
Radiation Research
Volume 188, Number 4.2, October 2017 ISSN 0033–7587

SNOLAB Focus Issue
Guest Editor: Dr. Douglas Boreham



EDITOR-IN-CHIEF
MARC S. MENDONCA, Indiana University School of Medicine

EDITORIAL OFFICE
JUDY E. FYE, Indiana University School of Medicine

STATISTICAL CONSULTANT
M. D. MORRIS, Iowa State University

OFFICERS OF THE SOCIETY
President: CHARLES L. LIMOLI, University of California, Irvine, Irvine, California

President-Elect: KEVIN M. PRISE, Queen’s University Belfast, United Kingdom

Vice President-Elect: DAVID KIRSCH, Duke University Medical Center, Durham, North Carolina

Past President: MARTIN HAUER-JENSEN, University of Arkansas for Medical Sciences, Little Rock, Arkansas

Secretary-Treasurer: EDOUARD AZZAM, Rutgers – New Jersey Medical School, Newark, New Jersey

Editor-in-Chief: MARC S. MENDONCA, Department of Radiation Oncology, Indiana University School of Medicine, Indianapolis, Indiana

VOLUME 188, NUMBER 4.2, OCTOBER 2017

ON THE COVER: Artwork created in Adobe Illustrator

SENIOR EDITORS
J. D. BOICE, National Council on Radiation Protection and Measurements

M. HAUER-JENSEN, University of Arkansas for Medical Sciences

K. D. HELD, Massachusetts General Hospital

B. F. KIMLER, Kansas University Medical Center

A. KRONENBERG, Lawrence Berkeley National Laboratory

H. L. LIBER, Colorado State University

J. E. MOULDER, Medical College of Wisconsin

P. O’NEILL, University of Oxford, United Kingdom

S. ROCKWELL, Yale University School of Medicine

ASSOCIATE EDITORS
M. ACHARYA, University of California, Irvine

M. M. AHMED, National Cancer institute

G-O. AHN, Pohang University of Science and Technology, Republic of Korea

S. A. AMUNDSON, Columbia University

S. BAILEY, Colorado State University

R. A. BRITTEN, Eastern Virginia Medical School

J. CADET, University of Sherbrooke, Québec, Canada
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FOREWORD

It is a pleasure to provide an introductory message for this issue on the biological effects of low-level radiation. We are
very happy to have this new research direction at SNOLAB to broaden the set of measurements taking place in our
underground laboratory.

SNOLAB originated with the construction of the Sudbury Neutrino Observatory (SNO) experiment starting back in 1990.
For this experiment, performed by a large international collaboration, we needed the ultimate in low radioactivity as we were
trying to observe one neutrino per hour from the sun without interference from background radioactivity. To do this, we built
a detector the size of a ten story building 2-km underground using ultra-clean materials and created an environment that was
very free from mine dust containing trace amounts of uranium and thorium, the principal contaminants for our
measurements. After excavating the cavity 34 meters high by 22 meters in diameter and lining it with urylon plastic to
provide a water-tight and radon-tight volume, everyone working on the construction of the experiment took a shower and
dressed in lint-free clothing when they entered the laboratory. We were able to restrict the dust to be less than a total of one
gram distributed over the entire detector. Since we were looking for faint bursts of light we had to restrict greatly the cosmic
rays that would have made our detector glow like the Northern Lights famous in Northern Canada. The 2-km depth
accomplished this very well.

The SNO experiment was very successful and resulted in the award of the 2015 Nobel Prize in Physics for the discovery
that neutrinos from the Sun changed from one flavor to another, also implying that they have a finite mass. Both of these
properties are outside the predictions of the Standard Model of Elementary Particle Physics and require revisions or
extensions to that theory.

The success of this ultra-low radioactivity experiment resulted in an application in 2003 by a consortium led by Professor
David Sinclair of Carleton University for the expansion of the underground excavated space by about a factor of three,
providing sites in the new SNOLAB for experiments that can benefit from the low radioactivity levels. In addition to the 2-
km depth, the same standards of air quality are being maintained in SNOLAB to avoid additional contamination by mine
dust in the experiments being performed. There are now a number of new particle astrophysics experiments situated in
SNOLAB, ready to provide evidence of neutrinos from a supernova occurring in our galaxy or seeking evidence for
interactions of Dark Matter particles. Other future experiments are aimed at the observation of a rare radioactivity known as
Neutrino-less Double Beta Decay that could provide further detailed knowledge of neutrino properties.

The REPAIR experiment is a welcome addition to the set of experiments at SNOLAB and brings a new dimension to the
type of measurements that can benefit from one of the lowest radioactivity laboratories in the world.

Professor Emeritus Art McDonald,
Queen’s University, Kingston Ontario, SNO Collaboration Director,

Co-winner of the 2015 Nobel Prize in Physics

Dr. Nigel Smith,
Director of SNOLAB
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COMMENTARY

The REPAIR Project: Examining the Biological Impacts of Sub-Background
Radiation Exposure within SNOLAB, a Deep Underground Laboratory

Christopher Thome,a,b,1 Sujeenthar Tharmalingam,a,b,1 Jake Pirkkanen,b,1 Andrew Zarnke,b,1 Taylor Laframboisea

and Douglas R. Borehama,b,c,2

a Division of Medical Sciences, Northern Ontario School of Medicine and b Department of Biology, Laurentian University,
Sudbury, Canada, P3E 2C6; and c Bruce Power, Tiverton, Canada, N0G 2T0

Thome, C., Tharmalingam, S., Pirkkanen, J., Zarnke, A.,
Laframboise, T. and Boreham, D. R. The REPAIR Project:
Examining the Biological Impacts of Sub-Background Radi-
ation Exposure within SNOLAB, a Deep Underground
Laboratory. Radiat. Res. 188, 470–474 (2017).

Considerable attention has been given to understanding
the biological effects of low-dose ionizing radiation exposure
at levels slightly above background. However, relatively few
studies have been performed to examine the inverse, where
natural background radiation is removed. The limited
available data suggest that organisms exposed to sub-
background radiation environments undergo reduced growth
and an impaired capacity to repair genetic damage. Shielding
from background radiation is inherently difficult due to high-
energy cosmic radiation. SNOLAB, located in Sudbury,
Ontario, Canada, is a unique facility for examining the
effects of sub-background radiation exposure. Originally
constructed for astroparticle physics research, the laboratory
is located within an active nickel mine at a depth of over 2,000
m. The rock overburden provides shielding equivalent to
6,000 m of water, thereby almost completely eliminating
cosmic radiation. Additional features of the facility help to
reduce radiological contamination from the surrounding
rock. We are currently establishing a biological research
program within SNOLAB: Researching the Effects of the
Presence and Absence of Ionizing Radiation (REPAIR
project). We hypothesize that natural background radiation
is essential for life and maintains genomic stability, and that
prolonged exposure to sub-background radiation environ-
ments will be detrimental to biological systems. Using a
combination of whole organism and cell culture model
systems, the effects of exposure to a sub-background
environment will be examined on growth and development,
as well as markers of genomic damage, DNA repair capacity
and oxidative stress. The results of this research will provide
further insight into the biological effects of low-dose radiation
exposure as well as elucidate some of the processes that may

drive evolution and selection in living systems. This Radiation
Research focus issue contains reviews and original articles,
which relate to the presence or absence of low-dose ionizing
radiation exposure. � 2017 by Radiation Research Society

INTRODUCTION

Biological systems on earth are continually exposed to
natural background ionizing radiation, originating from a
combination of cosmic and terrestrial sources. Cosmic
radiation includes high-energy charged particles and atomic

nuclei, which produce secondary radiation through atmo-
spheric interaction, such as protons, neutrons and cosmo-
genic nuclides like carbon-14 and tritium. Terrestrial

sources consist of long-lived primordial radioisotopes of
uranium, thorium and potassium and their associated decay
progeny, particularly radon gas. With the increase in man-
made medical radiation exposures, considerable attention

has been given to understanding the effects of low-dose
radiation at levels slightly above natural background. There
is growing evidence supporting the sublinear, threshold or
hormetic models, where the biological risk at low doses is

significantly less (or negative) compared to high-dose
estimates (1–3). However, relatively few studies have been
done to examine the inverse, where natural background

radiation is removed.

In early experiments from the 1970s and 1980s,
researchers examined the biological effects of sub-back-
ground radiation exposure on the protozoa Paramecium
tetraurelia (4–6). Growth rates were significantly reduced

when cultures were incubated within a shielded lead box.
When a low-dose source was introduced into the shielded
container, to artificially reintroduce background radiation,

growth rates were restored to baseline levels. This growth
inhibition after the removal of background radiation was
later verified in other experiments using prokaryotes (7–9),

1 Scholar-in-training, Radiation Research Society.
2 Address for correspondence: Northern Ontario School of

Medicine, Medical Sciences, 935 Ramsey Lake Road, MSE 224,
Sudbury, ON P3E 2C6, Canada; email: dboreham@nosm.ca.
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single-celled eukaryotes (10, 11) and mammalian cell
culture models (10, 12).

In addition to alterations in growth rate, removal of
background radiation promotes genotoxic damage. When
grown in a sub-background environment, cultured cells
showed an increase in basal levels of DNA damage and
mutation rate (13–15). Low-background-adapted cells were
also found to be more sensitive to induced genetic damage
after exposure to a high-dose radiation challenge (15–18) or
chemical agent (13, 16, 19). This increased sensitivity was
correlated to a reduction in free radical scavenging ability
(13, 15, 16, 18). In many cases, changes in repair capacity
or growth rate were only observed after prolonged
incubation in a sub-background environment on the order
of weeks to months (10, 13, 14, 17, 19–21).

What makes sub-background experiments so challenging
to conduct is the inherent difficulty in shielding from high-
energy cosmic radiation. Historically, most experiments
have relied on lead or other heavy metals for shielding,
achieving only a modest reduction in background dose rates
(4, 6–8, 10, 12, 17, 20, 22). Designing artificial shielding to
obtain a significant reduction in cosmic radiation is
impractical. The best way to eliminate cosmic radiation is
to conduct experiments within facilities built deep under-
ground. Only a few subterranean laboratories exist in the
world. One such facility, SNOLAB, is located in Sudbury,
Ontario, Canada.

SNOLAB

The laboratory first opened in 1999 as the Sudbury
Neutrino Observatory (SNO) after nearly a decade of
construction. The facility was built within Creighton Mine,
an active nickel mine, at a depth of 2,070 m. To gain access,
laboratory researchers must first travel down the mine shaft
to the 6,800 level (6,800 feet underground), followed by a
1.5 km walk along one of the mine drifts (the laboratory was
purposefully built to be isolated from the active mining
sites). The original SNO experiment consisted of a single
detector designed to measure neutrinos. The detector was
the largest of its kind at that depth, measuring 12 m in
diameter and filled with 1,000 tonnes of heavy water (23).
Using heavy water enabled SNO to measure all three flavors
of neutrino (electron, muon and tau). The 2,070-m
overburden of rock effectively shielded out other sources
of cosmic radiation, allowing SNO to detect the much
lighter and very weakly interacting neutrinos. The SNO
experiment provided the first direct evidence for neutrino
oscillation, confirming that neutrinos possess mass (24).
Electron neutrinos produced from solar nuclear fusion can
change flavor into muon or tau neutrinos when traveling to
earth. The discovery solved the solar neutrino problem: the
deficit in early measurements of solar neutrinos compared to
what was predicted based on the standard solar model. This
breakthrough was recognized with the 2015 Nobel Prize in
physics awarded to Dr. Arthur McDonald. The laboratory

expanded beginning in 2004 and was renamed SNOLAB.
Currently, SNOLAB has 3,060 m2 of laboratory space (25).
The original SNO detector is being repurposed to examine
lower energy neutrinos and neutrinoless double beta decay

using a liquid scintillator. Additional experiments are
underway, or are planned, for examining supernovae and
dark matter. These experiments all rely on the cosmic ray
shielding provided by the 2 km of overhead rock.

In addition to the overburden of rock, which almost
completely eliminates cosmic radiation, further measures
have been established to help reduce radiation levels within
SNOLAB. The experiment area of the laboratory is operated
as a class 2000 clean room (fewer than 2,000 particles, 0.5

lm or larger, per cubic foot). All personnel entering the
facility must shower and change into clean clothes to reduce
contamination from radioactive dust in the mine drift. All
equipment and supplies must also be hand washed before
entering SNOLAB. Radon levels are reduced through
continuous air filtration at a rate of 50 m3 s–1, resulting in
10 full air changes per hour throughout the laboratory (25).

Low levels of radiation are still present in SNOLAB,
mainly from radioactive decay in the surrounding norite

rock. The largest component is radon gas with levels in the
laboratory at approximately 130 Bq m–3 (25). Additionally,
gamma radiation results from the decay of uranium and
thorium progeny, and a small amount of neutron radiation is
present from alpha particle interactions and spontaneous
fission. Experiment specific shielding can be utilized to

further control these sources of radiation. Neutrons and
gamma rays can be reduced with the addition of water and
lead shielding, respectively. Radon gas can be reduced
using air-controlled chambers, such as glove boxes, which
are filled with air from aged gas cylinders. With a half-life
of 3.8 days, radon levels will decay several orders of
magnitude within a few weeks.

Several other underground astroparticle physics laborato-
ries exist around the world, however, very few of them have

biological research programs. The largest facility for
underground biology is the Laboratori Nazionali del Gran
Sasso (LNGS) in Italy. Unlike SNOLAB, which was built
within a mine, LNGS was tunneled into the side of the Gran
Sasso Mountain to achieve cosmic ray shielding. The
laboratory at LNGS has a rock overburden of 1,400 m and
can achieve background dose rates down to approximately

30 lGy per year, a reduction of over 80-fold (18). Due to
differences in geological composition, the depth of
underground laboratories is generally stated in meters of
water equivalent (MWE). LNGS has a MWE of 3,950 m
(26), significantly less than SNOLAB, which has a MWE of
6,000 m (27). Biological experiments have also been

conducted within the Waste Isolation Pilot Plant (WIPP),
a nuclear waste repository in New Mexico. However, at a
depth of 650 m, WIPP has considerably less shielding
compared to SNOLAB or LNGS and only reduces
background dose rates by a factor of 15 (9).
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REPAIR PROJECT

We are currently establishing a biological research
program within SNOLAB; Researching the Effects of the
Presence and Absence of Ionizing Radiation (hereto know
as REPAIR project). This program is focused on elucidating
the effects of sub-background radiation exposure. The
research space within SNOLAB will be the deepest
underground biological laboratory in the world. Through
utilization of the existing infrastructure, as well as some
additional shielding, the REPAIR project will be able to
monitor the response of biological systems exposed to one
of the lowest background dose rates ever achieved. We
hypothesize that because living organisms have evolved in
the continual presence of natural background radiation, it is
essential for life and helps to maintain genomic stability.
Prolonged exposure to sub-background environments will
therefore be detrimental to biological systems. This will be
tested using a combination of cell culture and whole
organism models. We will examine a variety of end points,
ranging from simple quantification of growth and develop-
ment, to more complex metrics for measuring oxidative
stress, neoplastic transformation and genomic instability.
This focus issue of Radiation Research includes three
reviews and four original articles relating to the presence or
absence of low-dose radiation exposure, which describe
relevant findings, methodologies and/or model systems
pertaining to the research aims of the REPAIR project.

