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Abstract: The linear no-threshold (LNT) theory describes the linear relationship between a radiation
dose and its effects. However, whether the linear relationship is maintained at low radiation doses has
yet to be determined. Many previous studies support the radiation hormesis theory, which states that
radiation has beneficial effects on health. In this viewpoint, we propose a mathematical function fitted
to a model consistent with both the LNT at ≥100 mSv and radiation hormesis theories at <100 mSv,
and the model requires a factor whose amount or activity takes a mountain-like shape versus the
radiation dose and have one maximum value at 40.9 mSv. We searched a wide range of factors
with these features based on searches on PubMed, and then evaluated whether these factors were
suitable candidates consistent with both the LNT and radiation hormesis theories. Our consideration
indicated that these factors did not completely follow the equation suggested at this time. Of course,
other theories do not deny that these factors are involved in hormesis. However, based on our theory,
still unknown factors may be involved in radiation hormesis, and then such unknown factors which
are activated at <100 mSv should be searched.

Keywords: radiation hormesis; LNT theory; cancer death rate; mountain-like shape

1. Introduction

Radiation can ionize substances. The linear no-threshold (LNT) hypothesis [1] has
been proposed for the management of radiation risks. However, the LNT hypothesis for
radiation doses <100 mSv has not been proven to be correct (Figure 1A). On the other hand,
many studies have described radiation hormesis theory, whereby radiation is thought
to have beneficial effects on health [2–4]. If the indeterminacy of the LNT theory under
100 mSv were combined with the assumption of radiation hormesis (Figure 1B), a theory
satisfying both radiation hormesis at low doses and the LNT theory at high doses could
be suggested [5]. Herein, based on a previous theory [5], we aimed to obtain an equation
to give the maximum hormesis region while satisfying the LNT theory at ≥100 mSv and
to calculate the dose that maximizes the inhibitor factors. Next, from existing reports,
we aimed to search candidate inhibitor factors whose quantities depend on the radiation
dose with fluctuations in a mountain-like shape. Lastly, based on our calculations, we judge
whether the listed factors are suitable candidates leading to hormesis.
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Figure 1. Graph of the cancer death rate D(x). The radiation dose is defined as x. (A) The linear 

dashed line indicates the assumption of the LNT hypothesis under 100 mSv, and the linear solid line 

indicates the LNT hypothesis at 100 mSv or higher. (B) In addition to panel (A), the solid curve 

indicates D(x) with the maximum hormesis region and acceptance of ≤10% error at ≥100 mSv. 

2. Methods 

The equations for the graphs are described in Section 3.1. The graphs were constructed 

using Microsoft Excel for Mac 2011 (Microsoft Corporation, Washington, DC, USA). The data 

were calculated in increments of 1 mSv (Figure 2A,B) or 10 mSv (Figure 2C). 

From many previous reports, factors with an amount or activity that has only one 

maximum value versus radiation dose were initially selected. In Section 3.2, we consider 

whether such factors are appropriate candidates leading to hormesis using the equation 

obtained from Section 3.1. 

  

Figure 1. Graph of the cancer death rate D(x). The radiation dose is defined as x. (A) The linear
dashed line indicates the assumption of the LNT hypothesis under 100 mSv, and the linear solid
line indicates the LNT hypothesis at 100 mSv or higher. (B) In addition to panel (A), the solid curve
indicates D(x) with the maximum hormesis region and acceptance of ≤10% error at ≥100 mSv.

2. Methods

The equations for the graphs are described in Section 3.1. The graphs were constructed
using Microsoft Excel for Mac 2011 (Microsoft Corporation, Washington, DC, USA). The
data were calculated in increments of 1 mSv (Figure 2A,B) or 10 mSv (Figure 2C).

From many previous reports, factors with an amount or activity that has only one
maximum value versus radiation dose were initially selected. In Section 3.2, we consider
whether such factors are appropriate candidates leading to hormesis using the equation
obtained from Section 3.1.
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Figure 2. Graph of D(x) following Equation (4). The radiation dose is defined as x. The graph is in 

the range of (A) 0–100 mSv, (B) 0–40 mSv, and (C) 0–1000 mSv. The solid curve indicates D(x) that 

obeys Equation (4). (A,C) The linear dashed line indicates the assumption of the LNT hypothesis. 

