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ABSTRACT

There is evidence that the phenomenon of adaptive response (AR) which results from a low
dose exposure could modify the risk of a subsequent radiation exposure, and conceivably could
even provide a net benefit rather than the putative radiation detriment at low doses. The AR has
been widely observed in human and other mammalian cells exposed to low doses and low-dose
rates. The phenomenon has been demonstrated at the level of one track per cell, the lowest insult a
cell can receive. The AR to radiation has been shown to: (i ) protect against the DNA damaging
effects of radiation and many chemical carcinogens; (ii) increase the probability that improperly
repaired cells will die by apoptosis, thereby reducing risk to the whole organism; (iii) suppress both
spontaneous- and radiation-induced neoplastic transformation in vitro; and (iv) reduce life-
shortening in mice that develop myeloid leukemia as a result of a radiation exposure. It remains
unclear, however, if the AR will be relevant to either risk assessment or radiation protection. There
is currently no evidence of AR’s influence on the incidence of radiogenic cancer irn vivo although
recent data indicate that adapting doses could lead to reduced risk in animal or human populations.
Currently the existing dose control and dose management programs attempt to limit or eliminate
even very low exposures, without evidence that such an approach has economic and societal
benefits. Indeed, if adaptation from exposure to low doses provides the same responses in vivo as
have been shown in vitro, then the current approach to protection against low doses may be
counterproductive. However, the demonstrated principles of the adaptive response to radiation in
vitro will not likely influence the long held current formulation of radiation protection practices
until the biological action of accumulated low doses of radiation in vivo and its impact on the
modulation of radiation carcinogenesis are better understood.

INTRODUCTION

Current radiation risk estimates and all radiation-protection standards and practices are
based on the so-called “Linear No-Threshold (LNT)” model. The LNT model assumes that risk is
linearly proportional to dose, without a threshold, and thus allows the radiation protection
practitioners to establish a number of assumptions about the dose-effect relationship: (a) every
dose, no matter how low, carries with it some risk; (b) risk per unit dose is constant; (c¢) risk is
additive; (d) risk can only increase with dose; and (d) biological variables are insignificant
compared to dose. The radiation protection community has historically accepted the LNT model
as the basis for a conservative approach to radiation protection practice. Demonstration of the
adaptive response in vivo in animals and in vitro in human cells (Mitchel et al., 1997) exposed to
doses between 1 and 100 mGy, however, challenges the validity of the LNT model, and has led
to speculation that chronic or low doses of ionizing radiation might have a net protective effect
on cancer induction (Mitchel and Trivedi, 1993).

CELLULAR RESPONSE TO RADIATION AND LEVEL OF RISK



If we consider the potential biological outcomes of a radiation exposure to a cell, there
are three general possibilities, as shown in Figure 1. When DNA damage is created as a result of
one or more tracks of radiation through a cell, the cell will attempt to repair that damage. If the
cellular repair is successful and the DNA is restored to its original state, i.e., an error-free repair,
then the cell is also restored to normal. In this case, there is no resulting consequence to the cell
and hence no resulting risk.
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Figure 1. Potential outcomes of radiation exposure in a normal cell.

A second possibility is that the cell has DNA damage and recognizes that it cannot
properly repair the damage, and as a consequence activates its genetically encoded programmed
cell death process, called apoptosis. Again, in this case, no risk of carcinogenesis results since
dead cells do not produce cancer. The third possible outcome of the DNA damage is repair
which avoids cell death but which is either error-prone or error-free. The error-free repair system
often restores DNA damage to its original state with stimulated repair capability, while the error-
prone mechanism can result in mistakes that creates a mutation. At this point, the adapted cell



may still activate its apoptotic cell death program but could also simply resume dividing. While
the vast majority of mutations do not create the potential for cancer, there are some that do and it
is these mutations that represent the risk. Of the three possible outcomes, therefore, only one
creates a risk of carcinogenesis (see Fig. 1).