Cellular transformation assays have been utilized to
assess the influence of ionizing radiation and other
carcinogenic agents on neoplastic transformation. Evaluat-
ing the frequency of events in which normal cells alter
phenotypically and become neoplastic, as well as the
genetic and epigenetic mechanisms driving this change,
provide important information in the evaluation of carcino-
genesis. By investigating changes in gene regulation, DNA
damage/repair and morphology can be linked to these
phenotypic changes to help elucidate what may drive the
neoplastic transformation of normal cells. The CGL1 cell
line is a pre-neoplastic derivative of a HeLa x normal
human fibroblast hybrid (28) and is ideal due to its human
origin, compared to other similar systems derived from
rodent or non-mammalian sources. It is a stable and non-
tumorigenic tissue culture system in which cell transforma-
tion can be induced by a radiological or chemical stress, and
is therefore a good model for quantitatively investigating the
effects of ionizing radiation on neoplastic transformation in
vitro (40). Transformed CGL1 cells differentially express
intestinal alkaline phosphatase (IAP) as a surface antigen
(29, 30). This novel characteristic allows for a simplistic and
expedited end point. When in the presence of the alkaline
phosphatase chromogen Western Blue (WB), transformed
cells yield a colored precipitant (31), which makes
neoplastically transformed colonies easily distinguishable
from non-transformed IAP negative foci. This feature makes
the CGL1-based transformation assay unique among others,

since transformation events can be detected earlier and do
not rely on scoring methods such as morphological
assessment, which can be imprecise and tedious. Further-
more, the WB substrate is inexpensive compared to
antibody immunohistochemical-based detection and scoring
methods. In the sub-background radiation environment that
SNOLAB provides, the CGL1-based transformation assay
is ideal for several reasons: it is sensitive to low-dose and
low-dose-rate radiation exposure (32–34), has a relatively
short assay period of only 21 days and the scoring end point
works on viable as well as paraformaldehyde-fixed cells.
Therefore, minimal infrastructure and reagent are necessary
to complete this assay, making it attractive for utilization
underground in SNOLAB.

A topic that is consistently absent from previous
experiments is the effect of sub-background radiation
exposure on complex multicellular whole organism models.
All research to date has utilized either single celled
organisms (4–11, 17, 19, 20) or in vitro cell culture models
(9, 10, 12–16, 18), and the observed results may not
translate to the whole organism level. Animal work in
underground facilities such as SNOLAB is hampered by
space limitations and restrictions in laboratory access, which
makes many species, such as murine models, extremely
difficult to work with. Animal models must be low
maintenance, have minimal space and resource require-
ments, and be able to survive for several days without
researcher access.

Embryonic development in lake whitefish (Coregonus
clupeaformis) is an ideal species model for studying sub-
background exposure. We have previously examined the
effects of low-dose ionizing radiation (above background)
on lake whitefish embryogenesis. Embryos responded to
small changes in radiation environments, where a chronic
exposure as low as 0.06 mGy per day resulted in significant
growth stimulation (41). Growth stimulation was also
observed with four fractionated low doses of 15 mGy
radiation, in contrast to growth suppression observed at
higher fractions of 2, 6 or 8 Gy (42). This sensitivity to low-
dose radiation suggests that lake whitefish may be affected
by development in a sub-background environment. In
addition, embryos can be easily raised in large numbers
using only petri dishes, dechlorinated water and standard
refrigeration units (35). Lake whitefish develop slowly,
close to 200 days depending on temperature (36, 37). This is
important since, in many of the previous sub-background
experiments, effects were observed only after prolonged
incubation (10, 13, 14, 17, 19–21). Lastly, embryos can be
easily staged and quantified for growth rate (38), which is
one of the main end points examined in past studies. We
plan to raise lake whitefish embryos within SNOLAB,
representing the first sub-background experiment utilizing a
complex whole organism model.

One topic of investigation for the REPAIR project will be
the response of low-background adapted cells and organ-
isms to induced damage from a high-dose challenge
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exposure. Previous sub-background studies have shown
reduced repair capacity when background radiation was
removed (13–15, 18, 19, 21), which challenges the linear
no-threshold hypothesis. This coincides with data demon-
strating a radiation-induced adaptive response at doses
slightly above natural background. At the cellular levels,
low-dose exposures below 100 mGy produce an adaptive
response towards radiation-induced DNA damage and
genomic instability (39). At the whole organism level, a
low-dose exposure can modify cancer progression. When
cancer-prone Trp53þ/– mice were exposed to multiple CT
scans (one weekly scan for 10 weeks, 10 mGy per scan)
after the induction of cancer by a previous high-dose
exposure, both cancer latency and overall lifespan were
increased (43). Similarly, cancer latency and lifespan were
increased after a single 10 mGy CT scan (44). Low-dose
radiation can also reduce the incidence of non-cancerous
disease such as cardiac impairment and diabetes (45). We
predict that organisms and cells grown within the sub-
background environment in SNOLAB will be more
sensitive to induced damage.

Low-linear energy-transfer radiation acts mainly through
the production of reactive oxygen intermediates. When
cellular antioxidant defense mechanisms are unable to
counteract the formation of oxidative stress, the excess free
radicals damage biological macromolecules including
nucleic acids. Previous results from sub-background
experiments have been linked to changes in oxidative stress
levels (13, 15, 16, 18). Low-dose radiation-induced
phenotypic alterations can demonstrate non-Mendelian
modes of inheritance. There is emerging evidence that
low levels of oxidative stress can cause heritable gene
expression modifications by altering the genomic structure,
while the underlying DNA nucleotide sequence remains
unchanged. These structural genome changes are referred to
as epigenetic modifications (46). Oxidative stress generated
from low doses of ionizing radiation provides a mechanistic
link between radiation and epigenetic gene regulation. Cells
can adapt to radiation exposure by modifying epigenetic
gene regulation. These heritable cellular effects can either
provide a positively adaptive phenotype or result in
enhanced disease progression. The REPAIR project will
aim to elucidate the effects of sub-background radiation
exposure on oxidative stress and epigenetic programming.

Overall, the REPAIR project will provide an in-depth
evaluation of the biological effects of sub-background
radiation exposure, an area of research that still remains
poorly understood. SNOLAB is a unique facility and one of
few in the world where this type of research can be
conducted. We will examine sub-background effects using
complex animal systems, such as embryonic development
in lake whitefish. Numerous different cellular end points
will be used, including transformation frequency, which
will provide insight into baseline levels of DNA damage
and oxidative stress, as well as cellular repair capacity and
genomic instability. The results of this project will extend

our knowledge into the biological effects of low-dose
ionizing radiation exposure, as we explore what happens in
the absence of a physics stressor, given that all living
systems have evolved in the presence of low-level ionizing
radiation.

ACKNOWLEDGMENTS

We thank SNOLAB and its staff for support through underground

space, logistical and technical services. SNOLAB operations are supported

by the Canada Foundation for Innovation and the Province of Ontario

Ministry of Research and Innovation, with underground access provided

by Vale at the Creighton mine site. The REPAIR project is supported

through an industrial research grant from Bruce Power, as well as funding

from the Natural Sciences and Research Council of Canada and Mitacs.

Received: October 12, 2016; accepted: May 8, 2017; published online:

July 19, 2017

REFERENCES

1. Brooks AL, Dauer LT. Advances in radiation biology: effect on
nuclear medicine. Semin Nucl Med 2014; 44:179–86.

2. Tang FR, Loke WK. Molecular mechanisms of low dose ionizing
radiation-induced hormesis, adaptive responses, radioresistance,
bystander effects, and genomic instability. Int J Radiat Biol 2015;
91:13–27.

3. Calabrese EJ, Baldwin LA. U-shaped dose-responses in biology,
toxicology, and public health. Annu Rev Public Health 2001;
22:15–33.

4. Planel H, Soleilhavoup JP, Tixador R, Croute F, Richoilley G.
Biological and environmental effects of low-level radiation: v. 1
(IAEA Proceedings Series). Vienna: International Atomic Energy
Agency; 1976.

5. Croute F, Dupouy D, Charley JP, Soleilhavoup JP, Planel H.
Effects of autogamy in Paramecium tetraurelia on catalase activity
and on radiosensitivity to natural ionizing radiations. J Protozool
1980; 27:132–5.

6. Planel H, Soleilhavoup JP, Tixador R, Richoilley G, Conter A,
Croute F, et al. Influence on cell proliferation of background
radiation or exposure to very low, chronic gamma radiation. Health
Phys 1987; 52:571–8.

7. Conter A, Dupouy D, Planel H. Demonstration of a biological
effect of natural ionizing radiations. Int J Radiat Biol Relat Stud
Phys Chem Med 1983; 43:421–32.

8. Conter A. Preirradiation of medium induces a subsequent
stimulation or inhibition of growth according to the physiological
state in Synechococcus lividus in culture. Radiat Res 1987;
109:342–6.

9. Smith GB, Grof Y, Navarrette A, Guilmette RA. Exploring
biological effects of low level radiation from the other side of
background. Health Phys 2011; 100:263–5.

10. Kawanishi M, Okuyama K, Shiraishi K, Matsuda Y, Taniguchi R,
Shiomi N, et al. Growth retardation of Paramecium and mouse
cells by shielding them from background radiation. J Radiat Res
2012; 53:404–10.

11. Luckey TD. Ionizing radiation promotes protozoan reproduction.
Radiat Res 1986; 108:215–21.

12. Takizawa Y, Yamashita J, Wakizaka A, Tanooka H. Background
radiation can stimulate the proliferation of mouse-L-5178Y cells.
In: JAER Institution (now JAEA), editor. International Conference
on Radiation Effects and Protection. Naka-Gun, Japan: Japan
Atomic Energy Research Institution (now Japan Atomic Energy
Agency); 1992.

13. Satta L, Antonelli F, Belli M, Sapora O, Simone G, Sorrentino E,
et al. Influence of a low background radiation environment on

COMMENTARY 473



biochemical and biological responses in V79 cells. Radiat Environ
Biophys 2002; 41:217–24.

14. Fratini E, Carbone C, Capece D, Esposito G, Simone G,
Tabocchini MA, et al. Low-radiation environment affects the
development of protection mechanisms in V79 cells. Radiat
Environ Biophys 2015; 54:183–94.

15. Carbone MC, Pinto M, Antonelli F, Balata M. Effects of
deprivation of background environmental radiation on cultured
human cells. Il Nuovo Cimento B 2010; 125:469–77.

16. Antonelli F, Bell N, Sapora O, Simone G, Sorrentino E,
Tabocchini MA, et al. PULEX. LNGS Annual Report 2007.
Asergi, Italy: Laboratori Nazionali del Gran Sasso; 2008.

17. Gajendiran N, Jeevanram RK. Environmental radiation as the
conditioning factor for the survival of yeast Saccharomyces
cerevisiae. Indian J Exp Biol 2002; 40:95–100.

18. Carbone MC, Pinto M, Antonelli F, Amicarelli F, Balata M, Belli
M, et al. The Cosmic Silence experiment: on the putative adaptive
role of environmental ionizing radiation. Radiat Environ Biophys
2009; 48:189–96.

19. Satta L, Augusti-Tocco G, Ceccarelli R, Esposito A, Fiore M,
Paggi P, et al. Low environmental radiation background impairs
biological defence of the yeast Saccharomyces cerevisiae to
chemical radiomimetic agents. Mutat Res 1995; 347:129–33.

20. Tixador R, Richoilley G, Monrozies E, Planel H, Tap G. Effects of
very low doses of ionizing radiation on the clonal life-span in
Paramecium tetraurelia. Int J Radiat Biol Relat Stud Phys Chem
Med 1981; 39:47–54.

21. Antonelli F, Belli M, Pinto M, Sapora O, Sorrentino E, Simone G,
et al. PULEX: Influence of environment radiation background on
biochemistry and biology of cultured cells and on their response to
genotoxic agents. Il Nuovo Cimento C 2008; 31:49–56.

22. Croute F, Soleilhavoup JP, Vidal S, Dupouy D, Planel H.
Paramecium tetraurelia growth stimulation under low-level chronic
irradiation: investigations on a possible mechanism. Radiat Res
1982; 92:560–7.

23. Boger J, Hahn RL, Rowley JK, Carter AL, Hollebone B, Kessler
D, et al. The Sudbury Neutrino Observatory. Nucl Instr Meth Phys
Res A 2000; 449:172–207.

24. Ahmad QR, Allen RC, Andersen TC, J DA, Barton JC, Beier EW,
et al. Direct evidence for neutrino flavor transformation from
neutral-current interactions in the Sudbury Neutrino Observatory.
Phys Rev Lett 2002; 89:011301.

25. Smith NJT. The SNOLAB deep underground facility. Eur Phys J
Plus 2012; 127:108.

26. Rindi A, Celani F, Lindozzi M, Miozzi S. Underground neutron
flux measurement. Nucl Instr Meth Phys Res A 1988; 272:871–4.

27. Duncan F, Noble AJ, Sinclair D. The construction and anticipated
science of SNOLAB. Annu Rev Nucl Part Sci 2010; 60:163–80.

28. Redpath JL, Sun C, Colman M, Stanbridge EJ. Neoplastic
transformation of human hybrid cells by gamma radiation: a
quantitative assay. Radiat Res 1987; 110:468–72.

29. Latham KM, Stanbridge EJ. Identification of the HeLa tumor-
associated antigen, p75/150, as intestinal alkaline phosphatase and
evidence for its transcriptional regulation. Proc Natl Acad Sci
U S A 1990; 87:1263–7.

30. Mendonca MS, Antoniono RJ, Latham KM, Stanbridge EJ,
Redpath JL. Characterization of intestinal alkaline phosphatase
expression and the tumorigenic potential of gamma-irradiated
HeLa 3 fibroblast cell hybrids. Cancer Res 1991; 51:4455–62.

31. Mendonca MS, Antoniono RJ, Sun C, Redpath JL. A simplified
and rapid staining method for the HeLa 3 skin fibroblast human

hybrid cell neoplastic transformation assay. Radiat Res 1992;
131:345–50.

32. Redpath JL, Antoniono RJ, Sun C, Gerstenberg HM, Blakely WF.
Late mitosis/early G1 phase and mid-G1 phase are not hypersen-
sitive cell cycle phases for neoplastic transformation of HeLa 3
skin fibroblast human hybrid cells induced by fission-spectrum
neutrons. Radiat Res 1995; 141:37–43.