(B) The hormesis region (5.8–30.0 mSv) is obtained from two intersection points of Equation (4) and 

D(x3). The gray solid line indicates D(x3). The value of x for the local maximum of D(x) is defined as 

x3 [5]. 

Figure 2. Graph of D(x) following Equation (4). The radiation dose is defined as x. The graph is in the range of (A) 0–100 mSv,
(B) 0–40 mSv, and (C) 0–1000 mSv. The solid curve indicates D(x) that obeys Equation (4). (A,C) The linear dashed line
indicates the assumption of the LNT hypothesis. (B) The hormesis region (5.8–30.0 mSv) is obtained from two intersection
points of Equation (4) and D(x3). The gray solid line indicates D(x3). The value of x for the local maximum of D(x) is defined
as x3 [5].
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3. Results and Discussion
3.1. Equations and Graphs

With reference to a previous report [5], we defined the radiation dose as x, the cancer
death rate as D(x), and the inhibition effect as R(x). The radiation dose at which R(x) reaches
a maximum is defined as x1, the value of x for the local minimum of D(x) as x2, the value of
x for the local maximum of D(x) as x3, and the other value of x where D has the same value
as D(x3) as x4. Therefore, such definitions lead the hormesis region to x3–x4 mSv [5].

Equation (1) was used because it gave the maximum hormesis region while satisfying
the LNT at ≥100 mSv. Reconsidering the previous assumption [5], a ≤10% error was
accepted at ≥100 mSv. Using Equation (1) and x5 corresponding to 100 mSv, it was
necessary for Equation (3) to be satisfied.

D(x) = kx(1 − axe1−ax) (1)

R(x) = x2e−ax (2)

D(x5) = kx5(1 − axe1−ax5) = 0.9kx5 (3)

Therefore, x5 corresponding to 100 mSv was determined to be ~4.890/a [5]. Exposure
to 100 mSv is said to increase the cancer death rate by 0.5% [6]. Therefore, for kx5 to be 0.5,
k must be 0.005. In addition, the value of a is 0.0489. Using Equation (1) and the values
of k and a, Equation (4) was obtained, and then graphs such as those shown in Figure 2
were obtained.

D(x) = 0.005x(1 − 0.0489xe1−0.0489x) (4)

Figure 2A shows D(x) in the range of 0–100 mSv. From x5, it was determined that
x3 = ~0.285/a and x4 = ~1.469/a [5], which correspond to ~5.8 and ~30.0 mSv, respectively,
and give a hormesis region of 5.8–30.0 mSv (Figure 2B). In Figure 2B, D(x) is in the range of
0–40 mSv, and the hormesis region is shown in an easy-to-understand manner. Furthermore,
in Figure 2C, D(x) is in the range of 0–1000 mSv, and the LNT at ≥100 mSv is shown in an
easy-to-understand manner.

R(x) reaches a maximum when the radiation dose is x1, and the value of x1 is 2/a [5],
while R(2/a) is (2/ea)2. Setting the maximum value of R(x) to 100 yielded Equation (5), and
a graph shown in Figure 3 was obtained. When the value of a was 0.0489, x1 was 40.9 mSv
(Figure 3).

R(x) = 100(0.0489e/2)2x2e−0.0489x ≈ 0.442x2e−0.0489x (5)