It is useful to remember that the LNT model predicts that risk is influenced only by dose,
and hence predicts that the relative proportions of the biological possibilities must be constant. If
they were not constant, then risk would vary with their relative proportions, i.e., not as a function
of dose. This, however, is precisely the situation that occurs when cells are exposed to low doses
and they respond by altering the relative probabilities of the three possible outcomes described
above.

Low doses of radiation also induce radioresistance in neighboring cells, where the
exposed cell appears to involve in gap-junctional intercellular communication, and thus
permitting the normal cells to become more radioresistant (not shown in Fig. 1) (Ishii and
Watanabe, 1996). Low dose may also stimulate the immune system toward improved
surveillance of malignant cells in tissues (Shu-Zheng, 1994; Xu et al., 1996). These cellular
responses have the additional potential of protecting against damage to DNA in adapted cells.
Since prevention of DNA damage reduces the incidence of malignant tumors, that radiation-
induced protection against DNA damage from the adaptive dose may affect both spontaneous
and radiogenic cancer cells from subsequent exposures.

It follows that certain probabilities need to be considered in assessing the risk of
detriment in an irradiated cells or organism. At the cellular level, the probabilities of: (a) the cell
being hit by an energy deposition event; (b) the hit cell responding by correct repair of radiation-
induced DNA damage; (c) the hit cell failing to properly repair its DNA and experiencing, for
example a malignant transformation; and (d) the hit cell being benefited by prevention of a
subsequent spontaneous or radiation induced detriment, will all influence the outcome. At the
organ level through intercellular communication, the probability of (a) cells comprising the
organism repairing or compensating for radiation-induced structural and/or functional failure in
the tissue; and (b) the multitude of hit cells in the organism influencing tissue responses that
result in either detriment or benefit to organism, will further modify the net result. The interplay
of these probabilities will change with the level of absorbed dose. At high doses the net
probability clearly favors detriment. However, it is possible that—because of the AR—a low
dose of radiation has a higher probability of preventing a cancer than causing one.

BALANCE OF EVIDENCE

Decisions about the validity of a scientific hypothesis are normally based on the balance
of evidence. We consider here the experimental evidence for the AR, and examine them for and
against the validity of the LNT model as it applies at low doses and dose rates.

The scientific data which indicates harm from a low dose of ionizing radiation is easy to
summarize: there is no evidence. Human epidemiological studies and in vivo animal studies are
often described as “consistent with the LNT model” yet no study actually shows statistically
significant data indicating a risk of cancer in animals or persons exposed to doses less than about
100 mSyv, particularly if the exposure was at a low dose-rate (Pierce et al., 1996; ADS, 1997).
Most studies indicate no risk while a few indicate a risk lower than the control while ignoring the
effect of ionizing radiation on the DNA damage-control system. In such studies, emphasis is
placed on the relative difficulty of repairing infrequent double standard breaks (0.4/cell/cGy;



Ward, 1995), while ignoring the daily removal and control of very large numbers of other
environmental and spontaneous DNA damage by the adaptive response, necrosis, apoptosis and
immune system (Abelson, 1994).

Contrary to the lack of scientific valid data for increased risk associated with low dose
radiation, there is a plethora of experimental evidence to support the presence of radiation-
induced adaptive response in living beings (Mitchel et al., 1997). Such responses are well known
in lower eukaryotes, are relatively well characterized, and appear to be evolutionarily conserved
(Boreham et al., 1991). Adaptation by exposure to low radiation doses in mammalian cells and
tissue, and stimulation of repair of DNA damage has been accepted by the international societies
(HPS, 1996; ADS, 1997) and committees (ICRP, 1990; UNSCEAR, 1994).

Cellular responses to low doses of radiation have already been shown to reduce the
spontaneous occurrence of chromosomal aberrations in human lymphocytes (Feinendegen et al.,
1996), and to temporarily enhance the elimination of DNA damage incurred from higher doses of
radiation and other toxic agents (Mitchel and Trivedi, 1993). Here, we have evaluated a few
selected studies to address following questions (1) How probable is AR activation, as a function
of dose and dose-rate? (2) What degree of protection is provided by the AR in adapted cells
against potentially carcinogenic event? (3) Is the AR versatile and provide same level of
protection among individuals? and (4) How long does the AR persist in a cell without further
activation?