33. Lewis DA, Mayhugh BM, Qin Y, Trott K, Mendonca MS.
Production of delayed death and neoplastic transformation in
CGL1 cells by radiation-induced bystander effects. Radiat Res
2001; 156:251–8.

34. Pant MC, Liao XY, Lu Q, Molloi S, Elmore E, Redpath JL.
Mechanisms of suppression of neoplastic transformation in vitro
by low doses of low LET radiation. Carcinogenesis 2003;
24:1961–5.

35. Mitz C, Thome C, Cybulski ME, Laframboise L, Somers CM,
Manzon RG, et al. A self-contained, controlled hatchery system for
rearing lake whitefish embryos for experimental aquaculture. N
Am J Aquacult 2014; 76:179–84.

36. Brooke LT. Effect of different constant incubation temperatures on
egg survival and embryonic development in lake whitefish
(Coregonus clupeaformis). Trans Am Fish Soc 1975; 104:555–9.

37. Mueller CA, Eme J, Manzon RG, Somers CM, Boreham DR,
Wilson JY. Embryonic critical windows: changes in incubation
temperature alter survival, hatchling phenotype, and cost of
development in lake whitefish (Coregonus clupeaformis). J Comp
Physiol B 2015; 185:315–31.

38. Sreetharan S, Thome C, Mitz C, Eme J, Mueller CA, Hulley EN, et
al. Embryonic development of lake whitefish Coregonus clupea-
formis: a staging series, analysis of growth and effects of fixation.
J Fish Biol 2015; 87:539–58.

39. Phan N, De Lisio M, Parise G, Boreham DR. Biological effects
and adaptive response from single and repeated computed
tomography scans in reticulocytes and bone marrow of C57BL/6
mice. Radiat Res 2012; 177:164–75.

40. Pirkkanen J, Boreham DR, Mendonca MS. The CGL1 (HeLa 3
skin fibroblast) human hybrid cell line: a history of radiation
induced effects and novel future directions. Radiat Res 2017; 188:

41. Thome C, Mitz C, Hulley EN, Somers CM., Manzon RG, Wilson
JY, Boreham DR. Initial characterization of the growth stimulation
and heat shock-induced adaptive response in developing lake
whitefish embryos after ionizing radiation exposure. Radiat Res
2017; 188:

42. Mitz C, Thome C, Cybulski ME, Somers CM, Manzon RG,
Wilson, JY, et al. Cost of hormesis: is there a trade-off between
radiation stimulated growth and metabolic efficiency? Radiat Res
2017; 188:

43. Lemon JA, Phan N, Boreham, DR. Multiple CT scans extend
lifespan by delaying cancer progression in cancer prone mice.
Radiat Res 2017; 188:

44. Lemon JA, Phan N, Boreham DR. Single CT scan prolongs
survival by extending cancer latency in Trp53 heterozygous mice.
Radiat Res 2017; 188:

45. Khaper N, Puukila S, Lemon J, Lees S, Tia TC, Boreham D.
Impact of ionizing radiation on the cardiovascular system: a
review. Radiat Res 2017; 188:

46. Tharmalingam S, Sreetharan S, Kulesza AV, Boreham DR, Tai
TC. Low-dose ionizing radiation exposure, oxidative stress and
epigenetic programing of health and disease. Radiat Res 2017;
188:

474 THOME ET AL.



RADIATION RESEARCH 188, 475–485 (2017)
0033-7587/17 $15.00
�2017 by Radiation Research Society.
All rights of reproduction in any form reserved.
DOI: 10.1667/RR14574.1

Initial Characterization of the Growth Stimulation and Heat-Shock-Induced
Adaptive Response in Developing Lake Whitefish

Embryos after Ionizing Radiation Exposure

Christopher Thome,a,1 Charles Mitz,a,1 Emily N. Hulley,a,1 Christopher M. Somers,c Richard G. Manzon,c

Joanna Y. Wilsonb and Douglas R. Borehama,d,2

Departments of a Medical Physics and Applied Radiation Sciences and b Biology, McMaster University, Hamilton, Canada; c Department of Biology,
University of Regina, Regina, Canada; and d Northern Ontario School of Medicine, Sudbury, Canada

Thome, C., Mitz, C., Hulley, E. N., Somers, C. M., Manzon,
R. G., Wilson, J. Y. and Boreham, D. R. Initial Characteriza-
tion of the Growth Stimulation and Heat-Shock-Induced
Adaptive Response in Developing Lake Whitefish Embryos
after Ionizing Radiation Exposure. Radiat. Res. 188, 475–485
(2017).

Ionizing radiation is known to effect development during
early life stages. Lake whitefish (Coregonus clupeaformis)
represent a unique model organism for examining such
effects. The purpose of this study was to examine how
ionizing radiation affects development in lake whitefish
embryos and to investigate the presence of an adaptive
response induced by heat shock. Acute exposure to 137Cs
gamma rays was administered at five time points corre-
sponding to major developmental stages, with doses ranging
from 0.008 to 15.5 Gy. Chronic gamma-ray exposures were
delivered throughout embryogenesis within a custom-built
irradiator at dose rates between 0.06 and 4.4 mGy/day.
Additionally, embryos were given a heat shock of 3, 6 or 98C
prior to a single acute exposure. Radiation effects were
assessed based on survival, development rate, morphometric
measurements and growth efficiency. Embryos showed high
resistance to acute exposures with an LD50/hatch of 5.0 6 0.7 Gy
immediately after fertilization, increasing to 14.2 6 0.1 Gy
later in development. Chronic irradiation at all dose rates
stimulated growth, with treated embryos up to 60% larger in
body mass during development compared to unirradiated
controls. Chronic irradiation also accelerated the time-to-
hatch. A heat shock administered 6 h prior to irradiation
reduced mortality by up to 25%. Overall, low-dose chronic
irradiation caused growth stimulation in developing lake
whitefish embryos and acute radiation mortality was reduced
by a heat-shock-induced adaptive response. � 2017 by Radiation

Research Society

INTRODUCTION

The type and significance of whole-organism effects from
low-dose ionizing radiation exposure, generally defined as
less than 100 mGy, remain poorly understood. Human
epidemiological data from cohorts such as the atomic bomb
survivors have not provided conclusive evidence regarding
the levels of risk, if any, from these low-dose exposures.
There is growing experimental data to suggest that linear
extrapolation from higher doses overestimates risk and that
dose-response curves follow a sublinear, threshold or
hormetic response. The hormetic model had been demon-
strated after chemical and radiological exposure, where low-
dose exposures induce stimulatory effects such as increased
growth, survival or fecundity, compared to the inhibitory
effects at high doses (1). However, there is also evidence to
suggest that initiation of a hormetic response may come at a
cost to other physiological processes (2–5). Related to
hormesis is the adaptive response, where a low-dose stress
can protect cells or whole organisms from a subsequent
high-dose exposure. A variety of different stressors have
been shown to induce an adaptive response by reducing
damage from high-dose ionizing radiation, including low-
dose radiation (6–8), thermal stress (9–11) and oxidative
chemical compounds (12–14). Similar cellular and molec-
ular mechanisms have been implicated in both the adaptive
response and radiation hormesis (15).

Early development is one of the most sensitive stages to
ionizing radiation across a broad range of taxa. Data from
both human and non-human biota have shown that
developing embryos have a greater sensitivity to radiation
compared to more advanced older life stages (16–18). The
risk of prenatal mortality is highest close to fertilization,
while sublethal exposures later in development can increase
the probability of malformations (16). Embryogenesis in
fish represents an excellent model for examining whole-
organism developmental effects of ionizing radiation. The
majority of bony fish are oviparous, whereby embryos are
protected from their environment within an eggshell and all
potential energy reserves are contained within their yolk. As
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ectotherms, a large proportion of yolk lipids and proteins are
converted to growth as opposed to thermoregulation.
Therefore, a direct measure of growth efficiency is possible
through quantifying yolk utilization and body size. Lake
whitefish (Coregonus clupeaformis) are a particularly good
model species for examining the effects of radiation. They
have a long embryonic development period, up to 200 days
when raised at cold temperatures (19–21). This slow
development rate allows for the accurate targeting of
specific developmental stages for acute exposures as well
as enabling extended exposure to low-dose chronic
radiation. Additionally, the lake whitefish chorion is
transparent, enabling accurate live staging of embryos
(22). Lastly, embryos can easily be raised in large numbers
using minimal space and resource requirements (23).

The objective of this study was to examine the effects of
both acute and chronic irradiation on embryonic develop-
ment in lake whitefish. Acute exposures were delivered over
a range of low to high doses at five critical developmental
time points. A chronic irradiator was designed specifically
for exposing lake whitefish embryos to low-dose radiation
throughout embryogenesis. In addition to survival, embryos
were monitored for development rate and size, to provide
insight into how both chronic and acute exposures affect
embryonic growth and metabolic efficiency. The presence
of an adaptive response was tested through exposure to a
thermal stress prior to high-dose acute irradiation.

MATERIALS AND METHODS

Embryo Collection

Lake whitefish embryos were in vitro fertilized in the fall of three
consecutive years (November 15, 2012, November 21, 2013 and
November 30, 2014). Adult fish were gillnetted in Eastern Lake Huron
(N 44.7094, W 81.3125, Ontario Ministry of Natural Resources
scientific fishing permit to JYW). Eggs were stripped from multiple
spawning females and combined with milt from multiple males. Eggs
were dry fertilized for 5 min, then wet fertilized with lake water for 5
min, then transferred to 1.5-liter jars at a 50:50 ratio of embryos:lake
water. Ovadinet (Syndel Laboratories Ltd., Nanaimo, Canada) was
added to each jar for 30 min to disinfect embryos at a concentration of
5 ml Ovadine per 1 liter lake water. After 30 min, Ovadine was
removed, and embryos were washed twice with lake water and
transported to the laboratory on ice.

Embryo Rearing

Embryos were initially raised in upwelling hatching jars within a
custom-designed recirculating filtered water system (23). Individual
experiments were performed using petri dishes filled with dechlorinated
municipal water. Petri dishes were housed on the shelves of the
refrigeration units, above the upwelling hatching jars (23). Petri dish
water was changed twice per week for the first month of development
and then once per week after the majority of natural mortality had
occurred. Dishes were checked daily and dead or hatched embryos were
removed. Hatching jar and petri dish water temperature was continu-
ously monitored using data loggers (Onset HOBO, Bourne, MA).

Embryos in hatching jars were incubated at 5.2 6 0.18C (mean 6
SD), which was the lowest temperature that circulating water could
maintain (23). Acutely irradiated embryos were incubated in the same
refrigeration units as hatching jars, where static water temperature in

petri dishes was 2.8 6 0.38C. Chronically irradiated embryos were
incubated at approximately the same temperature as acutely irradiated
embryos (2.8 6 0.38C for irradiated embryos, 2.7 6 0.38C for
controls). Heat-shock experiments were performed in a separate
refrigeration unit at 2.1 6 0.38C. A colder incubation temperature was
used so that a 98C heat shock could be administered, while preventing
the absolute temperature from reaching lethal levels.

Acute Irradiation

Acutely irradiated embryos received a single 662 keV gamma-ray
dose, using a cesium-137 (137Cs) source. Irradiations were administered
on day 1, 7, 15, 30 or 60 after fertilization, corresponding to cleavage,
gastrulation, closure of the blastopore, organogenesis and fin flutter
stages, respectively (22). Development stages were confirmed by light
microscopy. Embryos were transferred from hatching jars to 12.5 cm2

vented cap cell culture flasks and irradiated on an ice slurry. Radiation
doses ranged from 0.008 6 0.001 Gy to 15.5 6 2.0 Gy, all at a dose rate
of 0.39 6 0.05 Gy/min. Doses were verified using thermoluminescent
dosimeters (Mirion Technologies, Irvine, CA). At each dose point, 50
embryos were irradiated per flask, in duplicate or triplicate flasks. After
irradiation, embryos were transferred to petri dishes until hatch.

Chronic Irradiation

Lake whitefish were chronically irradiated for the entirety of
embryogenesis using a custom-built 137Cs gamma irradiator designed
to fit within a reinforced two-door refrigerator (Fig. 1). The
containment unit was lined with 3 cm of lead to provide adequate
shielding. A 37-MBq 137Cs source (J. L. Shepherd & Associates, San
Fernando, CA) was housed in the bottom of the unit, directed upwards
towards a series of six shelves (Fig. 1A and B). The lowest shelf was
loaded with one 15-cm petri dish, containing 100 embryos, due to the
narrow beam window close to the source. The remaining five shelves
were loaded with five 10-cm petri dishes, each containing 50 embryos.
A 3-cm lead slide was used to block the beam window for when entry
into the unit was required (Fig. 1C). Dose rates were calculated using
thermoluminescent dosimeters (Table 1; Mirion Technologies, San
Ramon, CA). Four dosimeters were placed on each shelf to record
lateral spatial variation in dose rate. Five control dishes were placed
outside of the lead box but within the same refrigerator. Embryos were
loaded into the irradiator immediately upon their return to the
laboratory, approximately 7 h after fertilization.

Heat Shock and Radiation

Embryos were exposed to a thermal shock prior to high-dose acute
irradiation. On day 5 after fertilization (gastrulation), embryos were
transferred from hatching jars to petri dishes at 28C. After 48 h in
dishes, embryos were exposed to a transient heat shock of magnitude
3, 6 or 98C (absolute temperature of 5, 8 or 118C) for 2 h. Water was
removed from the dishes and fresh pre-heated water was added. After
2 h, dishes were transferred back to the 28C refrigerator and water was
allowed to gradually cool. At two different time points after heat
shock, embryos were exposed to 7.75 Gy as described for acute
irradiations. The dose of 7.75 Gy was selected based on the results
from acute exposures to produce approximately 50% mortality. One
set of embryos was irradiated 6 h after heat shock and a second set
irradiated 24 h after heat shock. After irradiation, embryos were
transferred back to petri dishes until hatch. All treatments (combined
heat and radiation, and single exposure controls) were run in duplicate
dishes with 50 embryos per dish.

Morphometric Measurements

All live hatches from chronic and acute exposures were fixed in
10% neutral buffered formalin for one week then transferred to 70%
ethanol for long-term storage. A subset of chronically irradiated
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embryos (25 per shelf) was fixed on day 76 and day 122 after

fertilization (approximately 50 and 75% development). Hatched fish

and dechorionated embryos were imaged and measured (Axio Zoom

V16; Carl Zeiss, Oberkochen, Germany). Total body length was

measured from a dorsal image. Yolk area was calculated based on two

perpendicular yolk diameters measured from a lateral image. Images

were also used to quantify morphological abnormalities (scoliosis,

lordosis, fin defects).

