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The Yin and Yang of Low-Dose Radiobiology

Tom K. Hei1,2, Hongning Zhou1, and Vladimir N. Ivanov2

Summary. Two confl icting phenomena, bystander effect and adaptive response, 
are important in determining the biological responses at low doses of radiation and 
have the potential to impact the shape of the dose–response relationship. Using the 
Columbia University charged-particle microbeam and the highly sensitive human–
hamster hybrid (AL) cells mutagenic assay, we show here that nonirradiated cells 
acquire mutagenesis through direct contact with cells whose nuclei have been tra-
versed with a lethal dose of 20 alpha (α-)particles each. Pretreatment of cells with 
a low dose of X-rays 4 h before α-particle irradiation signifi cantly decreased this 
bystander mutagenic response. Although adaptive response is largely protective in 
nature and the bystander response, in general, signifi es detrimental effects, the two 
processes share many common characteristics. There is evidence that extracellular 
signal-related kinase (ERK), nuclear factor-κB, cytokines, and mitochondrial func-
tions play an important role in the bystander effects. However, all these signaling 
events are applicable to the adaptive response as well. These data suggest a common 
lineage between these two stress-related phenomena. A better understanding of how 
these two effects interact at the cellular, tissue, and organ levels will address some 
of the pressing issues on target size, radiation dose response, and, ultimately, low 
dose risk assessment.
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Introduction

Radiation is a two-edged sword: on the one hand, it is an effective therapeutic 
modality for the treatment of many types of human cancers, and on the other hand 
it is a well-known human carcinogen. The estimated lifetime cancer mortality risk 
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from low-dose/low-dose-rate radiation exposure, based on epidemiological data 
from the Japanese atomic bomb survivors, is estimated to be 0.05 per sievert (Sv) 
for the whole population [1]. However, direct characterization of risk at low doses 
is at or beyond the limits of epidemiology. Cancer risk from exposure to ionizing 
radiation clearly increases at a dose above 10 cGy, and no obvious threshold dose 
is detectable. At doses below 10 cGy, the radiobiological effects are rather complex 
and are subjected to modulations by various competing forces, including bystander 
effects and adaptive response.

Radiation-induced bystander effect is defi ned as the induction of biological effects 
in cells that are not directly traversed by a charged particle, but are in close proximity 
to cells which are. Interest in this effect was sparked by earlier reports demonstrating 
that, following a low dose of alpha (α)-particles, a larger proportion of cells showed 
biological damage than was estimated, based on microdosimetric principle, to have 
been hit by an α-particle [2]. To demonstrate the induction of a radiation-induced 
bystander effect unequivocally, studies were conducted using a microbeam in which 
a defi ned proportion of cells in a confl uent monolayer were irradiated individually 
with a defi ned number of α-particles [3,4]. These studies provided the fi rst clear-cut 
indication of a radiation-induced bystander phenomenon.

Adaptive response is characterized by a reduction in radiobiological response in 
cells pretreated with a low dose of ionizing radiation (generally ≤10 cGy) followed 
by exposure to a challenging, higher dose. Since the original experiments reported 
in 1984 [5], numerous data have shown the existence of such a response with a 
variety of endpoints in various cell types [6]. Although bystander effect and adap-
tive response are important parameters for low-dose radiation response, there are 
only limited data available comparing the two effects [7–9].

Adaptive Response on Bystander Mutagenesis

To defi ne the interaction between adaptive response and bystander effects, human–
hamster hybrid (AL) cells were used together with the Columbia University single-
particle microbeam. For determining the adaptive response, cells were irradiated 
with a low dose of X-rays (10 cGy) 4 h before the α-particle irradiation. To examine 
the response of bystander cells to the subsequent challenging dose, 10% of the cells 
were randomly irradiated with a lethal dose of 20 α-particles each directed at the 
nuclear centroids. Mutant fractions at the CD59 locus of the AL cells were scored 
using an antibody-complement cytotoxic assay as previously described [10,11]. 
Western blots were used to identify various signaling proteins, and an electropho-
retic mobility shift assay (EMSA) was used to detect the DNA-binding activities 
of various bystander signaling molecules.

AL cells irradiated with a 10 cGy dose of X-rays resulted in a low but signifi cant 
induction of mutations at the CD59 locus (Fig. 1). The background CD59- mutant 
fraction among the population of AL cells used in these experiments averaged 
61 ± 19. Consistent with our previously published data, irradiation of 10% of a 
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confl uent cell population with a lethal dose of 20 α-particles each through the nuclei 
resulted in a mutant yield that was about three times higher than the background 
among the nonirradiated neighboring cells [3]. Pretreatment of cells with a 10-cGy 
dose of X-rays signifi cantly reduced this bystander mutagenesis (P < 0.05, Fig. 1) 
[12]. These results implied that, in the presence of low-dose radiation stress, the 
bystander mutagenesis is suppressed by the adaptive response, although the mecha-
nism (or mechanisms) is unclear.

