
The theoretical dose that exerts the maximum hormesis effect is 20 mSv when the risk is approximately proportional to dose above 100 mSv.
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Simple Summary: Here, kinetic models of the response of radiation-dependent inhibitory factors were developed for common radiation-nonspecific cancers. The dose that induces the maximum hormesis effect, while satisfying the condition that the risk is approximately proportional to dose above 100 mSv, is about 20 mSv when the rate constants for generation and degradation are the same. When the rate constants for generation and decomposition are different, we theoretically determined that such a dose depends on both rate constants, but the dose increases as the rate constants become closer together, reaching a maximum of about 20 mSv.
Abstract: To date, radiation adaptation response has been reported as a low-dose related phenomenon and has been associated with radiation hormesis. Well-known cancers are caused by non-radiation active reactants, in addition to radiation. A model of suppression for radiation-specific cancers was previously reported, but the model did not target radiation-nonspecific cancers. In this paper, we describe kinetic models of radiation-induced suppressors for general radiation non-specific cancers, estimating the dose that induces the maximum hormesis effect while satisfying the condition that the risk is approximately proportional to dose above 100 mSv. It was found that the radiation hormesis effect is maximal at about 20 mSv when the rate constant for generation is the same as the rate constant for decomposition. When the two rate constants are different, the dose at which the radiation hormesis effect is maximized depends on both rate constants, but the dose increases as the two rate constants approach each other, reaching a maximum of about 20 mSv. This conclusion may lead to the discovery of unknown cancer suppressors at low doses and the development of cancer suppression methods in the future.
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1. Introduction.
Radiation can ionize DNA in vivo, and causes various types of DNA damage, including double-strand breaks, which in turn cause gene mutations, such as ras oncogenes and p53 tumor-suppressor genes, ultimately resulting in cancerous cells. Radiation safety management is based on the linear non-threshold (LNT) hypothesis, which states that the probability of carcinogenesis is proportional to radiation dose below 100 mSv. The LNT hypothesis is based on the result that excess relative risk is proportional to dose above 100 mSv [1]. However, if Sv is considered the same as Gy, a sample size of 6200 persons at 100 mSv, approximately 620,000 persons at 10 mSv, and approximately 61.8 million persons at 1 mSv would be needed to make the data statistically significant. Therefore, it is difficult to statistically evaluate the probability of cancer occurrence at doses below 100 mSv, so whether the risk is increased or decreased is not known [2-10]. Radiation adaptation responses have been reported as a phenomenon associated with low doses [11-19] and are closely related to radiation hormesis [20-28], the hypothesis that low-dose radiation is beneficial to an organism. Thus, biological findings and mathematical models at the molecular-cellular level have been studied to unravel the mysteries of low-dose exposure [20,29-37], and we have previously proposed a linear-hormesis coupling theory.
Our theory is based on the hypothesis that radiation risk is approximately proportional to dose above 100 mSv and that a hormesis effect occurs below 100 mSv [38-40]. If we assume that cancer is caused solely by radiation, then the radiation risk at 0 mSv must be zero [38]. Furthermore, when a risk-reducing factor depends solely on radiation, the amount of this factor at 0 mSv must be zero [38]. To satisfy both conditions, the graph of the increase/decrease in the amount of the risk-reducing factor needs to be a peak with two inflection points [38]. In our previous paper, we mathematically proved that the risk-reducing factor is generated in the second step by using the concept of chemical reaction kinetics [40].
On the other hand, ordinary cancers are caused by radiation and active substances other than radiation such as reactive oxygen species [16,17]. Therefore, even at 0 mSv, the risk is not zero, due to active substances other than radiation that make it positive [24,38,40-43]. For example, it is estimated that the percentage of deaths due to cancer in Japan is ~30% at 0 mSv, according to the official website of the Ministry of the Environment, Japan [44], and increases by 0.5% at a cumulative radiation dose of 100 mSv [1, 45]. Defining the radiation dose as x and the risk as D(x), the risk can be expressed as in equation 1. In this paper, we consider a linear-hormesis coupling theory for the case of positive risk at 0 mSv, based on the chemical reaction kinetics previously considered.
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2. Methods
When values could not be solved for analytically, approximate values were obtained through numerical calculations using the graphing program Grapher 2.5 that is included in Mac OS 10.10.5. Specifically, this software was used to solve equations 12 and 25 and to draw the graphs of equations 13, 27 and 43 as Figures 1, 2 and 4. It was also used to draw the graph of equation 42 (Figure 3) to find the maximum value of X and the value of t. The figures were created using Mac OS desktop pictures.
3. Results and Discussion
A linear-hormesis coupling theory for the case of positive risk at 0 mSv
The amount of the risk-reducing factor is denoted by Q(x). Considering the risk-reducing factor, equation 2 can be obtained from equation 1. Note that D(x) ≥ 0 is always satisfied, since risk is non-negative. The positive value k is a proportionality constant and combines D(x) and Q(x) into a single equation.
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First, let us consider what kind of continuous function Q(x) should be. From equation 1, the risk is 30% at 0 mSv. This is also true for equation 2, so Q(0) is zero when a risk-reducing factor depends solely on radiation. As the radiation dose increases, the risk-reducing factor increases, but as the radiation dose increases further, the factor is inactivated by radiation and decreases. To have a hormesis region in equation 2, Q(x) need not have an inflection point in the increasing region, but only one inflection point in the decreasing region. The shape of this graph is not new; a hunchback graph has been proposed in the past as a factor involved in radiation adaptation response [46-48].
3.1. A sequential model reaction when the two rate constants are the same
Considering function Q(x), as in the previous paper [40], given that the dose rate is constant and the dose x is proportional to time, each component quantity can be expressed as a function of the dose x in reaction kinetics using differential equations. The raw material P decomposes to produce Q, and Q decomposes to another substance (Scheme 1). When two rate constants are the same and the rate constant a is positive, the function Q(x) is obtained as equation 3, where P(0) is the initial component amount of component P. This equation gives a hunchback graph.
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Scheme 1. Sequential reaction when two rate constants are the same.
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From equations 2 and 3 and the new definition K = kP(0), equation 4 is obtained.
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From this, the new function q(x) is defined as in equation 5.
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Ignoring the 0.5% increase from 0 mSv to 100 mSv, equation 4 implies equation 6.
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When x is alpha, suppose D is at its minimum, 0, and q is at its maximum, 30 (equations 7 and 8).
	 = 1/a
	(7)