Body and yolk mass were measured on fixed chronically irradiated

embryos. After imaging, the embryo or hatched fish was dissected

FIG. 1. Design of chronic irradiator. Panel A: Containment unit with door open and six shelves to hold dishes
containing embryos. Number 1 indicates the cover plate over source compartment. Panel B: Bottom of unit with
source compartment cover plate removed. Number 2 indicates the lead pig containing 37 MBq 137Cs source
directed upwards. Panel C: Lead slide on right side of unit to block beam window during entry into unit. Slide is
shown in ‘‘open’’ position.

TABLE 1
Chronic Irradiator Dose Measurements

Distance from source (cm) Dose rate (mGy/day)

Cumulative exposure (mGy)

Day 76 Day 122 Hatch

81.4 0.06 6 0.01 4.7 6 1.0 7.6 6 1.7 9.5 6 2.2
67.2 0.11 6 0.02 8.2 6 1.3 13.2 6 2.1 16.6 6 2.8
52.9 0.19 6 0.03 14.5 6 2.6 23.3 6 4.2 29.4 6 5.8
38.6 0.39 6 0.04 29.4 6 3.1 47.1 6 5.0 59.7 6 7.5
24.3 1.05 6 0.09 79.7 6 7.1 128.0 6 11.4 160.5 6 17.3
10.0 4.40 6 0.78 334.5 6 59.4 537.0 6 95.3 664.7 6 117.9

Notes. Dose rates were measured on each shelf using thermoluminescent dosimeters. Cumulative exposure
was calculated to day 75 and day 122, when embryos were fixed. Cumulative exposure at hatch was calculated
using the median hatch date for embryos on each shelf. Error represents the range in dose rates based on
measured lateral spatial variation on each shelf. Control dishes were housed in the same refrigeration unit but
were not irradiated.
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from the yolk. Samples were dried overnight in a 708C oven and a
yolk-free body and yolk dry mass were measured (cat. no. XA105DU;
Mettler-Toledo, Columbus, OH). A set of 25 embryos was also fixed
and weighed on day 1 post fertilization (dpf), from which yolk
conversion efficiency (YCE) was calculated according to the equation:

YCE %ð Þ ¼ yolk free body dry mass

ð1dpf yolk dry mass � yolk dry massÞ 3 100:

Statistical Analysis

Statistical analysis was performed using JMPt software version
12.1 (Cary, NC). Cumulative percentage mortality at hatch and time-
to-hatch were compared between dishes using a one-way ANOVA.
When the ANOVA was significant, percentage mortality in treatment
dishes was compared to controls using Dunnett’s post hoc test, and
hatch timing was compared among all dishes using Tukey’s honest
significant difference (HSD) test. LD50 values were calculated based
on probit analysis. Due to the high rate of natural mortality at early
time points, a correction factor based on control mortality was applied
across all treatments, using the Schneider-Orelli method (24). Body
length and yolk area measurements were compared using a non-
parametric Kruskal-Wallis one-way ANOVA on ranks followed by
Dunn’s test, because data were not normally distributed. Dry mass and
YCE were compared using a one-way ANOVA followed by Tukey’s
HSD test. Mortality and hatch timing in combined heat shock and
radiation experiments were analyzed using a two-way ANOVA
followed by Tukey’s HSD test.

RESULTS

Acute Irradiation

Embryos irradiated on day 1 had a significant reduction in

survival-to-hatch with exposure to 3.88 Gy, and 100%

mortality with exposure to 7.75 and 15.51 Gy [Fig. 2A:

F(6,14) ¼ 40.81, P , 0.001]. Mortality was elevated after

irradiation on day 7, 15 and 30 with exposure to 7.75 Gy or
greater [day 7: F(6,7)¼ 91.00, P , 0.001; day 15: F(6,7)¼
10.47, P ¼ 0.0034; and day 30: F(6,7) ¼ 790.78, P ,

0.001]. However, on day 60 there was no significant
increase in mortality up to the highest tested dose [F(5,6)¼
0.91, P ¼ 0.5312]*. LD50/hatch values increased from 5.0 6

0.8 Gy on day 1 up to 14.2 6 0.1 Gy on day 30 (Fig. 2B).
Increasing LD50/hatch values followed a logarithmic relation-
ship up to 30 days after fertilization. Extrapolation to day 60
predicted an LD50/hatch of approximately 16 Gy; however, no
increase in mortality occurred at that time point up to the
highest tested dose of 15.51 Gy.

There was a dose-dependent latency period between
irradiation and the timing of induced mortality. Soon after
7.75 and 15.51 Gy irradiation on day 1, mortality occurred,
with a median time of 21 days. Mortality from 3.88 Gy,
however, did not occur until day 129. On day 7, 15 and 30,
the time to 50% mortality after 15.51 Gy irradiation was
similar at all three time points (median of 87 days
postirradiation) and occurred earlier than at 7.75 Gy
(median of 114 days postirradiation).

Sublethal acute radiation exposure did not affect the
timing or duration of hatching. Regardless of whether
radiation exposure induced mortality, hatching among the
surviving embryos began at the same time as controls and
followed at a similar rate. However, at doses where there
was a significant increase in mortality, the hatching window
was shortened because there were fewer embryos surviving
to hatch. A small, nonsignificant increase in developmental
abnormalities was observed after 7.75 Gy on day 7, 15 and
30. The largest occurred after irradiation on day 30, but was
still less than 10%. At all doses below 7.75 Gy, the rate of
developmental abnormalities was less than 5%.

FIG. 2. Embryonic mortality after acute radiation exposure. Panel A: Cumulative percentage mortality was
calculated at hatch after irradiation on day 1, 7, 15, 30 or 60 after fertilization. To eliminate differences in natural
mortality rates, a correction factor based on control mortality was applied across all treatments. Percentage
mortality was compared using one-way ANOVA. *Significant difference from same day controls based on
Dunnett’s post hoc test. Data points represent means 6 SE. Panel B: The LD50 at hatch increased logarithmically
with embryo age at irradiation. Data points represent the mean of replicate dishes. Error represents the SE in
LD50 probit analysis.
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A reduction in size-at-hatch occurred, but only at doses
where radiation-induced mortality was observed (Fig. 3).
Body length at hatch was significantly smaller after 3.88 Gy
on day 1 (H¼ 17.71, df¼ 4, P¼ 0.0014), 7.75 Gy on day 7
(H¼ 34.17, df¼ 5, P , 0.001) and 15.51 Gy on day 30 (H¼
39.69, df¼6, P , 0.001). Interestingly, a significant increase
in body length occurred after a dose of 3.88 Gy radiation on
day 15 (H¼ 22.33, df¼ 5, P , 0.001) and day 30 (Fig. 3).
No change in body length was observed when embryos were
irradiated on day 60 (H¼ 7.72, df¼ 5, P¼ 0.173). The yolk
area did not differ significantly from controls at any of the
doses or time points tested (data not shown).

Chronic Irradiation

An unplanned transient temperature increase affected all
chronically irradiated and control dishes on day 161 after
fertilization, which was caused by a failure in the
temperature sensor due to ice buildup on the compressor
of the refrigeration unit. Temperature within the unit rose to
148C which triggered hatch in all embryos that had not
already hatched naturally. The temperature rise did not
induce mortality.

No significant change in embryonic survival-to-hatch
occurred at any of the six dose rates [Table 2; F(6,23) ¼
0.97, P¼ 0.466]. Chronic irradiation did result in a change
in hatch dynamics. At the time of the compressor failure,
more than 50% of the embryos in the irradiated dishes had

already hatched and therefore, an accurate time to median
hatch could still be calculated. At the same time, only a
small percentage of embryos had hatched in the control
dishes. A conservative comparison was made by using day
161 as the date of initial hatch or median hatch in dishes that
had not reached that stage. Chronic irradiation resulted in an
earlier first hatch [Table 2; F(5,23)¼ 6.53, P¼ 0.0005] and

FIG. 3. Body length measurements at hatch after acute radiation exposure on day 1 (panel A), day 7 (panel
B), day 15 (panel C) and day 30 (panel D) after fertilization. No embryos survived to hatch after 7.75 Gy on day
1 and 15.51 Gy on day 1, 7 and 15. Measurements were compared using a Kruskal-Wallis one-way ANOVA on
ranks with Dunn’s test. Letters indicate statistical differences. Bars represent means 6 SE.

TABLE 2
Percentage Mortality and Hatch Timing in

Chronically Irradiated Embryos

Dose rate
(mGy/day)

Percentage
mortality

First hatch
(dpf)

Median hatch
(dpf)

0 14.3 6 2.7 156 6 3a 161a

0.06 11.2 6 2.4 134 6 3b 153 6 1b

0.11 16.7 6 1.5 137 6 3b 153 6 1b

0.19 16.2 6 3.0 141 6 3b 156 6 1b

0.39 11.7 6 1.4 141 6 2b 155 6 1b

1.05 15.4 6 1.6 140 6 1b 153 6 1b

4.40 18.07 132b 151b

Notes. Cumulative percentage mortality was recorded at hatch. First
hatch and median hatch were measured in days post fertilization (dpf).
The first hatch and median hatch were advanced in control dishes due
to refrigerator compressor failure. At the time of compressor failure,
irradiated dishes had already reached the median hatch. Percentage
mortality and hatch timing within each dish were compared using a
one-way ANOVA with Tukey’s HSD test.

a,b Letters indicate statistical differences. Values represent the
means of individual replicate dishes 6 SE.
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a shorter time to median hatch [F(6,23)¼ 7.38, P¼ 0.0002].

If the equipment failure had not occurred, then this

difference would have been more pronounced.

The number of developmental abnormalities in embryos

was low (less than 3%), and was consistent across all

control and irradiated dishes. On day 76 and day 122,

chronically irradiated embryos had a significantly greater

body length (Fig. 4A and C. Day 76: H¼65.93, df¼6, P ,

0.001; day 122: H¼46.91, df¼6, P , 0.001) and yolk-free

body mass [Fig. 5A and C. Day 76: F(6,140)¼ 18.39, P ,

0.001; day 122: F(6,147) ¼ 3.88, P ¼ 0.0013]. Yolk dry
mass was correspondingly smaller in irradiated embryos

[Fig. 5A and C. Day 76: F(6,147) ¼ 7.95, P , 0.001; day

122: F(6,146) ¼ 4.90, P , 0.001], although this was not

reflected in yolk area measurements (Fig. 4B and D. Day

76: H¼ 17.80, df¼ 6, P¼ 0.007; day 122: H¼ 15.13, df¼
6, P ¼ 0.019). The increase in body mass was more

pronounced on day 76, where mass was up to 60% greater

relative to controls (Fig. 5A), compared to only 13% greater

on day 122 (Fig. 5C). Similarly, embryo body length was up

to 15% longer on day 76 compared to 10% longer on day

122 (Fig. 4A and C). Interestingly, the percentage increase

in body mass (60%) was much greater than the increase in

body length (15%). A significant increase in YCE was seen

on day 76 [Fig. 5B: F(6,135)¼ 7.85, P , 0.001], but not on

day 122 [Fig. 5D: F(6,145) ¼ 1.58, P ¼ 0.157]. No dose-

response relationship was observed in embryo morphomet-
ric or dry mass measurements, although the highest dose

rate of 4.40 mGy/day did have the most pronounced effect

on several of the measurements (Figs. 4 and 5).

A different trend was observed at hatch. Irradiated embryos

had a significantly smaller yolk-free body mass [Fig. 5E:

F(6,1074) ¼ 21.71, P , 0.001]. Embryo body length,

however, was larger compared to unirradiated controls [Fig.

FIG. 4. Morphometric measurements after chronic radiation exposure. Body length and yolk area were
measured on preserved embryos on day 76 (panels A and B), day 122 (panels C and D) and at hatch (panels E
and F). Measurements were compared using a Kruskal-Wallis one-way ANOVA on ranks with Dunn’s test.
Letters indicate statistical differences. Bars represent means 6 SE.
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4E: H¼ 54.45, df¼ 6, P , 0.001]. Both yolk area and yolk

mass were significantly greater after irradiation [Fig. 4F: H¼
194.47, df¼ 6, P , 0.001; Fig. 5E: F(6,1074)¼ 27.99, P ,

0.001]. No significant trend was observed in YCE at hatch

[Fig. 5F: F(6,1038)¼ 6.45, P , 0.001].

Heat Shock and Radiation

Exposure to 7.75 Gy resulted in a significant increase in

mortality compared to unirradiated embryos, regardless of

heat-shock treatment [Fig. 6A and B. 6 h: F(1,8)¼ 148.10,

P , 0.001; 24 h: F(1,8)¼ 201.25, P , 0.001]. Heat-shock

treatment alone did not affect survival (6 h: F(3,8)¼ 1.85, P
¼ 0.22; 24 h: F(3,8) ¼ 0.26, P ¼ 0.85). However, when

combined with 7.75 Gy, 3 and 98C heat shocks caused

significant reductions in radiation-induced mortality when
embryos were irradiated 6 h after heat shock [Fig. 6A:
F(3,8)¼ 4.45, P¼ 0.041]. The largest reduction in mortality
of approximately 25% occurred after a 38C heat shock.
However, a prior 68C heat shock did not significantly
reduce mortality. When irradiated 24 h after heat shock,
none of the treatments significantly altered radiation-
induced mortality [Fig. 6B: F(3,8) ¼ 0.50, P ¼ 0.69]. Heat
shock did not affect the duration of development or the
hatching dynamics (data not shown).

DISCUSSION

The effects of acute and chronic irradiation were
examined during embryonic development in lake whitefish.

FIG. 5. Dry mass measurements after chronic radiation exposure. Yolk-free body mass, yolk mass and yolk
conversion efficiency (YCE) were measured on preserved embryos on day 76 (panels A and B), day 122 (panels
C and D) and at hatch (panels E and F). Dry mass and YCE were compared using a one-way ANOVA with
Tukey’s HSD test. Capital and lowercase letters indicate statistical differences from separately run tests. Bars
represent means 6 SE.
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Growth stimulation was observed after low-dose chronic
exposure. A slight growth enhancement also occurred after
an acute sublethal dose of 3.88 Gy radiation delivered on
day 15 or 30 post fertilization. Growth stimulation after
low-dose exposure has not been previously observed in
developing embryos, but has been shown in juvenile fish.
Mothersill et al. (25) found increased growth performance
in fathead minnows (Pimephales promelas) fed a radium
diet of 10 and 100 mBq/g. Radiation-induced growth
stimulation has also been demonstrated in other cell culture
and whole organism models (26–29). Additional hormetic
effects, apart from growth, have been observed in
developing fish embryos. Zebrafish (Danio rerio) were
reported to be more resistant to starvation post hatch when
embryos were exposed throughout development to external
gamma rays between 1 and 1,000 mGy/day (30). Chronic
exposures of 4 mGy/day during embryogenesis in chinook
salmon (Oncorhynchus tshawytscha) resulted in mature
females producing more viable eggs (31). Multigenerational
hormetic effects have been shown in mosquitofish (Gam-
busia affinis) where brood size was enhanced after exposure
to radioisotope-contaminated water at a dose rate of 109
mGy/day (32).

