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Introduction
Radiation toxicity is thought to be elicited from reactive 

oxygen species (ROS) generated by the interaction between 
water molecules and ionizing radiation in living cells 1-4). ROS 
include O2−, H2O2 , and OH, et al., and are readily generated 
in cells through metabolic processes such as respiration, 
ischemia/reperfusion, and oxidation of fatty acids, other 
than a radiolysis of the water. Even though oxygen and water 
are both indispensable for living cells, ROS generated from 
these molecules are highly toxic, damaging DNA, lipids and 
enzymes, and ultimately leading to the onset and progression of 
adult diseases such as arteriosclerosis and cancer 5), when their 
generation overwhelms the cellular defense systems. 

Cel ls a re equipped with several defense systems 
which protect them from ROS attack, including enzymatic 
mechanisms such as superoxide dismutase, catalase, and 
glutathione peroxidase, as well as non-enzymatic mechanisms 
involving the reduced forms of molecules such as glutathione 
(GSH), thioredoxin-1 (Trx-1), vitamin C (V.C), and vitamin 
E. Among these antioxidants, Trx-1 is a multifunctional, low-
molecular-weight (12 kDa) protein containing an active thiol/
disulfide site with oxidoreductase activity. Trx-1 potently 
protects cells from oxidative damage by enhancing the catalytic 
activity of peroxiredoxin and glutathione peroxidase, which 
decompose hydroperoxides and hydrogen peroxide, respectively 
6,7). It also directly reduces levels of hydrogen peroxide, 
glutathione disulfide, and hydroxyl radicals 8), positioning it as 
a key protein controlling the cellular reductive/oxidative (redox) 
balance. Through this and other defense systems, intracellular 
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Antioxidants are known to prevent oxidative damage in cells caused by radiation. We have previously reported that whole-body 
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ROS levels are controlled, and prevented from becoming 
superabundant. 

Since the antioxidant levels are generally considered to 
decrease with age, blockage of this phenomenon could lead to 
the development of anti-aging methods. Here, we review the 
slight production of ROS by extracellular ATP via purinergic 
receptors on cell membranes, and thereby the induction of Trx-
1 as the adaptive response of living cells against low doses of 
ionizing radiation.
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Low-dose Gamma Ray-irradiation Activates 
Antioxidant Systems in Living Cells

Living cells are well known to possess adaptive functions 
that activate antioxidant systems in response to a small dose of 
ROS induced by various substances such as a quinone-derivative 
anticancer agents 9,10), metals 11), ultraviolet rays 12), and hydrogen 
peroxide 13). An adaptive response can also be expected in 
cases of ionizing radiation. We previously reported that whole-
body low-dose gamma-irradiation induces the production of 
intracellular antioxidants such as GSH and Trx-1 in mice 14,15). 
Hoshi et al.16) had also reported that Trx-1 is induced by low-
dose gamma ray irradiation in human lymphocytes. Our later 
studies revealed that the increase of GSH levels in immune cells 
subsequently activates proliferation of lymphocytes and natural 
killer (NK) cells, thereby leading to the suppression and/or 
delay of the solid-tumor growth and colony formation observed 
in metastatic cancer 17-20).

What Is Purinergic Signaling?
In recent years, a substantial amount of research has 

focused on the “radiation-induced bystander effect” 21), in 
which cells not directly exposed to radiation display irradiated 
characteristics resulting from signal exchange between 
irradiated cells and nearby non-irradiated cells. Such signaling 
is believed to occur through direct physical connections such 
as gap junctions, direct interaction between ligands and their 
specific receptors, interaction between cytokines and growth 
factors with specific receptors, and in response to diffusible 
factors released into the culture medium 22-24). Several recent 
studies have suggested that ROS and reactive nitrogen species 
(RNS) are the most probable molecules forming the links 
between the radioadaptive and bystander responses 22,25,26). 
Overall, these findings implied that ROS and RNS were the 
molecules involved, but that this is no longer considered the case. 

Cytoplasmic ATP is released into the extracellular space 
in response to several types of stimuli and then activates 
purinergic P2 receptors (Fig. 1) 27). P2 receptors are classified 
into two major subtypes: ionotropic P2X and metabotropic P2Y 
receptors, both of which regulate a number of physiological 
functions 28). ATP directly activates P2X1-7 and P2Y1-14, and 
after being rapidly degraded by ecto-nucleotidases, also 
indirectly activates P2Y1-14 through the byproduct ADP 27, 29). 
Thus, cytosolic ATP causes activation of purinergic and 
adenosinergic signaling pathways in an autocrine/paracrine 
manner. 

Several recent studies have shown that purinergic signaling 
via extracellular ATP stimulates DNA repair and antioxidant 
activity 30-33). Our previous studies of the effect of low dose gamma- 
and UVB-radiation on ATP release from HaCaT cells 34,35) have 
suggested that a small dose of ROS induced by the extracellular 
ATP may lead to the promotion of intracellular antioxidant via 
purinergic signaling pathways. However, little is known about 
whether extracellular ATP released by gamma ray irradiation 
influences cellular antioxidant systems.

Gamma Ray-irradiation Induces ATP Release 
from RAW264.7 via Multiple Pathways

While a number of reports have indicated that ATP is 
released into the interstitial spaces in response to various 
physiological and pathophysiological stimuli 27), we have only 
recently demonstrated this release by stimulation with gamma 
ray ionizing radiation 34). 