Parameters Affecting the Adaptive Response and 
the Bystander Effect

Table 1 summarizes the similarity and difference in various parameters that can 
modulate radiation-induced adaptive response and the bystander effect. In general, 
there are more similarities than differences between the two phenomena. Both are 
primarily low-dose phenomena, and neither shows a dose–response induction of 
effects. Both the adaptive response and the bystander effect have been demonstrated 
by a range of biological endpoints including cell killing, oncogenic transformation, 
mutagenesis, chromosomal aberrations, induction of p53 protein, and DNA repair 
foci. Although bystander effects are not p53 dependent, there are reports that adap-
tive response, in some studies, is related to p53 function [13]. It should be noted 
that cancer cells with mutated p53 protein can also demonstrate an adaptive response 
[14]. Both phenomena involve signals that mediate through either gap junctions or 
soluble mediators [15,16].

Fig. 1. Induced mutant fraction of human–hamster hybrid (AL) cells in which 10% had been 
irradiated with 20 α-particles through the nucleus with or without pretreatment with a 10-cGy 
dose of X-rays. 1, Control; 2, 20 α-particles, 10%; 3, X-rays alone, 10 cGy; 4, assuming an addi-
tive effect between the two effects; 5, actual mutant fraction of cells pretreated with 10 cGy dose 
of X-rays followed by targeting 10% of cells with a lethal dose of 20 α-particles. Data are pooled 
from three independent experiments. Bars ±SD

1 2 3 4 5

In
du

ce
d 

C
D

59
-  m

ut
an

ts
 p

er
 1

05  s
ur

vi
vo

rs

0

50

100

150

200

Priming dose delivered 4 hours before microbeam irradiation

Pretreatment with low dose X-rays reduces bystander mutagenesis



138 T.K. Hei et al.

Signaling Events Common to Both the Adaptive Response and 
the Bystander Effect

Table 2 lists several signaling events that are common to both these low-dose phe-
nomena and suggest that the adaptive response and the bystander effect share a 
common stress-related signaling lineage. These events include reactive radical 
species such as superoxide anions, hydroxyl radicals, hydrogen peroxide, nitric 
oxide, and peroxynitrite anions. The observations that extracellularly applied anti-
oxidants, such as superoxide dismutase [17] and catalase [18], can inhibit medium-
mediated bystander responses suggest a role of reactive radical species in the 
bystander signaling scheme. Because mitochondria are the main source of energy 
production as well as generators of free radicals in cells, it is consistent with the 
recent observation that mitochondrial DNA-defi cient cells exhibit a lower bystander 
response in the presence of wild-type cells [19]. Similarly, reactive radical species 
can presumably damage DNA to initiate an adaptive response. The observation that 
nitric oxide, secreted from irradiated donor cells, can induce an adaptive response 
in bystander cells [20] provides strong evidence that nitric oxide plays an important 
role in both these low-dose responses.

Table 1. A comparison of radiation-induced bystander effect versus adaptive response

Parameter Bystander Adaptive response

Low-dose phenomenon + +
Dose–response relationship − −
LET* dependence − −
Endpoints examined Many Many
Biological consequence Harmful/protective Protective
p53 dependence − ±
Individual variability − +
Involves gap junctions + +
Involves soluble mediator(s) + +
Involves ROS/RNS + +
Requires protein synthesis + +
Genomic instability + +
*Linear Energy Transfer

Table 2. Signaling events that are common to both the adaptive response and the bystander 
effect

Reactive radical species
Mitochondrial function
NFκB activities
MAPK/ERK kinase activities
Cytokine activities
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Activation of Mitogen-Activated Protein Kinase (MAPK)/
Extracellular Signal-Related Kinase (ERK) Signaling Pathways 
in Bystander and Adaptive Responses

Previous studies have shown that cyclooxygenase 2 (COX-2) is an important sig-
naling molecule for radiation-induced bystander effects [21]. It is known that 
insulin growth factor activates the mitogen-activated protein kinase (MAPK) sig-
naling cascade, and activation of extracellular signal-related kinase (ERK) by 
phosphorylation is a critical upstream event preceding COX-2 expression. Using 
Western blot analyses, it was evident that a strong upregulation of phospho-ERK 
levels in both α-irradiated and bystander normal human fi broblasts occurred 4 h 
after irradiation [21]. In fact, increased levels of phospho-ERK could even be 
detected 16 h after treatment, indicating a persistent response to the bystander sig-
naling. In contrast, activity of MAPK p38 kinase was found to be increased 4 h 
after treatment and was not detectable 16 h after irradiation. It should be noted that, 
when compared with the controls, the ratio of phosphorylated ERK to native ERK 
increased from 2 to 13 among the bystander cells. If activation of the MAPK sig-
naling cascade and ERK phosphorylation are essential in mediating the bystander 
effect, it should be possible to mitigate the later response by using a specifi c inhibi-
tor of the MEK-ERK signaling cascade. In fact, pretreatment of cells with a non-
cytotoxic dose of PD 98059 (50 μM), a specifi c inhibitor of MEK-ERK kinase, 
completely suppressed bystander toxicity observed in the human fi broblast cultures 
[21].