	q() = 30 
	(8)


Then, K is 30e and q(x) takes the following form:
		
	(9)


When x is 100 mSv, the following equation is obtained:
	
	(10)


When we allow an error of 10%, 30.5 is multiplied by 0.9 to get 27.45 as D(100). Therefore, subtract 27.45 from 30 to get 2.55 as q(100). Now, since alpha is greater than 0 and less than 100, a is greater than 0.01. When 100a is defined as A (A > 1), equation 10 gives the following equation:
	
	(11)


Therefore, equation 12 is obtained.
	
	(12)


Solving equation 12 using Grapher 2.5, we obtain that A is 5.093, so a is 5.093 . From equation 7, alpha is 19.63 mSv. Therefore, equation 4 implies equation 13, which is graphed in Figure 1. From the above, it can be determined that the dose at which the hormesis effect is maximized is approximately 20 mSv.
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Figure 1. Graph of equation 13, with x (mSv) on the horizontal axis and D(x) (%) on the vertical axis.
3.2. Not ignoring the 0.5% increase from 0 mSv to 100 mSv
In the approximation in Section 3.1 using equations 4 to 6, the increment of 0.5 for 0 mSv to 100 mSv was ignored. In the current section, equation 4 is used without neglecting this increment. We allow an error of 0.1, so 30.5 is multiplied by 0.9 to get 27.45 as D(100). Substituting this value into equation 4 yields equation 14, which when reorganized becomes equation 15.
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	(15)


Substituting equation 15 into equation 4 gives equation 16.
	
	(16)


As the definition of alpha, when x is alpha, the value of D is its minimum, 0 (equation 17). Differentiating equation 16 gives equation 18. Since equations 17 and 19 both hold, equations 20 and 21 follow.
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	(19)

		
	(20)
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From equations 20 and 21, eliminating the exponential term gives equation 22.
	
	(22)


This equation can be rearranged into equation 23, which is quadratic in alpha. Furthermore, solving equation 23 yields equation 24.
	
	(23)

	
	(24)


Substituting equation 24 into equation 21 establishes equation 25, using the new definition given in equation 26 and recalling that 100a = A (A > 1).

	
	(25)

	
	(26)


Using equations 25 and 26, we can find A using Grapher 2.5. Note that since alpha is greater than 0 and less than 100, beta is less than 1/30, and from equation 26, A is greater than 0.9836.
The result shows that A is 4.873, implying that a is 0.04873. Using equation 24, we obtain that alpha is 20.45 mSv. Equation 16 can thus be expressed as equation 27, which was graphed using Grapher 2.5 to obtain the value of D(20.45) as 0.0055, which is almost zero (Figure 2).
	
	(27)


The dose at which the hormesis effect is maximized is approximately 20 mSv, which is the same dose as in Section 3.1 when considering two significant digits. This indicates that the increase from 0 mSv to 100 mSv can be disregarded.
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Figure 2. Graph of equation 27, with x (mSv) on the horizontal axis and D(x) (%) on the vertical axis.
3.3. A sequential general model reaction when the two rate constants are different
In Section 3.1, we showed that the component Q in scheme 1 obeys equation 3. However, it is not common for two reaction rate constants to be the same. Therefore, we considered a general model in which the two reaction constants are different (Scheme 2). Following a general differential equations textbook, we obtain equation 28, where P(0) is the initial component amount of component P and the rate constants a and b are positive. This equation gives a hunchback graph.
[image: ]
Scheme 2. Sequential reaction when then two rate constants are different.
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From equations 2 and 28 and the definition K = kP(0), equation 29 is obtained.
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As shown in Section 3.2, the increase in risk from 0 mSv to 100 mSv can be ignored. Therefore, equation 29 may be approximated by equation 30, similar to as in Section 3.1.
	