In our previous studies on changes in the cellular antioxidant 
induction in various cells exposed to gamma rays, it was 
found that RAW264.7 mouse macrophage-like cells were the 
most sensitive to gamma rays 36). We therefore examined ATP 
release in response to gamma-irradiation using this cell line. 
Concentration of extracellular ATP increased soon after the 
onset of gamma-irradiation, and the mechanism involved in 

Fig. 1. Release of nucleotides by various stimuli and purinergic receptors.
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this phenomenon was examined. Inhibitors of gap junction 
hemichannels such as f lufenamic acid, lindane, and 18GA 
almost completely blocked ATP release, and a P2X7-receptor 
antagonist (carbenoxolone) and an exocytosis blocker (brefeldin 
A) also blocked release to a lesser degree. Similarly, a maxi-
anion channel blocker (arachidonic acid), a potent chloride-
channel inhibitor (glibenclamide), a vesicular-H+-ATPase 
inhibitor (bafilomycin A1), and GdCl3 significantly suppressed 
ATP release. Taken together, these results indicate that gamma-
irradiation-induced ATP release occurs via multiple pathways, 
including gap junction hemichannels, anion channels/
transporters, the P2X7 receptor, as well as via exocytosis 37).

Trx-1 Expression is Induced by Gamma 
Ray Irradiation and ATP Treatment and Its 
Blockage by Apyrase

The increase in Trx-1 expression induced by exposing 
RAW264.7 cells to gamma ray ir radiation was assessed 
by immunoblotting. Trx-1 expression was increased time-
dependently starting 1 h after irradiation, peaking 3 to 6 h 
later. The elevation  remained until 24 h after irradiation. This 
peak increase was almost completely blocked by pretreatment 
with the ecto-nucleotidase apyrase (Fig. 2A), suggesting that 
the gamma ray irradiation-induced release of the extracellular 
ATP is involved in mediating the increase of Trx-1 expression. 

Exogenously added ATP, in place of gamma- irradiation, also 
increased Trx-1 expression both time- and dose-dependently, 
reaching a maximum at approximately 6 h post-treatment. 
This increase was likewise suppressed by pretreatment with 
apyrase (Fig. 2B). Taken together, these results suggest that the 
irradiation-induced Trx-1 arises via the extracellular ATP and 
activation of purinergic signaling.

Evaluation of Purinergic Receptors Involved 
in Trx-1 Expression Induced by Gamma Ray 
Irradiation and ATP Treatment 

Selective purinergic-receptor antagonists were used to 
determine the specific pathway through which extracellular 
ATP induces an increase in Trx-1 expression. Suramin, 
MRS2578, and A438079 successfully block increases in 
Trx-1 expression induced by both the gamma-irradiation 
(Fig .  3A )  and the exogenously added ATP (Fig. 3B), 
suggesting the involvement of both P2Y6 and P2X7 receptors in 
these phenomena. 

Fig. 2. Induction of Trx-1 by gamma rays (A) or ATP (B) and their suppression with apyrase in 
RAW264.7 cells.
Each value indictes the mean ± SD (n= 4).
IR: gamma ray irradiation (0.5 Gy), ATP treatment (100 µM) 
A: ***; p<0.001 vs. control group, ###;  p<0.001 vs. IR alone group
Adopted from Ohshima et al. (2011) 37).  
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Trx-1 Expression in Response to ROS via 
Activation of NADPH Oxidase by ATP 

Following several studies which reported that extracellular 
ATP stimulation promotes intracellular ROS generation 33,38-40), 
we also confirmed the involvement of ATP in increasing ROS. 
We then investigated changes in ROS level induced by ATP 
decrease in the presence of antioxidants such as DMSO, NAC, 
and V.C. Pre-treatment with these antioxidants significantly 
suppressed the elevation of Trx-1 expression induced by ATP, 
suggesting that ATP-induced ROS mediates the elevation of 
Trx-1 expression, at least in part. 

Finally, we examined the mechanism of ROS generation 
induced by ATP treatment. ATP-induced ROS generation 
was  s ig n i f ica nt ly  suppressed  by p re t rea t ment  w i t h 
diphenyleneiodonium chloride, apocynin, and SOD, supporting 
the theory that NADPH oxidase plays a major role in ATP-
induced ROS generation, as previously reported 41-43). 

Conclusion
While the interaction between water molecules and 

radiation has been suggested to cause ROS generation in cells 
exposed to ionizing radiation, our findings in the present 
review demonstrate that this is not all the only outcome of 
this exposure. In addition, ATP is released from the irradiated 
cells and subsequently may produce ROS by the activation 
of cell membrane NADPH oxidase via purinergic signaling. 
Antioxidants such as Trx-1 are thought to be induced as 

an adaptive response to ROS produced via the previous 
mechanism and purinergic signaling in living cells (Fig. 4). 
However, the details of the signaling pathways by which ATP 
activates NADPH oxidase through purinergic receptors are still 
unknown. The mechanism by which radiation induces ATP 
release also appears unknown. Studies are now underway to 
clarify these issues by determining the link between purine 
receptor P2-activation and factors known to be involved in the 
activation of NADPH oxidase, such as Ca++ ions, protein kinase 
C, and p38MAP kinase 44-47).

Fig. 3. Induction of Trx-1 by gamma rays (A) or ATP  (B) and their suppression by antagonist of P2 
receptors in RAW264.7 cells. 
Each value indictes the mean ± SD (n= 4).
IR: gamma ray irradiation (0.5 Gy), ATP treatment (100 µM) 
A: **; p<0.01 vs. control group, #; p<0.05 vs. IR alone group
B: ***; p<0.001 vs. control group, ###; p<0.001 vs. ATP alone treated group
Adopted from Ohshima et al. (2011) 37).  
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