Chronic Irradiation

The growth stimulation in chronically irradiated embryos
was more pronounced earlier in development. On day 76,
embryos were up to 60% larger in mass compared to only
13% on day 122. This suggests that radiation exposure has a
greater effect earlier in development and diminishes near
hatch. A similar effect was observed on hatch timing in
zebrafish after low-dose X-ray irradiation. An acute dose
given during the blastula period advanced hatch, however,
radiation had no effect when delivered later in development
during gastrulation or segmentation (33). The percentage
change in body mass in lake whitefish was much greater

than the percentage change in body length, suggesting that
growth stimulation may be manifested more through an
increase in lateral size compared to embryo length. The
increase in body size coincided with a decrease in yolk
mass, however, no change in yolk area was observed. This
could be the result of differential consumption of yolk
components between control and chronically irradiated
embryos, leading to an altered ratio of lipids:protein:carbo-
hydrates. Density differences between these energy sources
could then result in a reduction in mass but no significant
change in area. Mass and weight differences may also be the
result of changes in water content. A full analysis of yolk
constituents throughout development would be required to
determine the cause of this discrepancy.

Multiple cellular and molecular events have been
implicated in the hormetic response, including the upreg-
ulation of stress response proteins, DNA repair mechanisms,
bystander effects and free radical scavenging (34). Specif-
ically, growth stimulation after irradiation has been
correlated with an activation of cell proliferation signaling
pathways (28, 35, 36). Initiation of these mechanisms above
constitutive baseline levels could be metabolically costly,
and it has therefore been suggested that the hormetic
response could come at a sacrifice to other physiological
processes (2–5). Lake whitefish embryos represent a good
model species for measuring both absolute growth and
metabolic efficiency throughout development. In chronical-
ly irradiated embryos, the conversion efficiency of yolk
potential energy into body mass was equal to or greater than
unirradiated controls, indicating that the hormetic effects
seen in lake whitefish may not come at a cost to metabolic
efficiency.

Low-dose chronic-radiation exposure resulted in a shorter
time-to-hatch. Unlike acute high doses, chronic irradiation
did not affect survival, so changes in hatch timing are not an
indirect effect of embryo mortality. The incubation

FIG. 6. Percentage mortality after combined heat shock and radiation exposure. Embryos were given a 2 h
heat shock of 3, 6 or 98C, then irradiated (panel A) 6 or (panel B) 24 h after heat shock. Percentage mortality in
replicate dishes was compared using a two-way ANOVA with Tukey’s HSD test. Letters indicate statistical
differences. Bars represent means 6 SE.
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temperature between control and chronically irradiated
embryos was almost identical (difference of 0.18C);
therefore, differences in hatch are not the result of
temperature differences. An advanced hatch after irradiation
has previously been observed in developing fish embryos of
other species. Zebrafish embryos hatched earlier after both a
single acute X-ray dose of 0.025 Gy delivered early in
development (33) and after chronic exposure to gamma rays
between 1 and 1,000 mGy/day throughout development
(30). No dose response was observed after chronic
irradiation in zebrafish, consistent with our findings for
lake whitefish. Mammalian cell culture studies have also
shown that the adaptive response in the low-dose region is
not dose dependent (37, 38).

The advanced hatching is the likely reason that
chronically irradiated embryos had a smaller body mass at
hatch, despite demonstrating stimulated growth earlier in
development. Earlier hatching embryos are generally
smaller compared to those hatching later (21, 39). Although
body mass was smaller at hatch compared to controls,
irradiated embryos were slightly longer. Differences in
hatch timing have a greater effect on body mass compared
to length. Embryos grown at warmer temperatures will
hatch earlier, and a rearing temperature of 88C compared to
28C results in lake whitefish embryos that are almost 50%
smaller in body mass at hatch (21), but are less than 10%
smaller in body length (39). The effect of early hatching
after chronic irradiation was large enough to offset the
growth stimulation in body mass seen earlier in develop-
ment, but was not large enough to offset the trend in body
length. Body length at hatch in irradiated embryos may have
been smaller compared to controls if the compressor failure
and premature hatch triggering had not occurred. At the
time of the equipment failure most of the irradiated embryos
had already hatched naturally, whereas the control embryos
had not and were prematurely triggered to hatch. Had this
temperature spike not occurred, the control embryos would
have hatched later and would therefore have been larger in
size. With respect to both the size at hatch and the timing of
median hatch, the equipment failure likely only had an
impact on the magnitude of the differences that were
observed between control and irradiated embryos and did
not impact the overall trend in the data.

Acute Irradiation

The mortality rate in control dishes was similar to what
has previously been reported by others after laboratory
rearing (19, 39, 40). An increase in mortality was observed
after acute radiation exposure. Embryos were most sensitive
immediately after fertilization and then became more
resistant later in development. The specific time points for
acute irradiation were chosen because they pertain to major
developmental landmarks: newly fertilized/cleavage (day
1), gastrulation (day 7), closure of the blastopore (day 15),
organogenesis (day 30) and post-organogenesis/fin flutter,

where the majority of development had been completed and
embryos were only undergoing growth [day 60 (22)]. Lake
whitefish were more resistant compared to other related
species. On day 1, lake whitefish had an LD50/hatch of
approximately 5 Gy. Welander (41) found an LD50 for X
rays in rainbow trout (Oncorhynchus mykiss) of 0.7 Gy
when irradiated immediately after fertilization, increasing to
6 Gy at the germ ring stage (roughly equivalent to day 7 in
lake whitefish). Additional LD50 values after irradiation at
fertilization have been reported as 3 Gy in chinook salmon
[Oncorhynchus tshawytscha (42)] and 0.9 Gy in plaice
[Pleuronectes platessa (43)]. The increased radioresistance
in lake whitefish might be attributable to their slow
development rate. When incubated at cold temperature,
the time from fertilization to hatch can be up to 200 days
(19). This slower development would allow more time for
repair of potentially lethal damage.

Mortality from acute irradiation was modified by a
priming thermal stress. A 2 h heat shock reduced mortality
when delivered 6 h prior to irradiation, but had no effect
when delivered 24 h prior. A heat-induced adaptive
response has previously been shown to protect against
radiation-induced mortality in both cell culture and whole
organism models (9–11, 44, 45). Heat-shock proteins (Hsp)
are known to be involved in the response, in particular
Hsp70 (46, 47). The increase in Hsp expression is transient
and a return to baseline levels could explain why no change
in survival was observed at 24 h. In lake whitefish, a similar
2 h heat shock of 3, 6 or 98C has been shown to increase
expression of hsp70 mRNA as early as 2 h post heat shock
(48). However, hsp70 mRNA levels were elevated up to 48
h after heat shock, whereas the adaptive response in lake
whitefish was absent by 24 h after heat shock. However,
Stefanovic et al. (48) measured hsp70 expression in lake
whitefish on day 102 after fertilization, whereas embryos in
this study were irradiated on day 7 after fertilization. The
magnitude and timing of the stress response in fish is known
to change throughout development (49), and the induction
of hsp70 may be shorter lived earlier in development. The
differential response between the 6- and 24-h time points
may also be due to other factors involved in the adaptive
response, such as DNA repair pathways, reactive oxygen
scavengers or immune modulation.

Acute exposure only affected hatch dynamics at doses
where radiation increased mortality. After 7.75 and 15.51
Gy, the hatching rate was the same as controls but all
surviving embryos were in the early portion of the natural
hatching window. This early and shorter hatch window is
partly the reason for body length differences. On average,
surviving irradiated embryos hatched earlier and were
therefore smaller at the point of hatching compared to the
controls. Size differences are also likely due to the direct
effects of high-dose radiation inducing cell death. A small
increase in developmental abnormalities was observed in
hatches after acute exposure, the highest percentage of
which occurred in day 30-irradiated embryos. On day 30,
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embryos are in organogenesis (22), which is known to be
the most sensitive development stage for abnormalities (16).
In aquatic species, developmental abnormalities have been
observed after both acute and chronic irradiation (32, 50).

CONCLUSION

Overall, both chronic and acute ionizing radiation
exposure produced measurable effects on lake whitefish
embryo development rate, size and hatch dynamics. To our
knowledge, this is the first published study to demonstrate,
using a custom-designed irradiator, that chronic exposure
can stimulate growth during embryogenesis in fish and that
this hormetic response does not come at a measurable cost
in metabolic efficiency. Chronic exposure also resulted in
earlier hatching embryos compared to unirradiated controls.
Embryos showed a high resistance to acute radiation
exposure, particularly in the later stages of development.
Mortality from acute exposures was modified by a priming
thermal stress, which produced an adaptive response.
However, this response was transient and was only
observed shortly after heat shock.
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Beneficial protective effects may result from an adaptive
respose to low dose radiation exposure. However, such benefits
must be accompanied by some form of cost because the
responsible biological mechanisms are not normally main-
tained in an upregulated state. It has been suggested that
stimulation of adaptive response mechanisms could be
metabolically costly, or that the adaptive response could come
at a sacrifice to other physiological processes. We exposed
developing lake whitefish embryos to a fractionated regime of
gamma radiation (662 keV; 0.3 Gy min–1) to determine
whether radiation-stimulated growth was accompanied by a
trade-off in metabolic efficiency. Developing embryos were
exposed at the eyed stage to different radiation doses delivered
in four fractions, ranging from 15 mGy to 8 Gy per fraction,
with a 14 day separation between dose fractions. Dry weight
and standard length measurements were taken 2–5 weeks after
delivery of the final radiation exposure and yolk conversion
efficiency was estimated by comparing the unpreserved dry
weight of the yolk to the unpreserved yolk-free dry weight of
the embryos and normalizing for size-related differences in
somatic maintenance. Our results show that the irradiated
embryos were 8–10% heavier than the controls but yolk
conversion efficiency was slightly improved. This finding
demonstrates that stimulated growth in developing lake
whitefish embryos is not ‘‘paid for’’ by a trade-off in the
efficiency of yolk conversion. � 2017 by Radiation Research Society

INTRODUCTION

Exposure to low levels of ionizing radiation is known to
trigger an adaptive response that includes immune stimu-

lation and the up-regulation of long-lasting protective
effects that limit damage to DNA and stimulate its repair
(1, 2), or confer protection against subsequent high-dose
exposures (3–5). The response may also include stimulated
growth (6), which has been widely reported in plants (7) and
was first recognized more than a century ago (8). Radiation-
enhanced growth has been less widely reported in animals
although Mothersill et al. (9) reported a higher condition
factor in fathead minnows (Pimephales promelas) fed a diet
containing 100 mBq g–1 of 226Ra. An enhanced condition
factor has been reported following chronic external
exposures to gamma radiation in juvenile clams (Merce-
naria mercenaria) and scallops (Argopecten irradians)
exposed to 0.007 to 0.008 mGy h–1 (10), and in juvenile
blue crabs (Callinectes sapidus) exposed to 32 mGy h–1

(11). Enhanced growth has also been reported in Southern
toad (Anaxyrus terrestris) larvae after exposure to low
(0.13, 2.4, 21 and 222 mGy d–1) doses of gamma radiation
(12).

The mechanisms underlying radiation-induced growth
stimulation remain poorly understood. Calabrese (13) has
speculated that radiation may induce an overcompensation
effect which may be analogous to compensatory growth
observed after fasting-refeeding experiments (14). Alternate
mechanisms include inactivation of inhibitory pathways
(15) or even radiation as a direct input of energy (16).
Calabrese and Baldwin (17) argue that hormetic effects,
such as growth stimulation, may represent the rule rather
than the exception in nature as they have been observed in
plants, bacteria and vertebrates in response to more than
1,000 different chemical or environmental stressors (18).

The adaptive response poses an interesting problem from
an evolutionary perspective. It is clear that the biological
response to a mild stress increases fitness in the presence of
an increased, repeated or sustained stress of similar
character (3–5). An ecologically relevant example is the
radiation-induced adaptive response, which is protective
against other forms of stress such as heat shock and vice
versa (19, 20). While near-lethal radiation levels would
rarely be encountered in nature, the potential for heat stress
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is ubiquitous and prior protection would be beneficial in
most environments. The fact that the responsible mecha-
nisms are not maintained in an upregulated state but rather
require some form of sensitizing or priming exposure
indicates that they cannot be free of cost. It has been
suggested that stimulation of the adaptive response
mechanisms could be metabolically costly (21, 22), or that
the response could come at a sacrifice to other physiological
processes (23, 24). Little work has been done to identify and
quantify such costs and no direct measurement of the effects
of the adaptive response on metabolic efficiency has
previously been attempted.

This article presents a measurement of the metabolic
efficiency of radiation-stimulated growth using normalized
dry weight yolk conversion efficiency (YCE) measurements
on developing lake whitefish (Coregonus clupeaformis)
embryos irradiated with high-dose-rate gamma radiation.
Radiation is a useful experimental stressor for such
measurements because it avoids potential confounding
effects found in certain chemical stressors that are
simultaneously toxic (at high concentrations) and micro-
nutrients. Embryonic development in fish also offers a
suitable life-stage for examining metabolic effects of
ionizing radiation because growth takes place under
comparatively simple bioenergetic conditions where nutri-
tion is supplied endogenously, active metabolism is
minimal, and factors such as water quality, and oxygen
availability may be controlled with reasonable accuracy in a
laboratory setting. The lake whitefish offers further
advantages as a test organism due to its low intraclutch
variability in egg size (25), and lengthy development (26–
29), which allows for the accurate targeting of specific
developmental stages as well as enabling manual dechor-
ionation and measurements to be completed at a consistent
point in development.

METHODS

We exposed developing lake whitefish embryos to a fractionated
regime of gamma radiation to determine whether radiation-stimulated
growth in developing lake whitefish embryos was accompanied by a
trade-off in metabolic efficiency. Because the differences in metabolic
cost were expected to be small, we designed our experiment to
maximize sensitivity to small changes in dry weight. Specific
measures included the use of highly uniform eggs from a single
female, and the timing of the irradiations during the eyed stage when
natural mortality is particularly low. Dechorionated embryos were
imaged live, and unpreserved dry weights were used exclusively to
avoid confounding effects resulting from chemical preservation.