3.2. Discussion of Whether the Listed Factors Are Appropriate Candidates Whose R(x) Follows
Equation (5)

From many previous reports, the factors or mRNA expression levels whose fluctu-
ations have one maximum value versus the radiation dose were selected. The unit for
the radiation dose in all references described below was Gy. Therefore, considering the
radiation weighting factor of X-rays and γ-rays, the unit “Sv” for the x value calculated in
Section 3.1 was replaced with “Gy”. Furthermore, we narrowed down the factors that al-
lowed R(x) to reach the maximum value at 40.9 mGy obtained in Section 3.1. As a result, we
identified the following factors: superoxide dismutase (SOD), catalase, glutathione peroxi-
dase, heat shock protein 70 (hsp70), tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ),
interleukin-10 (IL-10), interleukin-12 (IL-12), c-Raf, ERK1/2, MEK, 3-phosphoinositide-
dependent protein kinase (PDK), AKT, p38, JNK, caspase-3, caspase-7, caspase-9, cAMP
response element-binding protein (CREB), c-fos, Bcl-2, and LY6G5C. The change with
respect to the radiation dose is described below, and, considering the calculated data
(Figure 3) using Equation (5), it is judged whether the factor was a candidate. In addition,
according to Equation (5), R(x) is 2.3% for the worldwide average dose of natural back-
ground radiation, which is almost the same as 0% at 0 mGy. Therefore, for the sake of
simplicity, the x values in all controls of the references were set to 0 mGy.
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Figure 3. Graph of R(x) following Equation (5). The radiation dose is defined as x. As the values
used in the text, R(0) is 0%, R(25) is 81%, R(50) is 96%, R(63) is 81%, R(75) is 63%, R(100) is 33%, R(125)
is 15%, R(150) is 6.5%, and R(x) at 250 mSv or higher is almost 0%.

3.2.1. Factors That Remove Reactive Oxygen Species: SOD, Catalase, and Glutathione Peroxidase

Super oxide, hydrogen peroxide, and lipid hydroperoxide are reactive oxygen species.
SOD is an enzyme that degrades super oxide, and catalase degrades hydrogen peroxide.
Glutathione peroxidase reduces lipid hydroperoxides to their corresponding alcohols and
can reduce hydrogen peroxide to water. Because these enzymes can eliminate reactive
oxygen species that promote canceration, they can be expected to be factors involved in the
hormesis effect. An exhaustive search on PubMed found that the activity of SOD, catalase,
and glutathione peroxidase has a mountain-like shape with one maximum value for the
radiation dose. Each factor is considered separately below.

The SOD activity at control was 1.8 U/mg, and the activity at 24 h after 100 mGy
γ-irradiation was 2.3 U/mg. It was 2.1 U/mg at 250 mGy and 1.9 U/mg at 500 mGy [7].
Assuming that R(x) at 40.9 mGy is 100%, from Equation (5), R(x) is 0% at control, 33% at
100 mGy, and almost 0% at 250 and 500 mGy. When the activity increase rate of 0.5 U/mg
at 100 mGy with respect to control is regarded as 33%, the activity increase rates of 0.3 and
0.1 U/mg at 250 and 500 mGy are converted to 20% and 6.6%, respectively. The values of
20% and 6.6% clearly do not match the calculation results of Equation (5), so SOD is not
considered a candidate factor that complies with Equation (5) and Figure 3.

The activity of catalase at control was 11.0 µmol H2O2 consumed/mg protein/min,
and the activity at 24 h after 100 mGy, 250 mGy, or 500 mGy irradiation was 12.5, 12.0,
or 10.8 µmol H2O2 consumed/mg protein/min, respectively [7]. Thus, the increase was
calculated to be 1.5 µmol at 100 mGy, 1.0 µmol at 250 mGy, or –0.2 µmol at 500 mGy.
Assuming that the increase of 1.5 µmol at 100 mGy was 33%, 1.0 µmol and –0.2 µmol were
converted to 22% and –4.4%, respectively. As a result, the values at 250 mGy and 500 mGy
in Ref. [7] clearly did not match the results calculated by Equation (5). In addition, the
catalase activity at 4 h after irradiation also took a mountain-like shape, but the measured
and calculated values collided. Therefore, catalase was also not considered a candidate
factor that follows Equation (5).

Glutathione peroxidase activity at 24 h after 100 mGy, 250 mGy, or 500 mGy irradia-
tion was 0.18, 0.17, or 0.16 µmol reduced nicotinamide adenine dinucleotide phosphate
(NADPH) consumed/mg protein/min, respectively. From the activity at the control
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dose (0.16 µmol NADPH consumed/mg protein/min) and the calculation results by
Equation (5), the increase in activity at 100 mGy was too small, so glutathione peroxidase
was not considered a candidate factor complying with Figure 3.

Based on the above considerations, these enzymes that degrade reactive oxygen
species were not the candidate factors we sought.

