer BT20 and MCF-7 [105]
cells

S529 Breast cancer HeLa cells [33]

S536 Bone cancer HeLa and BC-3 cells [35]

S276 Head and neck cancers, breast HNSCC cells [34]

cancer

S281 No cancers currently known MEF cells [106]

S311 No cancers currently known HEK 293 and MEF [107]
cells

T435 No cancers currently known SiHa cells [108]

S468 No cancers currently known HeLa cells [109]

T505 No cancers currently known NARF2 and Hs68 [110]
cells

S535 No cancers currently known HeLa cells [111]

S316 No cancers currently known HEK 293 cells [41]

S547 No cancers currently known HEK 293 cells [112]

Table 1.

List of known phosphorylation sites on the p65 subunit of NF-xB and their relationship to cancer.
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of kinase activity can have detrimental downstream effects, which also involves the
aberrant activation of NF-kB and its target genes to promote a cancer phenotype.
Several kinases have been shown to have critical roles in the regulation of the p65
subunit of NF-kB. For example, glycogen synthase kinase 3 beta (GSK3p) and
TRAF-associated NF-kB activator TBK1 ((TANK)-binding kinase 1) have been
shown to be critical activators of NF-kB signaling [20, 21] by targeting p65 for
phosphorylation on S536. This phosphorylation leads to enhanced NF-kB transac-
tivation both iz vitro and in vivo [22-24]. Another well-known kinase involved in
modifying p65 is protein kinase A (PKAc). PKAc is typically activated following
IkBa-degradation, leading to PKAc-mediated phosphorylation of p65 on S276

[25]. This phosphorylation event causes recruitment of histone acetyltransferases
including cAMP response element-binding (CREB)-binding protein (CBP) and
p300. The net effect is displacement of p50-histone deacetylase (HDAC)-1 complex
from DNA, which increases p65 transactivation ability [26, 27]. Other kinases can
also phosphorylate p65 at S276. These include mitogen- and stress-activated protein
kinase-1and 2 (MSK1, 2), proto-oncogene serine/threonine-protein kinase PIM-1
(PIM-1), ribosomal s6 kinase (RSK) p90, and protein kinase C o (PKCax) [28-31].
Moreover, casein kinase II (CK2), which phosphorylates p65 on S529, has been
implicated in breast cancer [32, 33]. Another study demonstrated a role for p65 S276
phosphorylation by protein kinase A (PKA) in promoting a malignant phenotype
in head and neck squamous cell carcinoma (HNSCC). Here, the authors found that
S276 phosphorylation was prevalent in the nucleus of HNSCC samples but cytoplas-
mic in normal mucosa. Furthermore, this TNF-a-induced nuclear p65-S276 phos-
phorylation was significantly inhibited by the PKA inhibitor H-89, which in turn
suppressed NF-kB activity, target gene expression, cell proliferation, and induced
cell death via G1/S phase arrest [34]. Other p65-targeting kinases implicated in
cancer include cell division protein kinase 6 (CDK6) and PIM-1, which phosphory-
late p65 at S536 and S276, respectively [29, 35]. Both PIM1 and CDK6 have been
shown to be overexpressed in a variety of cancers including hematological cancers,
prostate cancer, pancreatic cancer, gastric cancer, head and neck cancer, liver
cancer, glioblastomas, medulloblastomas, colon cancer, and lung cancers [36-39].
However, their exact roles in regulating p65 phosphorylation in these cancers are
yet to be understood. In gastric cancer cells, Aurora Kinase A (AURKA) was also
shown to phosphorylate S536 in in vivo and in vitro models [40] whereby overex-
pression of AURKA induced a significant increase in NF-kB p65 and phospho-p65
(S536) protein levels. Interestingly, protein kinase C & (PKC3), a member of novel
PKC isoforms, has also been implicated in a number of cancers including breast,
pancreatic, prostate, and melanoma tumor cells but has been shown to regulate p65
transactivation in a phosphorylation-independent manner [41]. Our laboratory has
also recently reported a novel phosphorylation site on S316 of p65, a modification
mediated by the kinase CKII [41]. We showed that S316 phosphorylation was neces-
sary for NF-kB activation and target gene expression. Collectively, these examples
indicate the importance and sophistication of p65 phosphorylation and their cor-
responding kinases in regulating NF-kB signaling in the context of cancer.