Egg Collection and Incubation

On November 26, 2014, Ontario Ministry of Natural Resources and
Forestry (MNRF) provided us with whitefish eggs (mean dry weight
2.735 6 0.081 mg) from a single female from Lake Simcoe fertilized
earlier that day by pooled milt from different males. The fertilized
embryos were transported in an ice bath to McMaster University
where they were reared in refrigerated coolers using apparatus and
methods described by Mitz et al. (30). Following initial development
for 40 days in McDonald Bell hatching jars at 58C, the embryos were

transferred to petri dishes and held at a nominal 28C (2.07 6 0.004)
for the experiments. Data loggers (Schlumberger Mini-Diver and
Onset Hobo) were placed within the cooler units and set to record
water temperature every 5 min. Photoperiod was ambient with natural
lighting through the laboratory windows and was consistent across
exposure groups.

The embryos were reared in 150-mm diameter petri dishes loaded
with approximately 100 embryos per dish. Two duplicates were used
for each of the treatment groups while three duplicates were used for
the control. Additional control samples were used to determine the rate
of yolk conversion to somatic tissue throughout development. The
dishes were filled with dechlorinated municipal tap water, which was
changed twice weekly. The position of the petri dishes was shuffled
regularly throughout incubation to minimize any effect on growth
from slight variations in temperature in different areas of the cooler
shelves. Viable hatches were recorded and dead embryos removed
daily. Embryo mortalities were recognized by the development of
opacity on a significant portion of the egg or by the disintegration of
the chorion and embryo.

Irradiations

Developing lake whitefish embryos were exposed to fractionated
doses of 662 keV 137Cs gamma radiation (0.3 Gy min–1) ranging from
15 mGy to 8 Gy nominal dose per fraction. A total of four fractions
were delivered per treatment beginning 41-days post-fertilization (dpf)
in Development Stage 10 (31), at which time the eyes of embryos
were fully pigmented and the major organs formed. For each
exposure, the embryos (control and exposure groups) were transported
to and from the irradiation facility in petri dishes placed on a bed of
crushed ice in insulated coolers. Irradiations were carried out in petri
dishes placed on an ice slurry. No absolute controls were possible as
transportation of embryos on an ice slurry was part of the rearing
protocol (30) and was used for all the embryos. Dose fractions were
delivered at 14 day intervals followed by constant temperature
incubation at 28C for a further 14 days (97 dfp) before measuring and
weighing a small subsample of embryos. A larger subsample was
measured (dry weight and embryo dimensions) at 128 dpf at which
time the embryos had reached hatching competence but before
hatching had begun. Nominal doses were calculated based on
previously generated calibration curves and verified using thermolu-
minescent dosimeters (Mirion Technologies, Irvine, CA). The
dosimetry results showed a mean value (n ¼ 9) of 0.944 6 0.036 of
the expected nominal dose.

Measurements

Small subsamples of 10 (treatment groups) and 20 embryos
(control) were dechorionated and weighed individually at 97 dpf to
determine the rate at which the embryos were growing and to
determine the time required to complete the measurements on the
unpreserved embryos. Larger (25–30 embryos per treatment group)
samples were taken at 128 dpf and these provide most of the data
presented in this article.

Dechorionated embryos were anesthetized using an approximately
0.5% solution of MS-222 (ethyl 3-aminobenzoate methanesulfonate,
Sigma Aldrich) prior to being imaged live using an Axio Zoom V16
microscope (Carl Zeiss) equipped with a Canon EOS Rebel T1i
camera. Measurements of standard length (SL) were made to the
nearest 1 lm using Zeiss AxioVison digital image processing
software.

Half the embryos from each treatment group were deyolked by
tearing the yolk sac and manually removing the yolk contents using a
fine needle followed by rinsing in fresh water to remove any yolk
residue. The embryos were placed intact or deyolked on aluminum foil
tares and dried to a constant weight overnight at a temperature of
70z8C in a VWR Brand Model 1500EM drying oven. Anhydrous
silica gel was placed in the drying oven along with the embryos and
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placed beside the aluminum tares during weighing (Mettler-Toledo
XA105DU, 60.01 mg) to maintain low humidity. The order of
weighing was random to reduce the potential for confounding effects
resulting from humidity fluctuations during the weighing process. All
measurements were taken using unpreserved embryos to avoid
possible confounding effects resulting from chemical preservation
(32, 33).

The relationship between embryo dry weight and somatic (i.e.,
yolk-free) dry weight was calculated using individual and pooled
embryo weights. Individual measurements were taken for 25 yolked
and 25 deyolked embryos per treatment group except for the 8 Gy
dose fractions for which high mortality limited the number of embryos
to 8 yolked and 10 deyolked. The dry weight of the yolk was
estimated by subtracting the pooled yolk-free dry weight from the
pooled total embryo weight. The initial dry weight was determined by
subtracting the mean chorion dry weight (0.316 6 0.00424 mg, n ¼
40) from the total egg dry weight (2.735 6 0.081 mg, n ¼ 90). The
relationship between somatic dry weight, SL and yolk consumption
was developed using a time series of pooled yolked and deyolked dry
weights to establish the rate of change in dry weight and SL
experienced in the absence of irradiation.

Normalized YCE

The efficiency of yolk conversion3 was calculated by determining a
nominal value defined by the yolk-free dry weight of the embryos
divided by the amount of yolk consumed. This value was then
normalized to correct for size differences between exposure groups vs.
the control. Normalization was necessary to account for maintenance

metabolism which scales with body weight, WS, according to Wb
S

where b is generally taken to be in the range of 0.75 (34, 35). The
fraction of yolk energy allocated to maintenance per unit time
therefore increases with increasing values of WS but at progressively
decreasing rate for all values of b less than unity. In addition to
normalizing YCE to take into account the greater somatic maintenance
requirements associated with a larger body size, it is necessary to
account for the fact that larger embryos have spent less time at each
weight than the control.

From the time series of embryo and yolk weights, we determined
that the relationship between WS somatic (yolk-free) dry weight and Wy

(total yolk consumed) at time t, can be approximated using an
empirically-derived hyperbolic relationship in the form Ws¼ eWy ((1 þ
aWy)

–1) (Fig. 1) where a is experimentally determined and e represents
the limiting efficiency of yolk conversion as the maintenance
allocation approaches zero. Size-related differences in metabolic
maintenance allocation may be addressed by determining the
difference in somatic dry weight (DWS) between a given experimental
group and the control, and calculating the additional yolk mass DWy

required to produce DWS in the absence of any maintenance allocation
(since all measurements were made at the same point in time):

DWy ¼
DWy

e
ð1Þ

Now we can normalize for each treatment group by transforming the
control YCE according to:

n
YCE

¼ WS þ DWS

Wy þ DWS

e

� � ð2Þ

This transformation corrects for differences in somatic maintenance
between groups and reduces the apparent differences obtained using
nominal YCE.

FIG. 1. Conversion of yolk dry weight to somatic dry weight for embryos reared at a constant 58C. The
dashed line represents 100% conversion efficiency. The solid line is fitted to measured data and deviates from
100% efficiency according to actual yolk conversion efficiency and the progressively greater proportion of
energy devoted to somatic maintenance during later stages of embryonic development. The solid line represents
a hyperbolic regression for the relationship Ws¼ eWy((1 þ aWy)

–1). The first derivative of this function provides
an estimate of instantaneous yolk conversion efficiency. Data points (þ) represent pooled data for yolked and
deyolked embryos at different points in development.

3 We have ignored any differences in the specific energy content of
the yolk and somatic tissue so ‘‘efficiency’’ is simply a dry weight
approximation.
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Statistical Analysis

Statistical analysis was conducted using Sigmaplot V11.0. Mor-
phometric measurements and dry weights were compared using a one-
way ANOVA followed by Tukey’s HSD test. Differences in condition
factor (dry weight normalized to SL) were compared to the control
using separate ANOVAs on SL and on condition factor. Differences
were considered statistically significant at P � 0.05.

RESULTS

The 4 3 4 Gy and 4 3 8 Gy embryos experienced high

(.50%) mortality during the experiment. Mortality was

uniformly low (,5%) for the control and all other dose

fractions. Embryos were not reared to the normal hatching

stage but a number of the 4 3 4 and 4 3 8 Gy embryos

spontaneously hatched prior to the termination of the

experiment.

There was a significant effect of radiation dose on the dry

weight of the embryos (F9,300¼ 43.1, P , 0.001). Embryos

receiving less than 2 Gy per dose fraction (i.e., less than 8

Gy total dose) were heavier than the control by an average

of 10.3 6 2.7% (Fig. 2A). The difference in dry weight was

significant for all trials except the 4 3 500 mGy group (P¼

0.093). Between 4 3 15 mGy and 4 3 1 Gy there was no
significant difference in size, but a nonsignificant peak in
the 4 3 250 mGy fractions was noted in both the early (97
dpf) and late (128 dpf) measurements (Fig. 2A and B). From
4 3 2 Gy to 4 3 8 Gy the embryos became lighter with
increasing dose and both groups were significantly different
from the control. Growth stimulation was similar for both
the 97 and 128 dpf measurements (8.5 6 4.0% and 10.3 6

2.7%).
Standard length varied significantly with radiation

exposure (F9,191¼ 11.1, P , 0.001) although the differences
between treatment groups were small and fewer trials were
statistically different from the control (Fig. 2C). The
relationship between radiation dose and total embryo weight
(Fig. 2D) showed only subtle and nonsignificant differences
except for the 4 3 8 Gy group.

Differences in condition factor (dry weight normalized to
SL) were observed between the different exposure groups
(Fig. 3). The 4 3 15 mGy group was significantly heavier
for a given length than the control while the difference for
the 4 3 50 mGy group was near-significant. The
relationship between dry weight and SL was not signifi-
cantly different from the control for the intermediate

FIG. 2. Panels A and B: Relationship between somatic dry weight and radiation dose for whitefish embryos sampled at 128 dpf (panel A) and at
97 dpf (panel B) The absence of statistical significance at 97 dpf reflects the smaller number of embryos (n¼ 9–20 per dose fraction compared to
25–36 for 128 dpf, except for the 8 Gy dose fractions where high mortality resulted in only 8 embryos). Panels C and D: Relationship between
embryo standard length (SL) and total embryo dry weight (i.e., including yolk) and radiation dose for whitefish embryos. Panel C: SL vs. radiation
dose for whitefish embryos sampled at 128 dpf. Panel D: Total embryo weight and radiation dose for embryos sampled at 128 dpf. *Statistically
significant relative to the control.
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exposures (120, 250 and 500 mGy) but the 4 3 1 to 4 3 8
Gy groups were significantly lighter for a given SL. In the
intermediate dose range (120 mGy to 1 Gy) the greater
somatic weight appears to result solely from increased
length. Thus, the results show two aspects of stimulation
where the greater length occurs even at dose ranges where
the condition factor is negatively affected. This association
is particularly strong for the highest dose (4 3 4 Gy) for
which we have reliable morphological measurements (the 4
3 8 Gy group suffered high mortality and contained a high

proportion of deformed embryos). For this group, SL was
statistically indistinguishable from the control but the
condition factor was significantly and substantially lower.

The nominal yolk conversion efficiency for the control
was calculated to be 62.3 6 0.52% compared to values
ranging between 62.5 and 65.7% for dose fractions between
15 mGy and 1 Gy. With higher (i.e., .1 Gy) dose fractions,
nominal YCE declined to a low of approximately 55% for
the 4 3 8 Gy trial. Normalized YCE was more tightly
constrained (Fig. 4) with all values for dose fractions less

FIG. 3. Relationship between somatic dry weight and SL for different irradiation groups (�) vs the control group (*). The solid line is a
regression relationship relating standard length (SL) to somatic dry weight (DW¼0.047exp0.245SL) for 28C incubation (i.e., this curve represents
the DW-SL trajectory that the control is expected to follow over time). The first P value refers to difference in SL, relative to the control, the
second to difference in condition factor (i.e., the relationship between SL and DW) relative to the control.
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than 2 Gy being higher than the control. For the 15 mGy to
1 Gy dose fractions, the cost in metabolic efficiency

(relative to the control) ranged from –0.13% for the 4 3 1
Gy group to –0.90% for the 4 3 250 mGy group.

We found a relationship between the calculated metabolic
cost and degree of growth stimulation (Fig. 5). When the 4

3 8 Gy group is excluded (this dose group is clearly in the
lethal range and contained numerous deformed embryos)

the relationship between growth stimulation and metabolic

cost appears linear although the 4 3 1 Gy point is an outlier
combining significant growth stimulation with a near-zero

rather than negative metabolic cost. This point indicates that
the relationship between calculated metabolic cost and

growth stimulation is likely to take the form of a sharply
elliptical curve where high-exposure groups may experience

reduced but still positive growth stimulation combined with
reduced metabolic efficiency as seen in the 4 3 2 Gy and

higher dose groups.

Limitations and Uncertainty

Taken in aggregate, the growth stimulation we observed

was both significant and substantial. However, the 4 3 500
mGy group appears to be an outlier with SL and mean

somatic weight only marginally higher than that of the

control. This might simply be the result of chance or it

might reflect the presence of some unrecognized factor

affecting size in this treatment group as the early time

point (i.e., the 97 dpf measurements) for this dose fraction

showed growth stimulation consistent with the other

exposure groups. We investigated the dry weight distribu-

tion for this group for a size difference between replicates

recognizable from bimodality in the dry weight measure-

ments. No such bimodality was observed in the histogram

(data not shown).

The absence of a significant dose-response relationship

between the different low-dose groups (Fig. 2A and C)

means that our estimation of growth stimulation is

dependent on the difference between the irradiated embryos

as a group and the control. The distribution of dry weights

for the control did not meet normality criteria (Shapiro-

Wilk, W ¼ 0.937, P ¼ 0.041) however the early time

weights were normally distributed (P ¼ 0.408) and the

substitution of median or modal dry weights for the 128 dpf

control group did not meaningfully affect the calculated

growth stimulation. We note that growth stimulation of

generally similar magnitude was found in a parallel study

(36) using chronic irradiation with a different whitefish

population raised in a different laboratory.

FIG. 4. Metabolic cost for different radiation exposures, presented as a percent change in yolk conversion efficiency compared to the control
embryos, normalized for differences in somatic maintenance resulting from differences in specific growth rate. The dashed line represents the best
fit relationship (excluding the control) determined by linear regression.
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Our calculated values for normalized YCE suggest that

the treatment groups experiencing stimulated growth

converted yolk to somatic mass more efficiently than the

control (i.e., the metabolic efficiency cost is negative).

Calculation of normalized YCE is sensitive to small

variations in the measured total embryo weight, the

confidence intervals for which are sufficiently large to shift

the entire linear YCE-dose relationship (Fig. 4) upward so

that it crosses the Y axis at zero. Our normalization

procedure also assumes a constant value for the limiting

yolk conversion efficiency e. We cannot exclude the

possibility of small variations in the value for e between

the control and irradiated groups, although sensitivity

testing shows that small variations in e do not significantly

affect the results. The relationship between growth

stimulation/retardation and calculated metabolic cost (Fig.