	(30)


Here, the new function q(x) is defined by equation 31.
	
	(31)


Like in Section 3.1, when x is alpha, the value of q is its maximum, 30. Following a calculus textbook, alpha is solved for as follows.
	
	(32)


Here, the value obtained by dividing b by a is defined as t (t > 0). Equation 32 can be rewritten as equation 33, and the value of q when x is alpha can be found as shown by the sequence of steps in equation 34.
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	(34)


When x is alpha, the value of q is 30 and the following equation is obtained.
	
	(35)


As in Section 3.1, q(100) is 2.55, so equation 36 can be derived as shown from equation 31 and the definition of t.
	
	(36)


By eliminating K using equation 35, equation 37 can be derived.
	
	(37)


Recalling that 100a = A (A > 0), equation 37 becomes equation 38.
	
	(38)


To make it easier to interpret the graph that will be described later, we newly define X as the value obtained by dividing alpha by 100 (0 < X < 1). From equation 33 and the definition of A, X becomes as shown in equation 39. From equation 39, A is expressed in terms of X and t as shown in equation 40.
	
	(39)

	
	(40)


From equations 38 and 40, B is newly defined as in equation 41, and equation 42 is derived. Figure 3 shows equation 41 given equation 42 plotted using Grapher 2.5.
	
	(41)

	
	(42)
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Figure 3. Graph of equation 42, with t on the horizontal axis and X on the vertical axis.
By definition, t represents the relationship between a and b, and X is 1/100 of the dose alpha at which the hormesis effect is maximized. From the results in Figure 3, we can see that as the relationship between a and b changes, the dose at which the hormesis effect is maximized changes. What we are most interested in next is how large the dose can be. From the results in Figure 3, when t is 1, X reaches its maximum of 0.1963. Therefore, alphais 19.63 mSv. Although not surprising, this value is the same as the conclusion in Section 3.1. From the graph, in the range where t is greater than 0.9471 and less than 1.0559, X is 0.1963. When t is 0.9471, a is 0.05233 and b is 0.04956. When t is 1.0559, a is 0.04956 and b is 0.05233. Thus, when the first rate constant a is almost the same as the second rate constant b, the factor generating the first step can effectively cause radiation hormesis at about 20 mSv.
4. Conclusion and Implications
We had previously reported a model that suppresses radiation-specific cancer development [38-40]. In this paper, we considered reaction kinetic models that suppress radiation-nonspecific cancer. With the first reaction kinetic model (Section 3.1), we considered the case in which the rate constant for the formation of the risk suppressor is the same as the rate constant for its degradation, and furthermore, we ignored the 0.5% increase from 0 mSv to 100 mSv. As a result, the calculations led to a maximum effect of radiation hormesis at 19.63 mSv.
With the next model (Section 3.2), which does not neglect the 0.5% increase, it was estimated that radiation hormesis is a maximum at 20.45 mSv. When considering two significant digits, it was found that the dose that maximizes radiation hormesis is 20 mSv in both cases, and so the 0.5% increase can be ignored.
With the last model (Section 3.3), we considered the case where the rate constants for production and decomposition are different and neglected the increase of 0.5% from the second conclusion. As a result, it was theoretically determined that the dose at which the effect of radiation hormesis is maximized depends on the relationship between the rate constant for production and the rate constant for decomposition, and that the dose increases as the values of the two rate constants approach each other. In this case, the dose reached a maximum of about 20 mSv when the relationship was near identity.
The weakness of the above conclusion is, of course, that this article is only hypothetical. Equation 13 has the largest hormesis effect as the result of adjusting for k, which links the risk to the risk-reducing factor in equation 2, and the initial raw material amount P(0) in equation 28. For the hormesis effect to be buried in a linear increase, we must first allow a 10% error in equation 1 at 19.63 mSv and D(19.63) must be at least 27.09%. Applying a = 0.05093 and D(19.63) = 27.09% to equation 4, equation 43 (Figure 4) is obtained. From Figure 4, equation 43 shows that the risk increases linearly with dose when a 10% error is allowed in D(x).
	
	(43)


Equation 43 is the case where k and P(0) in equation 13 are very small. In future, if k or P(0) can be increased, a hormesis effect will appear at low doses. For example, if an unknown factor is found that is maximal at 20 mSv, that factor may be a risk-reducing factor, and overexpression of that factor in vivo would reduce risk, then the model proposed in this paper is justified. Thus, the exploration and overexpression of such risk-reducing factors may lead to the development of cancer-reducing therapeutic modalities. If cancer suppression by such factors is achieved, it is expected that the perspective on low doses will change. These factors may be found by exploring unknown substances present in radioresistant bacterium [49], radiotolerant hyperthermophilic archaea [50], and radiotolerant tardigrades [51].
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Figure 4. Graph of equation 43, with x (mSv) on the horizontal axis and D(x) (%) on the vertical axis.
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