Experiments with rodent cells, using low LET radiation, showed that the lowest dose and
dose rate possible (1 mGy/track/cell”) produced the same level of adaption as much higher doses
given at low dose rates (Azzam et. al 1996). In human fibroblasts a low dose of 50 cGy
produced a higher level of adaption when given at low dose rate (2 mGy/min) than at high dose
rate (2 Gy/min), but adaption was still evident after the high dose rate exposure (Mitchel et al.
1997). These results show that there are likely to be differences in the dose and dose rate
responses between different tissues.

Azzam et al. (1996) observed a 75-80% reduction in spontaneous transformation
frequency in C3H 10T1/2 cells following irradiation with 1 mGy of low LET radiation, and doses
of 100 mGy given at low dose rate produced the same result. Similar large reductions are also
seen for human cells. These results indicate therefore that the lowest possible dose to a single
cell (1 mGy) is sufficient to trigger the maximum possible AR and that further radiation dose
does not influence this maximum response.

The AR at low doses has been shown to provide protection in many cellular systems,
including mammalian (Tempel and Schleifer, 1995) and human (Ishii and Watanabe, 1996)
embryonic cells in vitro. The AR has also been shown to occur in vivo in rabbits (Liu et al.,
1992) using adapting doses between 0.3 and 1.5 Gy delivered at very low dose rates (0.1
mGy/min) and in mice (Wojcik and Tuschl, 1990) exposed to 50 mGy/day for four days at 1.25
mGy/min. The AR, resulting from a 30 cGy exposure of pregnant mice, has also been shown to
protect the developing mouse embryos against the lethal and teratogenic effects of a high
radiation dose subsequently delivered to the pregnant mice (Wang et al., 1998). In humans, the
AR appears to present in children (Tedeshi et al., 1996) and adults (Barquinero et al., 1995); but
varies among individuals (Hain et al., 1992). The human result is based only on lymphocyte

"A dose of 1 mGy represents only about one radiation track per cell nucleus for low LET radiation. A single alpha
particle track (high LET) will deposit 20-30 cGy per cell nucleus.



data, and usually does not account for radiation-induced apoptosis. The maximum protective
effect has generally been observed for 24-72 h after the first low-dose exposure, depending on
cell type and perhaps other factors, although there are scattered evidence that the AR could be
sustained over a long period (months) (Boreham et al., 1997).

Given its existence in vitro in human cells and in vivo in animals, it is reasonable to
postulate that the AR occurs in humans, although the reasons for it and its overall significance

are not well understood. Radiogenic cancers in humans are clearly observed only at doses =100
mSv and most epidemiological evidence is consistent with both no effect and a protective effect at
doses below this (Little and Muirhead, 1996; Heidenreich et al., 1997). Although the cellular
responses following the adapting dose are transient, the AR may provide temporary or uncertain
advantages in an environment where the level and occurrences of exposures are unpredictable.
Even a temporary protection against the effects of a possible subsequent exposure or spontaneous
event has a benefit. If low dose exposure provides a protective effect against radiation or other
carcinogens in the workplace, and additionally a net protective effect against an individual’s
inherent risk of spontaneous cancer, then there is a benefit from AR in an operational radiation
protection program. Cucinotta et al. (1998), using mutlistage carcinogenesis models and low
doses data for animals, have predicted that the adaptive response mechanism in cells could lead
to a 20-30% reduction for carcinogenic risk.