The role of MAPK/ERK pathways in radiation-induced adaptive response was 
previously demonstrated in mammalian cells. A low priming dose of X-rays (2 cGy) 
induced translocation of protein kinase C-alpha (PKC-α) from cytosol to mem-
brane. On subsequent exposure to a challenging dose of X-rays (3 Gy), a lower 
incidence of chromosomal translocation was observed in preirradiated cultures that 
could be correlated with activation of p38 MAPK kinase activities [22].

Role of Nuclear Factor Kappa B (NFkB) in Bystander and 
Adaptive Responses

As NFκB is an important transcription factor for many signaling genes including 
COX-2, it is likely that NFκB participates in the bystander response. There is clear 
evidence that α-particle irradiation upregulates NFκB-binding activity in both 
directly irradiated and bystander cells, whereas Bay 11–7082, a pharmacological 
inhibitor of IKK/NFκB, effi ciently suppresses this upregulation and also reduces 
levels below the basal amount [19]. This inhibitor of NFκB activity also effi ciently 
downregulates COX-2 and inducible nitric oxide synthase (iNOS) expression levels 
in both directly irradiated and bystander fi broblasts. Earlier studies using confl uent 
human skin fi broblasts exposed to low fl uences of α-particles have demonstrated 
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a rapid upregulation of NFκB, JNK, and ERK in the exposed population [23] and 
suggest activation of these stress-inducible signaling pathways in bystander cells. 
As induction of NFκB-binding activity can be found in both directly irradiated 
and bystander cells, its role in the bystander response in this study is, therefore, 
equivocal.

In contrast, there is recent evidence that NFκB plays an important function in 
the adaptive response [24]. Pretreatment of mouse epidermal cells with a 10-cGy 
dose of X-rays increased survival of the cells to a subsequent, challenging dose of 
2 Gy, and the response was abrogated by pretreatment with the NFκB inhibitor, 
IMD 0354 [25].

Effects of Cytokines on Radiation-Induced Bystander and 
Adaptive Responses

There is recent evidence that exogenous tumor necrosis factor-alpha (TNF-α) in 
concert with interleukin 1-beta (IL-1β) directly controls COX-2 expression in 
human lung fi broblast (NHLF) cultures [19]. Both TNF-α and IL-1β were found 
to be induced following α-irradiation of NHLF. The inhibitory monoclonal anti-
body (mAb) against TNF-α, which was introduced into the cell media, substantially 
decreased levels of NF-κB and JNK, which was accompanied by a well-pronounced 
decrease in COX-2 expression in both irradiated and, especially, in bystander 
NHLF [19]. These studies provide a clear link of the binding of cell-surface recep-
tors for the various cytokines with the downstream activation of NF-κB and 
mitogen-activated protein kinases in bystander effects.

Because NFκB can be activated by several pathways involving TNF-α and IL-1, 
and NF-κB activities have been linked to radiation-induced adaptive response, it 
is no surprise that cytokines have a profound effect on the radioadaptive behavior 
of cells. Earlier studies by Cong et al. have demonstrated that mice pretreated with 
interferon from extracted human liver RNA showed signifi cant protective effects 
in bone marrow and germ cells upon exposure to X-rays [26].

Conclusion

Radiation-induced bystander effect and adaptive response are two confl icting phe-
nomena that are stress related and are observed mainly at the low-dose region. At 
high radiation doses, direct damage to the cells or tissues would dwarf these low-
dose effects. Although many of the bystander responses reported thus far have been 
detrimental in nature, there are reported protective effects as well, for example, 
induction of apoptosis of potentially damaged cells [27]. On the other hand, there 
is evidence that bystander cells also show increase in genomic instability, a predis-
posing factor for carcinogenesis. Hence, the contribution of bystander effects in 
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radiation risk assessment has to be evaluated in terms of tissue context, the pheno-
typic behavior of their progeny, and the presence of other competing, low-dose 
effects that include adaptive response.

Adaptive response generally signifi es protective effects. The two phenomena 
share many common parameters as well as signaling events. A better understanding 
of the mechanisms involved in the two processes and how they interact will be 
important in obtaining a better and more accurate assessment of low-dose radiation 
risk.
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