3.2.2. Hsp70

Hsp70, which is involved in protein folding, is a highly conserved molecular chap-
erone across species from archaea to humans. Hsp70 is widely known to protect cells
from various environmental stresses such as heat stress and heavy metals. Therefore, we
considered hsp70 as a candidate factor.

The expression of hsp70 mRNA in the adrenal glands at 50 mGy increased compared
with 0 mGy, and that at 500 mGy decreased compared with 50 mGy [8]. Because the
expression level at 500 mGy was the same as that at 1 Gy, hsp70 may be a factor that
satisfies Equation (5). However, in the stomach, the expression at 500 mGy increased
compared with 50 mGy [8], which does not satisfy Equation (5). Therefore, we thought
that hsp70 cannot induce the hormesis effect regardless of the organ.

3.2.3. Cytokines TNF-α, IFN-γ, IL-10, and IL-12

Cytokines are proteins that are mainly secreted by cells in the immune system. TNF-α,
IFN-γ, IL-10, and IL-12 are known as cytokines whose expression levels increase at low and
decrease at high radiation doses [9,10]. These cytokines are produced by a wide range of
cells in addition to those of the immune system. There are two types of TNF-α: membrane-
bound and soluble. Soluble TNF-α promotes inflammation and cell survival. IFN-γ
enhances the production of active oxygen species and nitric oxide from macrophages and
exhibits bactericidal and antitumor effects. IL-12 is a heterodimer of p40 and p35 subunits.
IL-12 activates T cells and NK cells to promote cell proliferation and induce the production
of IFN-γ. On the other hand, IL-10 suppresses the production of inflammatory cytokines in
T cells and macrophages and suppresses the immune response.

The amounts of TNF-α and IFN-γ produced at 0, 25, 75, 150, and 500 mGy have been
analyzed [9]. From Figure 3 in Ref. [9], the amount of soluble TNF-α was read in order as
15, 16, 30, 22, and 5 pg/mL, whereas IFN-γ was 9, 10, 15, 10, and 3 pg/mL. These values
were compared with the calculated values obtained from Equation (5): 0%, 81%, 63%, 6.5%,
and 0%. As a result, because the amounts of TNF-α and IFN-γ were higher at 75 mGy than
at 25 mGy, they were clearly different from the calculated values. Therefore, TNF-α and
IFN-γ were not the desired candidate factors that comply with Figure 3.

Shigematsu et al. [10] described the enhancement of immunity by low-dose irradiation:
IL-10 and IL-12 at 50 mGy increased compared with 0 mGy, and both at 1 Gy decreased
compared with 50 mGy. According to the results of an analysis of IL-10, the amount
produced at 1 Gy was much smaller than that at 0 mGy, so IL-10 was not a factor, as
described in Section 3.1. On the other hand, the amount of IL-12 at 1 Gy was almost
the same as that at 0 mGy; thus, IL-12 may be a factor satisfying Equation (5). However,
a further analysis did not give results that maximized IL-12 production at 40.9 mGy [11].

From the above, it was concluded that these cytokines are not factors that follow
Equation (5).

3.2.4. ERK MAP Kinase Signals: c-Raf, ERK-1, ERK-2, MEK

Liang et al. [12] reported that the phosphorylation of c-Raf, ERK-1, ERK-2, and MEK
in 2BS cells depends on the radiation dose; these factors are ERK MAP kinase signals. The
MAPK/ERK pathway is activated by stimulation with growth factors such as EGF and FGF
to control cell proliferation and differentiation. Extracellular signals are received primarily
by transmembrane receptors with tyrosine kinase activity, causing continuous protein
kinase activation via the Ras proteins. Raf (MAP kinase kinase kinase) is phosphorylated
by activated Ras or PKC, and MEK1/2 (MAP kinase kinase) is phosphorylated by phospho-
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Raf. Moreover, ERK1/2 (MAP kinase) is phosphorylated by phospho-MEK1/2. The
quantitative result of phosphorylation for each factor at 0, 25, 50, 75, or 100 mGy seems to
follow Equation (5).