2.2 Importance and effects of phosphorylation of p65 in modulating
chemoresistance

Several studies have indicated a role for NF-kB hyperactivity in the development
of resistance to chemotherapeutics via downregulation of antisurvival and upregu-
lation of prosurvival target genes and pathways [42-44]. In one study for example,
gemcitabine-resistant pancreatic cancer cells were rendered sensitive to gemcitabine
upon knockdown of p65 [42]. These and other accounts of NF-kB-mediated
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chemoresistance have been extensively reviewed by others such as Li, Sethi, and
Godwin et al., which will not be further discussed in this chapter [45, 46]. However,
the specific contribution of dysregulated p65 phosphorylation to chemoresistance
is less well understood and requires further exploration. Nonetheless, a few reports
suggest that upstream kinases involved in chemoresistance can modulate p65
phosphorylation levels in this context. For instance, siRNA-mediated depletion of
IKKo in HT1080 human fibrosarcoma cells was shown to decrease phosphorylation
of p65 in response to doxorubicin, thus severely impairing the ability of doxorubi-
cin to initiate NF-kB DNA-binding activity. These findings suggest that IKKa plays
a critical role in NF-kB-mediated chemoresistance in response to doxorubicin and
potentially serves as a therapeutic target for improving chemotherapeutic response
[47]. Other studies have shown that p65, in a hyperphosphorylated state, can be
correlated with resistance to thymidylate synthases and irinotecan in stomach and
colon cancers, respectively [44, 48, 49]. Doxorubicin resistance in lung cancer

has also been correlated with p65 S536 phosphorylation states [47]. Additionally,
multiple myelomas have exhibited increased p65 S536 phosphorylation within
melphalan- or doxorubicin-resistant cells [50].

3. p65 modifying kinases as potential therapeutic targets
3.1 Current therapeutics used to treat cancers with constitutive NF-kB activity

The NF-xB pathway is widely considered an attractive therapeutic target in a
broad range of cancers. Yet, despite the efforts to develop NF-kB inhibitors, none
has been clinically approved. This is largely due to immune-related toxicities associ-
ated with global NF-kB suppression [51]. Furthermore, the high complexity of the
NF-«B signaling network presents another unique challenge for developing specific
NF-«B inhibitors. To further complicate matters, some standard anticancer agents
can inadvertently activate the NF-kB pathway via induction of proinflammatory
cytokines such as IL-1p and TNF-a and cellular stressors such as reactive oxygen
species (ROS), or by activating DNA-repair mechanisms [52]. Finally, constitutive
NF-kB activity can also be achieved via secreted cytokines and chemokines from
inflammatory cells within the tumor microenvironment [52]. Taken together,
consideration of all these factors is imperative when strategizing the development
of the most effective and least toxic anticancer agents.

Currently, the use of NF-«B inhibitors has mainly been combined with other
agents [47, 50]. Some of these combinatorial therapies have shown promising
effectiveness and have been made it as far as the clinical trial phase. For example,
combination of irinotecan with the proteasome and NF-xB inhibitor bortezomib
was shown to increase sensitivity of colon cancer cells to irinotecan [53]. A sepa-
rate study showed that bortezomib could sensitize non-small cell lung cancer
(NSCLC) cells to sodium butyrate, which acts to inhibit histone deacetylases [54].
Moreover, several clinical trials testing the efficacy of inhibitors against IKK to
target solid tumors have been undertaken. For example, perturbation of IKK@
with the inhibitory ML120B led to synergistic enhancement of vincristine cyto-
toxicity in lymphoma. These results implicate IKK disruption using inhibitors
as a useful adjunct therapy with standard chemotherapeutics. Other attempted
trials using IKK inhibitors, such as CHS-828, EB-1627, and IMD-1041, as single
or combinatorial agents unfortunately produced toxicity concerns for patients
[55-57].