Arguably, better scientific understanding of the protective effects of the AR to low-level
radiation would result in a realistic assessment of the risk of low doses. There is substantial
optimism that research on the molecular and cellular mechanisms of the AR phenomena can lead
to an improved understanding of the influence of radiation on the process and probability of
cancer. To provide more definite conclusions about the significance of the AR in the practice of
radiation protection, we suggest to: (1) better determine the triggering event(s) required to
activate the AR; (2) investigate the probability of activation under varying dose and dose-rate
conditions; (3) examine the extent to which the protective effect can be transmitted from a cell
which has gathered radiation-induced DNA damage to surrounding cells; (3) establish the
effectiveness of the AR in multi-step carcinogenesis; (4) understand the transient mechanism of
the response in order to prolong the decay time; and foremost (5) elucidate the functioning of the
AR under in vivo conditions.

CONCLUSION

A lack of supporting evidence, coupled with substantial information about adaptive
responses, carcinogenesis, and human radiobiology at low doses calls into question the validity
of the LNT model assumptions at these doses. Experiments in cells at low doses have shown
that each of the four assumptions of the LNT hypothesis, listed in Introduction, are incorrect at
low doses. We have shown that (a) not every dose creates a risk and a dose of one track can
reduce the risk of neoplastic transformation; (b) the risk per unit dose is not constant and a low
dose exposure reduces the risk from a subsequent dose; ( c) risk is not additive since the
biological changes induced by one dose can influence the risk associated with a second dose; and
(d) biological variables are not insignificant since they can change the outcome of an exposure by
factors of two or more.

However, the demonstrated principles of the adaptive response to radiation in animals and
in vitro human cells will not likely influence the long held current formulation of radiation
protection practices until the biological action of accumulated low doses of radiation in vivo and its
impact on the modulation of radiation carcinogenesis are better understood. More research is



needed before any benefits from low dose exposure might be included in applied radiation
protection concepts.

In the interim, an alternative linear-threshold model can be used as a practical radiation
protection guideline to assess risk and make decisions about radiation protection standards.
While this linear-threshold model is not consistent with the observed protective effects which
result from the adaptive response mechanism at low doses, the model at least removes the
concept of risk at those low doses. The model offers a way to provide practical guidance at doses
about 100 mSv where radiation is detrimental.

REFERENCES
Abelson, P.H. Risk assessments of low-level exposures. Science 265: 1507; 1994.

ADS (Acameie des Sciences). Problems associated with the effects of low dose ionising
radiations. Report number 38, Institute de France, Paris, 1997.

Azzam, E.I; de Toledo, S.M.; Raaphorst, G.P.; Mitchel, R.E.J. Low-dose ionizing radiation
decreases the frequency of neoplastic transformation to a level below the spontanecous rate
in C3H 10T"2 cells. Radiat. Res. 146: 369-373, 1996.

Barquinero, J.F.; Barrios, L.; Caballin, M.R.; Miro, R.; Ribas, M.; Subias, A.; Egozcue, J.
Occupational exposure to radiation induces an adaptive response in human lymphocytes.
Int. J. Radiat. Biol. 67: 187-191; 1995.

Boreham, D.R.; Jackson, J.S.; McCann, R.A.; Mitchel, R.E.J. The effect of dose rate and prior
low dose on radiation-induced myeloid leukemia in mice. In, “Health Effects of Low

Level Radiation”, British Nuclear Energy Society, Thomas Telford Publishing, London,
1997, pp. 201-206.

Boreham, D.R.; Trivedi, A.; Mitchel, R.E.J. Radition and stress response in Saccharomyces
cerevisiar. In "Yeast: Molecular Biology and Biotechnology" (Prasad, R., ed.), Omega
Scientific Publishers, New Delhi, India, 1991, pp. 294-314.

Cucinotta, F.A.; Wilson, JJW.; Mitchel, R.E.J.; Trivedi, A. Multistage carcinogensis models and
cosmic-ray exposures. Adv. Space Res. (in press).

Feinendegen, L.E.; Bond, V.P., Sondhaus, C.A.; Muehlensiepen, H. Radiation effects induced
by low doses in complext tissue and their relation to cellular adaptive response. Mutat.
Res. 358: 199-205; 1996.

Hain, J.; Jaussi, R.; Burkart, W. Lack of adaptive response to low doses of ionizing radiation in
human lymphocytes from five different donors. Mutat. Res. 283: 137-144; 1992.