Calculating R(x) at 0, 25, 50, 75, or 100 mGy yielded 0%, 81%, 96%, 63%, or 33%,
respectively. Because the phosphorylation of c-Raf was 1-, 3.8-, 5.3-, 3.0-, or 1.3-fold with
respect to c-Raf, each increase in value was 0, 2.8, 4.3, 2.0, or 0.3, respectively. When the
maximum increased value of 4.3 was considered to be equivalent to 96%, the values of 2.8,
2.0, and 0.3 were converted to 63%, 45%, and 6.7%, respectively. As a result, it was clearly
different from the theoretical value obtained from Equation (5), so the phosphorylation of
c-Raf was not the desired factor complying with Equation (5) and Figure 3.

According to Ref. [12], the phosphorylation of ERK-1 was 1-, 10.9-, 12.8-, 4.7-, or
2.5-fold compared with non-phosphorylated ERK-1. When the same calculation as c-Raf
was performed, each value was 0%, 81%, 96%, 30%, or 12%, respectively. In addition,
0%, 81%, 96%, 26%, and 12% were converted from the phospho-ERK-2 results of 1-, 11.5-,
13.4-, 4.4-, and 2.5-fold, respectively, with respect to non-phosphorylated ERK-2. From the
above, phosphorylation at 0, 25, and 50 mGy for both ERK-1 and ERK-2 were surprisingly
consistent with the calculated values (0%, 81%, and 96%, respectively), but no agreement
was found at 75 or 100 mGy. Therefore, these factors do not have an R(x) maximized at
40.9 mGy.

Hladik et al. [13] analyzed the expressions of ERK1/2 and phospho-ERK1/2 at 0, 63,
125, and 500 mGy. When R(x) was calculated at each radiation dose, R(x) was 0%, 81%,
15%, or 0%, respectively. From Figure 3 of Ref. [13], ERK1/2, which did not maximize at
63 mGy, could be excluded as a candidate factor. The amount of phospho-ERK1/2 was the
maximum at 63 mGy, but the measured values at 0 and 500 mGy were clearly not consistent
with the calculated values, so ERK1/2 was not a candidate factor we sought. Other results
(Figure 1D in Ref. [14] and Figure 1a in Ref. [15]) also led to the same consideration.

Furthermore, Liang et al. [12] described the phosphorylation of MEK as 1-, 2.5-, 3.8-,
2.1-, or 1.0-fold compared with non-phosphorylated MEK. The value at 100 mGy was the
same as that at 0 mGy, which was clearly different from the theoretical value obtained from
Equation (5).

From the above considerations, these ERK MAP kinase signals were considered
unlikely to be factors that obey Equation (5).

3.2.5. p38 and JNK

p38 and JNK belong to the MAPK signaling pathways present in mammals and are
activated by inflammatory cytokines such as TNF-α and IL-1β. In addition, p38 and
JNK are activated by various environmental stress stimuli, such as oxidative stress, heat
shock, and ultraviolet irradiation. p38 and JNK are involved in the induction of apoptosis,
the immune response, and the control of inflammation. Similar to other MAPK signal
pathways, signals are transmitted by the activation of p38 and JNK via phosphorylation of
MEKK and MKK by extracellular stimulation. As a result of a PubMed search, we found
that the expression levels of p38 and JNK for the radiation dose had a mountain-like shape
with one maximum value.

For p38 and phospho-p38, expressions at 0, 63, 125, and 500 mGy have been ana-
lyzed [13]. R(x) calculated at each dose was 0%, 81%, 15%, or 0%, respectively. From
Figure 3 of Ref. [13], p38 and phospho-p38 reached the maximum at 63 mGy, but the
measured value at 0 or 500 mGy clearly did not match the calculated value. Thus, with or
without phosphorylation, p38 is not the desired factor. The discrepancies between other
results (Figure 1D in Ref. [14] and Figure 6a in Ref. [15]) and the calculated values led us to
conclude that p38 was not a candidate factor complying with Equation (5).

JNK increased significantly at 24 h after 50 mGy irradiation compared with control,
and the expression decreased to the control level after 500 mGy irradiation [16]. This result
follows Equation (5), whereas the expression level at 100 Gy in Ref. [14] was higher than
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the control and did not follow Equation (5). Therefore, JNK was not an objective factor that
obeys our theory. The results of Narang et al. [15] led to the same consideration.