Other examples of combinatorial therapies include the use of NF-kB inhibi-
tors Bay11-7082 and sulfasalazine in combination with more commonly used
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chemotherapeutics such as 5-fluorouracil and cisplatin to synergistically reduce
colon cancer cell growth [58]. Other indirect means of targeting NF-kB such as
inhibition of upstream kinases have also shown promise. For instance, one study
using pancreatic cancer cells showed that inhibition of GSK3p by a small molecule
inhibitor reduced phosphorylation of p65 at S536 resulting in decreased NF-«kB
activity and cell growth [59]. Another study with the chemical compound ursolic
acid showed reduced p65 phosphorylation via inhibition of IKKp, which impaired
overall cell growth in leukemia cell lines [60]. Other studies with proteasome
inhibitors, including Tosyl phenylalanyl chloromethyl ketone (TPCK) and Tosyl-L-
lysyl-chloromethane hydrochloride (TLCK), demonstrated that not only do these
inhibitors target IKKp, but they were also able to reduce overall phosphorylation
levels of NF-kB [61, 62]. In summary, these studies suggest there may be many
benefits to targeting hyperactive NF-kB signaling and, in particular, the kinases that
regulate NF-kB in various cancers.

3.2 Benefits and pitfalls for targeting kinases in cancers

The development of small-molecule kinase inhibitors for the treatment of can-
cer has continued to be of intense interest. Notably, many inhibitors have received
FDA approval with approximately another 150 are in preclinical and clinical
phase trials. Despite these important advances, many factors have confounded the
clinical efficacy of these kinase-targeted drugs including the challenges of tumor
heterogeneity and microenvironment as well as the emergence of mutations that
confer drug resistance. Another major challenge of kinase inhibition is that of the
development of adverse side effects. Some classic examples of this include derma-
tologic complications and cardiotoxicity associated with inhibition of EGFR and
vascular endothelial growth factor receptor (VEGFR), respectively. Furthermore,
there is an urgent need to develop relevant models of resistance in response to
kinase inhibitors in efforts to overcome this resistance via potential synergistic
combinatorial therapies.

Another critical issue facing clinical trial design with kinase-targeted agents is
that of determining the types of tumors that are most likely to respond to specific
kinase inhibitors and thus identify the subsets of patients who will likely benefit
from these treatments. To combat this issue, many studies have been dedicated to
identifying certain “kinase dependencies” in cancer cells that would make them
more susceptible to inhibition. These so-called dependencies are primarily based
on the existence of constitutively activate kinases achieved by gene mutation,
amplification, or fusion. Among the potential approaches to identifying signa-
tures of kinase dependency are proteomic profiling, next-generation sequencing
and various applications utilizing phospho-specific antibodies against numerous
specific kinase substrates. Additional mechanisms of kinase dependency include
impairment of the function of phosphatases, the negative regulators of phos-
phorylation as is the case with mutations in the phosphatase and tensin homolog
(PTEN) tumor suppressor gene. The consequence of PTEN loss is signal propaga-
tion through downstream kinases such as Akt. Moreover, growing evidence from
isogenic human and mouse models also suggests that this type of indirect avenue
of kinase dependency may be analogous to direct, activating mutations in the
kinases themselves.

Finally, there are also cases in which the beneficial effect of a kinase inhibi-
tor is counteracted by an additional genetic lesion in a compensatory signaling
pathway. Therefore, studies to identify such secondary events are urgently needed.
Taken together, these evidences underscore the critical need to optimize the use of
kinase inhibitors against cancers by continued detailed molecular characterization
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of tumor tissues. It will be critical to develop new compounds that circumvent
acquired resistance to the first-generation kinase inhibitors for patients with refrac-
tory disease.