5) follows a roughly linear relationship for the lower dose

fractions (i.e., less than 1 Gy per dose fraction). While the

metabolic cost of the stimulated growth is sensitive to

variations in the control, the near-linear relationship

between growth stimulation and metabolic cost appears to

be robust for the lower dose fractions, persisting when we

substituted median and modal values for somatic and whole

embryo dry weights in place of the mean.

DISCUSSION

Conservation of elements of the adaptive response
through deep geologic time (37) provides evidence that
they increase fitness in the presence of an environmental
stress. In the absence of any trade-off, at least some
components of the adaptive response would also be
expected to increase fitness under normal environmental
conditions. A response that provided an organism with
stress resistance would be expected to increase fitness over
time even if that resistance conferred no advantage other
than protection against a possible future event. The need for
a sensitizing or priming exposure implies that the adaptive
response cannot be free of cost.

Our experimental results demonstrate that radiation-
stimulated growth in developing lake whitefish embryos is
not ‘‘paid for’’ by a trade-off in the efficiency of yolk
conversion. To the extent to which we may extrapolate from
a single hormetic response in a single model organism, the
absence of a trade-off in metabolic efficiency suggests that
such a trade-off may not function as a generalized cost
accompanying the adaptive response. However, the stimu-
lated growth itself represents a substantial investment of
energy that might decrease fitness if the energy invested in
growth is diverted from other physiological processes, or if
it results in an embryo hatching with insufficient yolk

FIG. 5. Relationship between calculated metabolic cost and growth stimulation. Within the lower dose fractions (i.e., less than 1 Gy per dose
fraction, denoted above by the shaded markers) the relationship between growth stimulation and metabolic cost is approximately linear suggesting
that the cost may truly be slightly negative. The outlier (denoted a) is the 4 3 1 Gy trial which may reflect the deterioration in condition factor
observed for the higher dose groups. Error bars denote confidence intervals (i.e., 2 3 SEM).
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reserves to sustain itself during the transition to exogenous
feeding. This later possibility is an example of phenological
mismatch (38, 39) which has been identified as a specific
concern for lake whitefish (27).

Under natural conditions lake whitefish spawn in the fall
when water temperatures drop below about 108C (40, 41).
Hatching takes place in spring, typically in April or May,
and coincides with the spring break-up of ice cover. Growth
stimulation would result in an embryo with lower yolk
reserves and greater somatic maintenance demands than its
unaffected siblings. Dostatni et al. (42) reported that the
caloric quantity of zooplankton (the main food source for
whitefish hatchlings) increased approximately fourfold in
the first three weeks following ice out with a peak in early
May approximately 20-fold higher. Embryos hatching
asynchronously to this natural increase in food supply
may therefore experience low survival. Under typical
incubation temperatures of between 0.5 and 1.58C, growth
stimulation in the range of the 8–10% we observed would
be equivalent to hatching several weeks early (31), a
meaningful difference given the vulnerability of lake
whitefish hatchlings to starvation (43–45).

While mismatch between yolk reserves and seasonal
changes in prey availability adequately accounts for an
evolutionarily-relevant cost specific to stimulated growth in
developing whitefish embryos, it is harder to imagine it as a
generalized cost across different taxa. More plausible is a
form of energetic mismatch resulting from an increased
metabolic rate (implied by growth stimulation without a
trade-off in growth efficiency). Such an increase, if
sustained, would increase future energetic demands when
resources might be scarce thereby increasing the vulnera-
bility to starvation. An increased metabolic rate in times of
food scarcity could also lead to trade-offs in immunity (46)
or a nonadaptive allocation of limited resources amongst
different physiological processes as postulated by Saul et al.
(23) and Costantini et al. (24). Therefore the energetic
mismatch and allocation hypotheses should be seen as
complementary rather than alternative explanations. Other
potential trade-offs include the possibility that maintaining a
degree of reserve immune capacity or ‘‘safety factor’’ could
confer some form of selective advantage (47). In fully
mobilizing the constituent pathways of the adaptive
response an organism may achieve certain transient benefits
but will have simultaneously expended this reserve
capacity.

Our results are limited to a single effect caused by a single
stressor experienced by a single species at a single life-
stage, but the absence of any direct trade-off in metabolic
efficiency points to the absolute energetic requirements of
stimulated growth as a possible candidate for a general cost.
This would suggest that stimulated growth is not intrinsi-
cally beneficial but rather an energy demand capable of
altering naturally evolved growth trajectories, or requiring
the diversion of resources from other physiological
processes leading to a longer term decrease in fitness. It

would also imply the persistence of effects beyond the
transient availability of excess food under natural condi-
tions.

The adaptive response to low-dose ionizing radiation
exposure may modify risk by conferring protective effects
not present at baseline levels. However, natural selection
assures the existence of an accompanying cost. The nature
of such cost remains unknown but any risk model
incorporating an adaptive response is necessarily incom-
plete without its inclusion.
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Computed tomography (CT) scans are a routine diagnostic
imaging technique that utilize low-energy X rays with an
average absorbed dose of approximately 10 mGy per clinical
whole-body CT scan. The growing use of CT scans in the
clinic has raised concern of increased carcinogenic risk in
patients exposed to ionizing radiation from diagnostic
procedures. The goal of this study was to better understand
cancer risk associated with low-dose exposures from CT
scans. Historically, low-dose exposure preceding a larger
challenge dose increases tumor latency, but does little to
impact tumor frequency in Trp53+/– mice. To assess the effects
of CT scans specifically on tumor progression, whole-body
CT scans (10 mGy/scan, 75 kVp) were started at four weeks
after 4 Gy irradiation, to allow for completion of tumor
initiation. The mice were exposed to weekly CT scans for ten
consecutive weeks. In this study, we show that CT scans
modify cellular end points commonly associated with
carcinogenesis in cancer-prone Trp53+/– heterozygous mice.
At five days after completion of CT scan treatment, the
multiple CT scans did not cause detectable differences in
bone marrow genomic instability, as measured by the
formation of micronucleated reticulocytes and H2AX phos-
phorylation in lymphoid-type cells, and significantly lowered
constitutive and radiation induced levels of apoptosis. The
overall lifespan of 4 Gy exposed cancer-initiated mice treated
with multiple CT scans was increased by approximately 8%
compared to mice exposed to 4 Gy alone (P , 0.017).
Increased latency periods for lymphoma and sarcoma (P ,

0.040) progression contributed to the overall increase in
lifespan. However, repeated CT scans did not affect
carcinoma latency. To our knowledge, this is the first
reported study to show that repeated CT scans, when
administered after tumor initiation, can improve cancer
morbidity by delaying the progression of specific types of
radiation-induced cancers in Trp53+/– mice. � 2017 by Radiation

Research Society

INTRODUCTION

The number of computed tomography (CT) scans
performed annually have nearly tripled in the last 15 years
(1). The average dose from a clinical whole-body CT scan is
approximately 12 mSv (2). This increased exposure of the
public to low-dose ionizing radiation has raised consider-
able concern in both the scientific and medical communities
over the potential for increased risk of carcinogenesis (3–5).
Due to the difficulty in obtaining direct, empirical data from
human populations, the estimation of risk relies on the
extrapolation models developed largely from high-dose
radiation exposures, the predominant one being the linear
no-threshold (LNT) model. Basing calculations on the
assumptions that form the LNT model, a number of studies
have concluded there is an increased risk of carcinogenesis
that is proportional to the dose received from CT scans (6–
8). Despite the inherent flaws that have invalidated the LNT
as a viable hypothesis for predicting biological responses to
low-dose radiation, the theory persists as a simplistic model
on which modern radiation safety guidelines are based (9).

Alternative to the LNT model of risk assessment,
considerable experimental evidence has accumulated that
indicates biological responses to low-dose radiation are not
linear, and can, in some instances, induce protective responses
that reduce the cellular damage from an array of genotoxic
agents, including high doses of ionizing radiation (10–15).
The protective mechanisms induced as a result of low-dose
irradiation include increased cellular antioxidants (16),
induction of error-free DNA repair mechanisms (17),
upregulation of anti-inflammatory responses (16, 18, 19)
and increased immune surveillance (19, 20). There are
numerous reported studies of acute and chronic low-dose
exposures reducing cancer incidence (20–22), increasing
cancer latency (23–25) and extending overall survival in
numerous animal models (20, 21, 23, 26, 27). These studies
and many others demonstrate radiation-induced adaptive
response at the whole-animal level, however, the key feature
in these studies has been that the low, adapting dose always
preceded the large challenge radiation dose. Consequently,
whether the low dose was affecting the initiation and/or
progression stages of carcinogenesis was unclear. We have
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demonstrated that single and multiple CT scans preceding a
large cancer-initiating dose can reduce cancer risk by inducing
protective cellular responses (28) and prolonging cancer
latency (29). The wealth of human and animal data point to
clear thresholds for carcinogenesis, meaning that doses falling
below the threshold have no clinically relevant risks for
carcinogenesis. It follows that the studies basing cancer risk
predictions on invalidated hypotheses are unethical, and the
fear of low-dose radiation exposure (i.e., CT scans) that they
propagate negatively impacts the ability of physicians to
perform necessary medical tests for fear of malpractice (9, 30).

There are no reported studies on the biological effects of
multiple low-dose exposures after the neoplastic process has
been fully initiated by a high-dose exposure. In this study,
we investigated the potential modifying effects of low-dose
diagnostic exposures delivered after an acute cancer-
inducing in vivo high-dose radiation exposure. Low-dose
exposures were delivered weekly for ten consecutive weeks,
four weeks after high-dose (4 Gy) gamma irradiation. In
Trp53þ/– mice, radiation-induced tumorigenesis is associat-
ed with the loss of p53 function, and there is reported
evidence that it occurs within weeks of a high-dose
exposure. Donehower and colleagues (31) showed that
inactivation of p53 two weeks after high-dose irradiation led
to the promotion of lymphoma development. Reporting
complementary results, Evans and colleagues (32) found
that activating p53 function two weeks after a high-dose
radiation exposure suppressed lymphoma development in
mice. Presuming that high-dose exposure abrogates p53
function (33), we postulated that a four-week period after an
acute 4 Gy exposure was sufficient to complete initiation of
events required for tumorigenesis in cancer-prone Trp53þ/–

mice. The goal of this work was to determine whether low-
dose fractionated exposures via repeated CT scans during
the promotion phase of carcinogenesis could modify the
frequency and latency of tumorigenesis. To gain insight into
the biological mechanisms involved in radiation-induced
tumorigenesis and the modifying effects of low-dose CT
scans, biological end points associated with persistent
unstable chromosomal aberrations, residual DNA damage,
DNA oxidative stress damage and apoptosis were exam-
ined. Therefore, in this study, we endeavored to assess the

risk associated with diagnostic radiation exposure, specif-
ically on the progression stage of carcinogenesis, by
investigating the ability of CT scans to alter the frequency
and latency of radiation-induced carcinogenesis in Trp53þ/–

cancer-prone mice.

MATERIALS AND METHODS

Animal Breeding and Genotyping

Male Trp53 heterozygous (B6.129S2-Trp53tm1Tyj/þ) mice and female
Trp53 homozygous (129X1/SvJ Trp53þ/þ) (Jackson Laboratory, Bar
Harbor, MA) were bred to obtain F1 Trp53þ/– (heterozygous) progeny.
The F1 mice were genotyped by PCR (Mouse Genotype Inc.;
Carlsbad, CA) and Trp53þ/– female mice were randomly assigned to
experimental groups.

Animal Housing

Mice were maintained in specific-pathogen-free (SPF) housing on a
12:12-h light:dark photoperiod (23 6 28C and 40–80% humidity).
Animals had access to food and water ad libitum. All housing,
handling and experimental procedures were approved by the Animal
Research Ethics Board at McMaster University (Hamilton, Canada)
and conducted in accordance to the guidelines of the Canadian
Council on Animal Care (Ottawa, Canada).

In Vivo Irradiation

There were four treatment groups (see Table 1) for short-term (acute
biological end point) studies and two groups for lifetime studies (4 Gy
and 4 Gy þ CT scans). Cohorts of mice (7–8 weeks old) were placed
into a customized polycarbonate tube and received a challenge dose of
4 Gy whole-body gamma irradiation (662 keV, 137Cs; dose rate of
0.349 Gy/min). Control and CT scan-only groups were handled
identically, except without the challenge dose. After 4 Gy irradiation,
mice assigned to the lifetime studies were returned to SPF housing.
Mice assigned to the lifetime groups were monitored daily until end
point and euthanization, when required. End point for euthanasia was
determined a priori in accordance with McMaster ethics policies and
previous lifetime mouse studies (23–25).

Computed Tomography Protocols

Four weeks after the 4 Gy in vivo challenge dose, one group was
given weekly whole-body CT scans for ten consecutive weeks. CT
scans were performed on the X-SPECT small animal imaging system
(Gamma Medica, Northridge, CA) at the McMaster Pre-clinical and
Translational Imaging Facility. Mice were placed into polycarbonate
tubes and given a CT scan (75 kVp, 255 lA, 1 mm aluminum filter,

TABLE 1
Treatment Groups

Group Treatment

Acute biological end point study
Control (n ¼ 5) Nonirradiated (sham-irradiated group, 7–8 weeks old)
CT (n ¼ 5) Weekly CT scans for 10 weeks (starting at 11–12 weeks old)
4 Gy (n ¼ 5) 4 Gy acute exposure (7–8 weeks old)
4 Gy þ CT (n ¼ 10) 4 Gy acute exposure (7–8 weeks old) þ 10 weekly CT scans (starting at 11–12 weeks old)

Lifetime cancer study
Control (n ¼ 199) Nonirradiated (sham-irradiated group, 7–8 weeks old)
4 Gy (n ¼ 203) 4 Gy acute exposure (7–8 weeks old)
4 Gy þ CTs (n ¼ 198) 4 Gy acute exposure (7–8 weeks old) þ 10 weekly CT scans (starting at 11–12 weeks old)

Notes. With the exception of the lifetime study groups, all groups were age matched at time of respective treatments and at the time of tissue
collection (22–23 weeks old). Tissue collection (and in vitro irradiation where applicable) occurred five days after the last CT scan.
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half-value layer 4.28 mm aluminum, 185 projections) with a whole-
body absorbed dose of approximately 10 mGy. Mice were not
anaesthetized during the CT scanning procedure, since immobilization
for image analysis was not required.