3.2.6. PI3K/Akt/mTOR Signals: PDK and AKT

Liang et al. [12] reported that the phosphorylation of PDK and AKT in 2BS cells
depends on the radiation dose. The stimulation of hormones such as insulin and growth
factors activates PI3K/PDK and AKT, which are cell survival signaling pathways. PDK
and AKT also activate mTOR, a kinase that promotes nutrient intake. PDK is activated by
PIP3, and activated PDK then activates AKT, which is also referred to as protein kinase
B. Liang et al. [12] quantified the phosphorylation of each factor at 0, 25, 50, 75, or 100 mGy,
so the same R(x) as in Section 3.2.4 can be used: 0%, 81%, 96%, 63%, and 33%, respectively.
In Ref. [12], the phosphorylation of PDK was 1-, 3.3-, 6.2-, 1.5-, or 1.1-fold with respect to
non-phosphorylated PDK, and phosphorylated AKT was 1-, 1.2-, 3.2-, 1.4-, or 1.3-fold with
respect to non-phosphorylated AKT. The results of PDK and AKT were clearly different
from the values derived from Equation (5) of 0%, 81%, 96%, 63%, and 33%, respectively.
From the above, the phosphorylation of PDK and AKT was not a factor complying with
Figure 3.

3.2.7. Caspase-3, -7, and -9

Caspase-9 is an initiator caspase involved in the early induction of apoptosis, and
caspase-3 and -7 are effector caspases involved in the execution of apoptosis itself. Initiator
caspase is activated by various factors, and caspase-9 is activated by the intrinsic pathway
caused by stress and DNA damage. We searched previous reports in which the expression
levels of these three caspases increased at low doses and decreased at high doses.

Caspase-9 increased significantly at 1 h after 50 mGy irradiation, and the expression de-
creased to the control level after 500 mGy irradiation [16]; these results follow Equation (5).
However, in another report, the expression level at 2 Gy was increased compared with
control [17]. Using Equation (5), the calculated expression level at 2 Gy must be the same
as control, so caspase-9 is not a factor that universally follows Equation (5).

The expression of caspase-3 increased 8.5-fold at 24 h after 50 mGy irradiation and
decreased 6.3-fold after 500 mGy irradiation [16]. The expression of caspase-7 increased
8.3-fold at 1 h after 50 mGy irradiation and decreased 3-fold at 1 h after 500 mGy irradia-
tion [16]. Twenty-four hours after γ irradiation, the expression was 4.5-fold at 50 mGy and
3.5-fold at 500 mGy [16]. From Equation (5), the expression level at 500 mGy must be the
same as that at control; thus, these data indicate that caspase-3 and -7 are not factors that
follow Equation (5).

3.2.8. Bcl-2

Bcl-2 is a protein that suppresses apoptosis localized in the outer mitochondrial
membrane. In stressed and DNA-damaged cells, mitochondria release cytochrome c,
which results in the activation of initiator caspases such as caspase-9. Bcl-2 inhibits caspase
activation and negatively controls apoptosis by suppressing the release of cytochrome c
from mitochondria in this intrinsic pathway. A PubMed search found that, compared with
control, transcription of Bcl-2 increased at 75 mGy and decreased at 2 Gy [18]. To follow
Equation (5), the relative level at 2 Gy must be the same as that at control. However, in
Figures 20 and 21 of Ref. [18], it is not 1-fold. Thus, Bcl-2 m-RNA was not a candidate
factor we sought. This was also clear based on the data from Ref. [16].

3.2.9. CREB

CREB is involved in the regulation of cell proliferation and differentiation and plays an
important role in the formation of long-term memory in various species. PKA is activated
by cAMP phosphorylates CREB. For CREB, phospho-CREB, expressions at 0, 63, 125, and
500 mGy have been analyzed [13]. When R(x) was calculated in the same manner as in
Section 3.2.5, it was 0%, 81%, 15%, and 0%, respectively. According to Figure 3 of Ref. [13],
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phospho-CREB, which does not maximize at 63 mGy, can be excluded as a candidate.
On the other hand, CREB reached its maximum at 63 mGy, but the measured values at
0 and 500 mGy were clearly not the same as the calculated R(x) values. Therefore, with or
without phosphorylation, CREB was not the desired factor obeying our theory.