3.3 Cutting edge therapeutics for treating cancers with constitutively active
kinases

Since the mid-1970s, numerous studies have highlighted a crucial role for
kinases in promoting tumorigenesis and metastasis [63-67]. This is of no surprise,
since a clear majority of protein kinases promote critical cellular functions perti-
nent to cancer progression, including cell proliferation, survival, and migration
[68-72]. Hence, targeting mutated, overexpressed, or hyperactive kinases repre-
sents an important and promising clinical niche for developing drugs for cancer
therapy [67, 73, 74]. Interestingly, inhibitors against kinases account for approxi-
mately 25% of all current drug discovery efforts. So far, ~37 inhibitors with activity
targeted to one or multiple kinases have been approved for clinical use [67, 75].
These range from highly selective monoclonal antibodies to more broad-spectrum
synthetic or natural small molecules that have achieved a significant increase in
patient survival rate in cancers [67]. For example, treatment with imatinib and
dasatinib, which are highly potent and selective tyrosine kinase inhibitors against
BCR-ABL, produces more favorable outcomes compared to conventional cytotoxic
therapy for patients with chronic myeloid leukemia (CML) [76-78]. Similarly,
broad-spectrum inhibitors have also been used with great success. For example,
CHIR-258, which targets multiple kinases, inhibits VEGFR, platelet-derived
growth factor receptor (PDGFR), FMS-like tyrosine kinase-3 (FLT-3), mast/stem
cell growth factor receptor (c-Kit), and fibroblast growth factor receptor (FGFR)
in multiple myeloma patients and is most effective for killing tumors harboring
the translocation t [4, 14] (p16.3;q32.3) with increased expression and activating
mutations of FGFR3 [79-81].

Some other major inhibitors to enter the market include those targeting
key oncogenic kinase drug targets such as ERBB2 (e.g., afatinib), HER2 (e.g.,
trastuzumab), and VEGFRs (e.g., sorafenib, a small molecule inhibitor used
for the treatment of renal cell, liver. and thyroid cancers) [82-87]. Another
successful targeting strategy has been the use of a monoclonal antibody against
VEGFR (bevacizumab). Bevacizumab is used in combination with chemother-
apy to treat patients with metastatic colon cancer, and its widespread use has
resulted in significant improvement in survival outcomes [88]. Other examples
include inhibitors against Kit, PDGFRs, proto-oncogene tyrosine-protein
kinase Src (SRC), mechanistic target of rapamycin and FK506-binding protein
12-rapamycin-associated protein 1 (mTOR), phosphatidylinositol-4,5-bispho-
sphate 3-kinase catalytic subunit alpha (PIK3CA), serine/threonine-protein
kinase B (PKB or Akt)—Raf (BRAF), and epidermal growth factor receptor
(EGFR) (e.g., cetuximab, panitumumab), all of which act to activate signifi-
cant tumor cell signaling pathways such as NF-kB [67, 89]. For instance, several
FDA-approved kinase inhibitors, although not perceived as direct NF-xB
inhibitors, have been shown to suppress NF-kB signaling [89]. These include
inhibitors targeting EGFR in breast and lung cancer, Akt in breast cancer,
GSK-3p in pancreatic cancer, NIK in melanoma, BRAF in multiple myeloma, and
IKK in brain and liver cancer [89-91]. Specifically, GSK2118436, PLX4720,
sorafenib, and PLX4032 are all drugs which are currently being used to target
B-Raf"%%E in advanced cancers with elevated NF-xB activity [73, 92-94].
Finally, small molecule inhibitors targeting Akt, which include perifosine,
GSK690693, VQD002, and MK2206, are also being tested clinically [95, 96].
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In summary, these studies highlight the importance of inhibition of distinct
kinase signaling pathways as a means of minimizing cytotoxic effects on non-
cancerous cells, thus bestowing selective killing of tumor cells and improving
patient clinical outcomes.