Heidenreich, W.F.; Paretzke, H.G.; Jacob, P. No evidence for increased tumor rates below 200
mSv in the atomic bomb survivors data. Radiat. Enviro. Biophys. 36: 205-207; 1997.

HPS (Health Physics Society). ‘“Radiation Risk in Perspective: Position Statement of the Health
Physics Society”, 1996.



ICRP. 1990 Recommendations of the International Commission on Radiological Protection.
ICRP Publication 60, Pergamon Press, New York, 1991.

Ishii, K.; Watanabe, M. Participation of gap-junctional cell communication on the adaptive
response inhuman cells induced by low dose of X-rays. Int. J. Radiat. Biol. 69; 291-299;
1996.

Little, M.P.; Muirhead, C.R. Evidence for curvilinearity in the cancer incidence dose-response in
the Japanese atomic bomb survivors. Int. J. Radiat. Biol. 70: 83-94; 1996.

Liu, S.Z.; Cai, L.; Sun, S.Q. Induction of a cytogenetic adaptive response by exposure of rabbits
to very low dose-rate gamma-radiation. Int. J. Radit. Biol. 62; 187-190; 1992.

Mitchel, R.E.J. and Trivedi, A. Radiation: What Determines the Risk? In, “Biological effects and
Physics of solar and Galactic Cosmic Radiation”, (Swenberg, C.E., ed.), Plenum Press,
New York, 1993, pp. 859-870.

Mitchel, R.E.]J., Azzam, E.I. and de Toledo, S.M. Adaption to lonizing Radiation in Mammalian
Cells. In, “Stress-Inducible Processes in Higher Eukaryotes”, (Koval. T. ed.), Plenum
Press, New York, 1997, pp. 221-243.

Pierce, D.A.; Shimizu, Y.; Preston, D.L.; Vaeth, M.; Mabuchi, K. Studies of the mortality of
atomic bomb survivors. Report 12, Part I. Cancer: 1950-1990. Radiat. Res. 146: 1-27;
1996.

Shu-zheng, L.; Xu, S.; Ying-chun, Z.; Yong, Z. Signal transduction in lymphocytes after low
dose radiation. Chinese Med. J. 107: 431-436; 1994.

Tedeschi, B.; Caprossi, D.; Vernole, P.; Paovani, L.; Mauro, F. Do human lymphocytes exposed
to the fallout of the Chernoby! accident exhibit an adaptive response? III. Challenge with
bleomycin in lymphocytes from children hit y the initial acute dose of ionizing radiation.
Mut. Res. 354: 77-80; 1996.

Tempel, K. and Schleifer, S. Adaptive response of the chicken embryo to low doses of x-
irradiation. Radiat. Environ. Biophys. 34: 177-183; 1995.

UNSCEAR (United Nation Scientific Committee on the Effects of Atomic Radiation) 1994
Report, “Sources and Effects of Ionizing Radiation”, United Nation, New York.

Wang, B.; Ohyama, H.; Nose, T.; Itsukaichi, H.; Nakajima, T.; Yukawa, O.; Odaka, T.; Tanaka,
K.; Kojima, E.; Yamada, T.;Hayata, I. Adaptive response in Embryogenesis: I. Dose and
timing of radiation for reduction of prenatal death and congenital malformation during the
late period of organogenesis. Radiat. Res. 150: 120-122; 1998.

Ward, J.F. Radiation mutagenesis: The initial DNA lesions responsible. Radiat. Res. 142: 362-
368, 1995.

Wojcik, A.; Tuschl, H. Indication of an adaptive response in C57BL mice pre-exposed in vivo to
low doses of ionizing radiation. Mutat. Res. 243: 67-73; 1990.



Xu, Yindong; Greenstock, C.L.; Trivedi, A.; Mitchel, R.E.J. Occupational levels of radiation
exposure induce interleukin-2 receptor expression in stimulated human peripheral blood
lymphocytes. Radiat. Environ. Biophys. 35: 89-93; 1996.