3.2.10. c-Fos

c-Fos is one of the most well-analyzed transcription factors for oncogenes. It forms
a heterodimer with c-Jun to form a transcription factor complex and is deeply involved
in the control of cell proliferation and differentiation. The transcription of c-fos in the
thymus increased at 75 mGy and decreased at 2 Gy at 0.5, 1, and 2 h after whole-body
X-ray irradiation [18]. Using Equation (5), R(x) at control, 75 mGy, and 2 Gy was 0%, 63%,
and almost 0%, respectively. At 0.5 h after X-ray irradiation, the relative level for control
was 3.8-fold at 75 mGy and 1-fold at 2 Gy (Figure 10 of Ref. [18]). Because the amount of
transcription at 2 Gy was equal to that at control, these data satisfied Equation (5). However,
at 1 h after X-ray irradiation, it was 1.9-fold at 75 mGy or 0.9-fold at 2 Gy, and at 2 h after
X-ray irradiation, it was 1.7-fold at 75 mGy or 0.7-fold at 2 Gy. Because the relative levels
at 2 Gy were not 1-fold, these data do not follow Equation (5). The transcription of c-fos
in the spleen was also analyzed in Figure 11 of Ref. [18], but these data did not satisfy
Equation (5). Thus, c-fos m-RNA is not a factor that universally complies with Equation (5)
and Figure 3.

3.2.11. LY6G5C Gene

LY6G5C belongs to leukocyte antigen-6 (LY6) genes in the major histocompatibility
complex class III region on chromosome 6 [19]. At 24 h after γ-ray irradiation, the expres-
sion of LY6G5C increased at 20 mGy compared with control, but the expression at 100 mGy
reached the same level as control [20]. Because R(x) at 100 mGy is 33%, it contradicts the
experimental data of Ref. [20]. Therefore, LY6G5C was also not a target factor that obeys
our theory.

4. Conclusions, Problems, and Implications
4.1. Conclusions

When the following two conditions, (i) hormesis at ≤100 mSv and (ii) LNT with
a ≤10% error at ≥100 mSv, were fulfilled at the same time, the maximum hormesis re-
gion became 5.8–30.0 mSv. Unknown hormesis factors that reduce the cancer death rate
should have the maximum value when the radiation dose is 40.9 mSv, and its function
for Equation (5) should take a mountain-like shape. From PubMed searches and reviews,
the following factors had such a fluctuation and were identified first: SOD, catalase, glu-
tathione peroxidase, hsp70, TNF-α, IFN-γ, IL-10, IL-12, c-Raf, ERK1/2, MEK, PDK, AKT,
p38, JNK, caspase-3, caspase-7, caspase-9, CREB, c-fos, Bcl-2, and LY6G5C. However, after
consideration, none of these factors obeyed Equation (5) universally and completely.

4.2. Problems

Currently, we could not find much data that seemed to follow our theory, so we
included non-human data in our study. However, response to radiation per a given dose
varies with species (mouse versus human) and cell types (normal tissue versus tumor).
Mice exhibit higher radioresistance than humans, and there are differences in the use
of DNA repair pathways among others. There is a difference in the radiation response
between normal and tumor cells [12]. In addition, the rate of DNA damage caused by
ionizing radiation is lower in lymphocytes than in fibroblasts, which will affect further
signal transduction and cellular radiation response. Therefore, this viewpoint needs to be
reconsidered in the future when human data are accumulated.

We considered only upregulation of radiation-associated factors. Likewise, in future
works, the downregulation of certain factors that can play a significant role in the effect of
radiation hormesis will have to be considered.
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4.3. Implications

The existence of the hormesis effect in the low-dose range cannot be directly proven
due to statistical problems. However, if unknown factors that completely follow Figure 3
can be found in the future, and the cancer death rate can be reduced to a statistically
significant level by forcibly increasing these factors, it must be clarified indirectly whether
hormesis occurs at 100 mSv or less. In addition, methodologies that forcibly increase these
unknown factors may lead to improved cancer treatment and prevention.
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