4, Conclusion and future directions

In summary, this chapter highlights a significant role of NF-kB phosphorylation
in driving the initiation and progression of several cancers as well as chemoresis-
tance to first-line therapies. Furthermore, we emphasized the relationship between
p65 phosphorylation and the role that constitutively active kinases play in promot-
ing the cancer phenotype, via utilization of ATP as the phosphate donor. Finally, we
underlined the well-established therapeutic potential of targeting these kinases in
the treatment of various cancers. Despite these encouraging data, we acknowledge
that the difficulties with drug resistance and toxicity continue to present critical
challenges for the use of kinase inhibitors in both clinical and experimental oncology.
Furthermore, issues related to the inadequate understanding of the selectivity of
the kinase inhibitors have also plagued the successful clinical utility of these inhibi-
tors. Nevertheless, a key challenge for overcoming this enigma is to identify the
most efficacious, complementary, and least toxic combinations of kinase inhibitors
for targeted cancer treatment [97, 98]. This will likely lead to the development of
multimodal treatment initiatives that evade the treatment-related drug resistance.
Finally, it is well known that cancers have heterogeneous populations of cells, and
these may differentially contribute to chemoresistance [99, 100]. To address this,
many efforts are underway to eliminate cancer stem cells as main culprits of this
intrinsic heterogeneity, which will undoubtedly improve our understanding of
better drug design and efficiency [101, 102].
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Chapter 5

Clinical Evaluation of Adenosine
Triphosphate Disodium Hydrate
(ATP-2Na) for Asthenopia

Yo Nakamura, Yukiko Ban, Yoko Ikeda, Hisayo Higashihara
and Shigeru Kinoshita

Abstract

To investigate the effect and the safety of Adenosine triphosphate disodium
hydrate (ATP-2Na) for asthenopia. 40 subjects [35 females and 5 males, 25~87 years
old (average: 62.5 years old) ] with asthenopia ingested 200~300 mg/day ATP-2Na
for 3 months. Before and after 1 and 3 months ingestion, subjects completed a
questionnaire to determine their asthenopia symptom and fatigue symptom by
visual analog scale (VAS). The scores were compared between before and after
ingestion. 31 subjects completed a questionnaire for 1 month. The scores of asthe-
nopia symptom before ingestion, 1 and 3 months were 4.05 + 3.22, 2.67 + 2.19 and
2.41 + 2.16, respectively. The scores of fatigue symptom were 4.76 + 3.05, 3.08 + 2.93
and 3.10 + 3.19, respectively. Both scores were significantly decreased (p < 0.005)
at 1 month compared before ingestion. Three subjects had side effects (diarrhea
for two, nausea for one), and all subjects improved by oral discontinuation. These
results suggest that ATP-2Na is relatively early effective in improving asthenopia
and accompanying fatigue symptoms.

Keywords: adenosine triphosphate disodium hydrate (ATP-2Na), asthenopia
symptom, fatigue symptom, visual analog scale (VAS), 3 months

1. Introduction

Recent years, patients with asthenopia increased, because many people are
engaged in visual display terminal (VDT) work and are using a portable terminal
for example smartphone. The causes of asthenopia are dry eye [1, 2], lack of cor-
rection for hyperopia or presbyopia, overcorrection for myopia by contact lens or
glasses for example. Eye treatment for these causes does not improve asthenopia in
some cases. On the other hand, patients with asthenopia sometimes complain of
systemic symptoms such as headache, stiff shoulder, nausea and fatigue. Symptoms
by VDT work are serious problems in Japan, so Ministry of Health, Labor and
Welfare established guideline for Occupational Health Environmental Management
in 2002 [3]. In this guideline, at first, improvement of environment for VDT is
necessary, and in serious cases patients should see clinical ophthalmologists. In
questionnaire results in 2003 in Japan, many ophthalmologists prescribe glasses
for near work or tear drop or Vitamin B12 eye drop to reduce asthenopia from VDT
work [4].
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Adenosine triphosphate disodium hydrate (ATP-2Na) is internal medicine
which approved for asthenopia from the results of multicenter clinical researches
or double blind clinical researches in 1970~1990 in Japan [5-7]. In this study, we
researched the effect and the safety of ATP-2Na for present asthenopia.

2. Subjects and methods
2.1 Subjects

Subjects were patients with asthenopia in Kyoto Prefectural University of
Medicine facilities in 2012~2014. We selected patients who had asthenopia symp-
toms, regardless of causes such as dry eye or inappropriate glasses. Subjects were 40

patients (35 females and 5 males), and 25~87 years old (average age: 62.5 years old).

2.2 Methods

Two or three times per day, subjects ingested Adetphos Kowa Granule 10%
which is clinical medicine containing 100 mg of ATP-2Na. Before and after 1 and 3
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Table 1.
Visual analog scale (VAS).
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months ingestion, subjects completed a questionnaire to determine their asthe-
nopia symptom and fatigue symptom by visual analog scale (VAS) [8] (Table1).
In VAS scale, 0 is the best evaluated result and 10 is the worst evaluated result.
Questionnaire items were 10 items; 5 items about eye symptoms (feeling of
oppression of the eyes, pain in the back of the eyes, tough to open eyes, blurred
vision, sense of heat of eyes), 3 items about systemic symptoms (headache, stiff
shoulder, fatigue), and 2 items about mental symptoms (depressed feeling, no
concentration feeling). The scores were compared between before and after
ingestion.

In addition, the scores were compared about the background factors before
administration. Researched background factors were gender, age, internal dose per
body weight, whether or not other eye diseases, whether or not of using eye drop
for asthenopia, and scores before ingestion. Within this study, subjects continued
all drugs prescribed before the administration.

2.3 Statistical analysis

Paired t test was used to compare the change of scores between before and
after ingestion. In analysis of background factors, student’s t test was used the
changes through 3 months. In both analysis, p < 0.05 was considered statistically
significant.

3. Results
3.1 Subject characteristics

In 40 initial subjects, 33 subjects visited hospital at 1 month, and these subjects
were targeted for evaluation of safety. In 33 subjects, one subject discontinued the
ingestion because of diarrhea within 1 month, one refused to describe the ques-
tionnaire. 31 subjects completed a questionnaire for 1 month and were targeted
for effect evaluation. Age distribution of 31 subjects (26 females, 5 males) was
25-87 years old, average age was 64.4 years old. Background factors are presented
in Table 2. Average score of eye symptom in group with diabetes was larger than
that in group without diabetes (p < 0.01). Average score of systemic symptom in
group 65y younger was larger than that in group 65y older (p < 0.05). 26 subjects
completed a questionnaire for 3 months.

3.2 Effect evaluations
3.2.1 Scores in each symptom

The scores about eye symptom before ingestion, 1 month, 3 months were
4.05 + 3.22,2.67 + 2.19, and 2.41 + 2.16, respectively. The scores were significantly
decreased at 1 and 3 months (both p < 0.005, Figure 1). Among the symptoms
about eye, the scores of “blurred vision” were no different between before and after
(Figure 2). The scores about systemic symptom (average scores; before ingestion:
4.76 + 3.05, 1 month: 3.08 + 2.93, and 3 months: 3.13 + 3.18) significantly decreased
(p < 0.005). Similarly, the scores about mental symptom (average scores; before
ingestion: 4.41 + 3.46, 1 month: 2.97 + 2.63, and 3 months: 3.10 + 3.19) significantly
decreased (p < 0.005).
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Comparison of baseline VAS scores between each groups classified by baseline characteristics (n = 31).
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Figure 1.

Transition of scores of each symptom. Mean scove of each symptom (5 eye symptoms, 3 systemic symptoms,

2 mental symptoms) before and 1, 3 months after ingestion. The scores were significantly decreased at 1 and
3 months (both p < 0.005) compared before ingestion. This result means that ingestion of ATP-2Na velatively
early improved systemic symptoms and mental symptoms as well as eye symptoms.
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Figure 2.

Transition of scores of each detail symptom. Scove of each detail symptoms at before, 1 month and 3 months
after ingestion. Among the symptoms about eye, the scoves of “blurred vision” were no different between
before and after. This result means that the cause of “blurred vision” may be not only due to abnormality in
accommodation but also due to cataract et al.
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Table 3.
Comparison of change of scoves between each groups classified by background factor.
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3.2.2 Comparison about the background factors

There was no difference among groups regarding the background factors about
gender, age, whether or not other eye diseases, and whether or not of using eye drop for
asthenopia (Table 3). The larger of initial scores improve larger effect in any symptoms.

3.3 Safety evaluations

Among 33 all subjects, 3 subjects had side effect. 1 subject feel nausea and 2 had
diarrhea. There was no relation between subjects with side effect and internal dose
per body weight or other background factors. And all subjects improved by oral
discontinuation.

4. Discussions

In this study, regardless the causes, asthenopia symptoms improved with inges-
tion of ATP-2Na. And the systemic symptoms (headache, stiff shoulder, fatigue)
caused by asthenopia improved, as well as the mental symptoms (depressed feeling
or no concentration feeling).

Asthenopia symptoms from extremely strong eye fatigue cannot improve with
rest. In report by Suzumura, the cause of asthenopia was categorized into three factors
(external environmental factors, ophthalmologic factors, and internal /mental factors),
and asthenopia symptoms got worse by collapse of balance between these three factors
[9]. In this study, subjects were enrolled by symptoms. We did not research a cause
of asthenopia symptoms. Ninety-two percent of subjects had systemic symptoms or
mental symptoms. It is possible that the balance of several factors collapsed in enrolled
subjects in this study. The more severe the symptoms before ingestion, the stronger
the improvement effect was confirmed. Severe symptoms that caused a vicious circle
related by various systemic/mental symptoms, possibly improved better than weak
symptoms. ATP-2Na increases the blood flow in vertebrae and common carotid artery.
For the reason, it is suggested that increased blood flow in ciliary body muscle stabi-
lized accommodation, and increased blood flow in vertebrae improved symptoms such
as stiff shoulder. In our study, asthenopia symptoms of subjects who were administered
nerve stimulants such as Vitamin B12 improved. Then it is clear that ATP-2Na exerts the
effect depending on the mechanism different from Vitamin preparations.

Several studies reported that improvement of accommodation by ATP-2Na was
confirmed by examination such as near point meter or accommodo-polyrecorder
[5-7]. In these studies, enrolled patients were 20~50 years old whose accommoda-
tion was not lost. But from our study ATP-2Na is effective for asthenopia in patients
over 65 years old as same as in patients under 65 years old. However, ATP-2Na was
not effective for blurred vision symptom. It is suggested that blurred vision symp-
tom related several factors for example accommodative dysfunction or cataract. It
is difficult to detect the abnormality in accommodation by traditional examination
because of presbyopia. Kajita et al. reported that change of pupil diameter could
detect ciliary muscle abnormality as objective findings of asthenopia [10]. It is
thought that asthenopia of senior patients is possibly related to imbalance in ciliary
muscle [11]. Asthenopia in younger subjects is possibly related to accommodative
convulsion, on the other hands, asthenopia in older subjects is possibly related to
accommodative semi-dysfunction [12]. Blood flow increase by ATP-2Na was effec-
tive for asthenopia symptoms from each mechanism.

Among 33 all subjects, 3 subjects had side effect (nausea for 1 and diarrhea
for 2). All subjects improved from side effect by discontinuation of ingestion. In
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this study, enrolled subjects were senior patients whose gastrointestinal function
were slightly impaired, and side effect occurred because of pharmacological action
of ATP-2Na that increases the gastrointestinal blood flow and that increases the
gastrointestinal functions. Side effect occurrence rate was not difference among
background factors in this study. However, it is considered better for safety that
senior patient whose BMI is low level and whose gastrointestinal function is slightly
impaired, ingests 200mg/day of ATP-2Na instead of 300mg/day. It is described in
the package insert and need to explain to the patient.

Some limitations of this report need to be considered. First, this study sets no
control group, because the effect of ATP-2Na revealed by double blind control study
in previous studies. Second this study is based on subjective findings only. It is neces-
sary to evaluate the objective findings from examinations as an index of asthenopia.

Even in present day where causes of asthenopia have diversified, ATP-2Na improved
asthenopia symptoms relatively early in adult cases involving senior patients, moreover,
ATP-2Na improved systemic/mental symptoms derived from asthenopia. Naturally,
in the cases related presbyopia or VDT work, it is important to prescribe near glasses
considering ages, working distance and refractive error. Moreover, this study evaluates
ATP-2Na is one of effective treatment for asthenopia with systemic/mental symptoms.
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