Computed Tomography Dosimetry

Whole-body dose measurements were obtained using thermolumi-
nescent dosimeter (TLD) chips (Harshaw TLD-100e LiF Chips).
Whole-body absorbed dose in mice was measured by surgically
implanting TLD chips in five locations in a mouse carcass: head,
chest, abdomen, above the skin and under the skin. Measurements
were performed on two individual carcasses during the study. TLD
chip analyses were performed by K & S Associates, Inc. (Nashville,
TN). The overall uncertainty of the TLD measurement process is 5%
at the 95% confidence interval for a single TLD chip at the
measurement location. Consistent dosimetry was confirmed and
validated repeatedly throughout the study using a 0.6 cc ionization
chamber [PTW Farmert Dose-meter (model no. 2570A) and PTW
Freiburg Ion Chamber (model no. TN30010); PTW, Freiburg,
Germany]. The calculated average whole-body dose for a CT scan
at the aforementioned specifications was 10.3 6 1.1 mGy, with a dose
rate of 18.6 mGy/min.

In Vitro Irradiation Challenge

Tissues from mice assigned to the acute biological end point
investigation were harvested five days after the final CT scan time
point. Blood and bone marrow were collected and separated into three
aliquots (1 3 106 cells/ml) for in vitro exposures of either 0, 1 or 2 Gy
at a dose rate of 0.188 Gy/min (662 keV, Cs137). All samples were held
at 08C in ice-water slurry during the in vitro irradiation challenges.

Sample Collection and Cell Preparation

Blood. Blood was collected via cardiac puncture from mice
anaesthetized with 3% isoflurane. Approximately 500 ll of blood was
collected in heparinized syringes, of which 50 ll was immediately
aliquoted into 1.5-ml microcentrifuge tubes containing 350-ll heparin
solution (VWR International, Mississauga, Canada) for micro-
nucleated reticulocyte (MN-RET) analysis. The remaining blood
sample was kept in ice-water slurry for apoptosis analyses.
Heparinized blood for the MN-RET assay was maintained at room
temperature until fixation. After blood collection, mice were
euthanized by cervical dislocation.

Bone marrow. Bone marrow samples were collected by flushing
both femurs with 1-ml heparinized RPMI 1640 media (Lonza Inc.,
Allendale, NJ). The disaggregated bone marrow cell suspension was
transferred to a 1.5-ml microcentrifuge tube and filtered using a 30-lm
filter to remove stromal elements. The resulting cell suspension was
held at 08C on ice slurry until processing. Bone marrow cells were
counted using a Z2 Coulter Particle Count and Size Analyzer
(Beckman Coultert Inc., Miami, FL). The samples were adjusted to a
final concentration of 1 3 106 cells/ml in ice-cold RPMI 1640
supplemented with 10% fetal bovine serum (FBS; PAA Laboratories
Inc., Toronto, Canada), 1% penicillin/streptomycin and 1% L-
glutamine (Lonza, Inc.). Three 1.5-ml replicate aliquots of the cell
sample suspension were made for in vitro irradiations at 0, 1 and 2 Gy.

Micronucleated Reticulocyte Assay

All reagents used for the micronucleated reticulocyte (MN-RET)
assay were included in the Mouse MicroFlowPLUSt kit (Litron
Laboratories, Rochester, NY). Cells were fixed in absolute methanol
(Sigma-Aldricht, Mississauga, Canada) at –808C and stored at –808C
for a minimum of 24 h before staining and flow cytometric analysis.
The fixed blood samples were washed and labeled for flow cytometric
analysis according to the Mouse MicoFlowPLUS Kit manufacturer’s

procedure and previously described by Dertinger et al. (34). Briefly,
fixed blood cells were washed with 12-ml buffer solution and cell
pellets were maintained at 08C until staining. After the wash, 80 ll of
reagent mixture containing anti-CD71-FITC, anti-CD61-PE, RNase
and buffer solution was added to 20 ll aliquot of each fixed blood
sample in duplicate. The cells were incubated on ice for 30 min
followed by 30 min at room temperature and then returned to ice.
Immediately prior to flow cytometry analysis, 1 ml of 48C propidium
iodide (PI; 1.25 lg/ml in buffer solution) was added to each tube. Data
acquisition was performed using the EPICS XL flow cytometer
(Beckman Coulter, Brea, CA) equipped with a 488-nm argon laser.
The gating logic used to quantitatively analyze the erythrocyte
subpopulations has been described elsewhere (34). Analysis windows
were set to quantify the number of reticulocytes (RETs) and MN-
RETs for each sample. Representative bivariate graphs illustrating the
resolution of the various erythrocyte populations have been previously
published (34, 35). Initially, the number of RETs was determined in 2
3 105 erythrocytes. Samples were subsequently run to determine the
number of MN-RETs in a total of 2 3 104 total RETs per sample.

Gamma-H2AX Fluorescence Assay

Bone marrow cells were adjusted to 1 3 106 cells/ml and transferred
to 15-ml conical tubes (BD Biosciences, Mississauga, Canada) and
irradiated as described above. After irradiations, 500-ll aliquots were
removed from irradiated cell samples and incubated for either 30 or
120 min in a 378C water bath. After incubation, 3 ml of 70% ethanol at
08C was immediately added to each tube. Tubes were maintained at
08C for 1 h prior to storage at –208C until analysis. For analysis, the
fixed bone marrow samples were centrifuged at 58C (250g, 8 min) and
the supernatant was discarded. Cells were then washed in 3-ml Tris-
buffered saline (13 TBS; Trizma base with NaCl; Sigma-Aldrich),
centrifuged (250g, 8 min), resuspended in 1 ml of Tris-saline-Tritone

[TST; TBS with 4% FBS and 0.1% Triton X-100 (Sigma-Aldrich)]
and incubated on ice for 10 min to permeabilize cells. The cells were
again centrifuged at 250g for 8 min, the supernatant was discarded and
cells were resuspended in 200 ll of a 1:400 dilution of anti-phospho-
H2A.X (ser139) antibody (c-H2AX; Upstate Cell Signaling, Charlot-
tesville, VA). The cell samples containing the primary antibodies were
incubated on a tube rocker at room temperature for 2 h in the dark. The
cells were then washed with 3 ml of TST, resuspended in 200 ll of a
1:500 dilution of Alexa Fluore 488-conjugated goat anti-rabbit IgG
F(ab’)2 antibody (c-H2AX), and incubated at room temperature for 1
h in the dark. The cells were then washed in 3 ml of TBS and
resuspended in 300 ll TBS with 5 ll PI (1 mg/ml; Sigma-Aldrich).
Samples were placed on ice and promptly analyzed by flow cytometry.
Analysis was based on 5 3 104 cells from the lymphocyte-rich cell
population, as determined by flow cytometric scattering patterns. The
levels of c-H2AX fluorescence were determined by measuring the
mean fluorescence intensity of the respective cell populations. Each
sample was analyzed in duplicate.

Apoptosis Assay

The proportion of apoptotic cell death was determined by flow
cytometry using Annexin V with 7-amino actinomycin D (7AAD), as
previously described elsewhere (36). The reagents were purchased as a
commercial kit (Annexin V-FITC-7-AAD, cat. no. IM3614; Beckman
Coulter, Mississauga, Canada). Additionally, anti-CD61-PE (Beck-
man Coulter) and anti-CD45-PETR (Invitrogen Canada/Life Tech-
nologies Inc., Burlington, Canada) antibodies were used to peripheral
blood lymphocytes (CD45þ) with the platelet (CD61þ) population
gated out. Apoptotic lymphocytes were identified as being CD45þ,
Annexin Vþ, 7AADþ and CD61–. Briefly, each mouse blood sample
was adjusted to 1 3 106 cells/ml and divided into three aliquots in 5-ml
polypropylene assay tubes (Sarstedt, Montreal, Canada) for in vitro
irradiations. Samples were held at 08C for irradiation at 0, 1 or 2 Gy,
after which they were incubated at 378C, 5% CO2 for 8 h. Red blood
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cells were lysed by adding 2 ml of 378C 13 NH4Cl and incubated at
room temperature for 10 min. The samples were then centrifuged (58C,
250g, 5 min), the supernatant discarded and the sample tubes were
vortexed gently. The samples were then washed with 2 ml of cold
Hank’s Buffered Salt Solution (HBSS; 58C; Invitrogen Canada) and
resuspended in 250 ll of supplied 13 binding buffer. A 100-ll
antibody cocktail was added to each sample containing 13 binding
buffer (Annexin V solution, anti-CD45þ, anti-CD61þ, 7AAD). Cells
were maintained at 08C and analyzed within 30 min by flow
cytometry. The percentage of apoptotic cells was determined from an
analysis of 5 3 104 lymphocytes.

Overall Lifetime Health Assessment

After treatment, mice were returned to the housing room and
examined daily for abnormal indications. Objective criteria were set a
priori to determine end point for euthanasia when it was clear that
death was imminent and consistent with previous studies performed
with Trp53þ/– mice (23–25). Lymphoma and osteosarcoma are the
most frequent cancer types in Trp53þ/– mice (23, 37). After euthanasia
at end point, mice complete necropsy and histological assessment
were performed. Standard tissues (sternum, thymus, heart, lungs, liver,
spleen, kidneys, thoracic spine, lumbar spine and brain) and any
abnormalities (tumors, enlarged organs or lymph nodes, etc.) were
collected. All tissues were fixed in 10% buffered formalin. Vertebrae
and other mineralized tissues were further demineralized. Trimmed
fixed tissue sections were embedded in paraffin and sectioned on a
Leica RM 2165 microtome at 3-lm thickness and stained with
hematoxylin and eosin for histological examination. The presence of
any pathology was diagnosed by an experienced animal pathologist
based on slide examination and necropsy reports. Blinded repeat
samples were resubmitted for quality assurance with 100% reproduc-
ibility. If two of the same type of cancer were found in a mouse, this
was counted as a single cancer, since it was not possible to distinguish
an independent primary cancer from a metastasis. If a mouse had
multiple different cancer types, these were counted as individual
independent cancers. Both survival and cancer latency were defined as
the time between treatment (7–8 weeks of age) and euthanasia at end
point. Although this definition of latency does not follow the strict
conditions for determining cancer latency (i.e., time between exposure
and clinical onset of cancer), it permits the determination of the days at
risk of developing cancer following radiation exposure.

Statistical Analyses

Data are presented as mean 6 standard error (SE) with P � 0.05
deemed statistically significant at a 95% confidence interval. Dose-
response significance testing was performed with multiple linear
regression analysis. Student’s t tests were performed to determine if
significant differences existed between groups for MN-RET data.
Two-way ANOVA with Bonferroni’s post hoc test was used to
determine significance between groups for c-H2AX, 8-OHdG and
apoptosis data. The frequencies of different cancer types in the lifetime
groups were tested for statistical significance using Fisher’s Exact test
or Chi-squared test. Survival curve probabilities were analyzed using
Kaplan-Meier analysis. Differences in overall lifespan and cancer
latency (calculated as days at risk after 4 Gy irradiation) were analyzed
with the log-rank test. All statistical tests were corrected for multiple
comparisons. Survival analyses, except for all-cause mortalities,
accounted for competing causes of death via competing risk censoring.

RESULTS

Micronucleated Reticulocytes

MN-RETs were measured in mouse peripheral blood 15
weeks after a single acute 4 Gy irradiation to assess

genomic stability in hematopoietic progenitor cells. To
determine if fractionated low-dose exposures could modify
the effects of the large acute dose, mice were exposed to 10
weekly 10 mGy CT scans (Fig. 1A). Exposure to 4 Gy did
not significantly alter the level of MN-RET formation over
control levels. Repeated CT scans did not alter either control
or 4 Gy irradiated MN-RET frequency compared to control
animals (P . 0.30).

Gamma-H2AX

Five days after the final CT scan, the constitutive c-
H2AX fluorescence levels in bone marrow lymphocytes did
not differ significantly among any of the treatment groups
(P . 0.42; Fig. 1B). However, when the harvested bone
marrow samples were exposed to a 1 or 2 Gy in vitro
challenge dose, the samples from mice that had repeated CT
scans had significantly lower c-H2AX fluorescence levels
(2.08 6 0.02 and 2.56 6 0.02, respectively) than those of
non-CT canned mice, at 2.28 6 0.06 and 2.82 6 0.08,
respectively (P , 0.015). Repeated CT scans after 4 Gy
irradiation did not produce the same reduction, relative to 4
Gy alone (P . 0.87; Fig. 1B).

Apoptosis

Apoptotic cell death in peripheral blood CD45þ lympho-
cytes was measured to assess persistent cytotoxicity after 4
Gy irradiation in vivo and subsequent repeated CT scans.
Mice exposed to 4 Gy alone at 7–8 weeks old did not
exhibit differences in apoptotic response, relative to control
mice, when measured at 22–23 weeks old (P . 0.05; Fig.
1C). Mice treated with weekly CT scans exhibited a
significant 20% reduction in spontaneous apoptosis levels,
compared to non-CT scanned mice (P , 0.038). When their
peripheral blood received a 1 and 2 Gy challenge dose in
vitro, the same reduction in apoptosis was observed, relative
to non-CT scanned mice (P , 0.05). The reduction in
apoptosis levels induced by repeated CT scans was not
different between the CT only and the 4 Gy þ CT groups at
all doses (P value). There was a significant positive
correlation between apoptosis levels and challenge doses
in vitro up to 2 Gy (P , 0.010; Fig. 1C).

Effects of Repeated CT Scans on Overall Survival and
Cancer Frequency after 4 Gy Exposure

Considering all-cause mortalities, Trp53þ/– mice exposed
to 4 Gy at 7–8 weeks old had a median lifespan of 246 6

6.1 days. The median lifespan of mice given ten weekly CT
scans after 4 Gy irradiation was significantly prolonged to
256 6 5.2 days (P , 0.023; Fig. 2). The total number of
cancers in the 4 Gy irradiated group and the 4 Gy þ CT
group were not statistically different, at 256 and 268
cancers, respectively. The average total number of cancers
per mouse was more than 1 for both treatment groups, with
multiple different cancers often developing in the same
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Trp53þ/– mouse, especially sarcoma and carcinoma subtypes

(Table 2). In the 4 Gy alone group there were 122 mice with

lymphoma, 78 mice with one or more sarcomas and 24 mice

with one or more carcinomas. Comparatively, the 4 Gy þ
CT group had 109 mice diagnosed with lymphoma, 84 mice

with one or more sarcomas and 28 mice with one or more

carcinomas. The differences in cancer frequencies between

the 4 Gy alone and 4 Gy þ CT groups were not significant

(P . 0.32). However, within the treatment groups there was

a significant difference in the types of cancer that mice

developed. In both treatment groups, multiple tumor types

can exist in a single animal; however, lymphomas were the

most prevalent and comprised 60% of lesions, followed by

sarcomas with approximately 40% of lesions and carcino-

mas at 10% (P , 0.014). Pooled across both treatment

groups and uncorrected for competing risks, after 4 Gy

irradiation the median survival of mice diagnosed with

lymphoma was 171 6 4.1 days, significantly shorter than

the median survival of mice with either sarcoma (232 6 4.7

days) or carcinoma (225 6 8.7 days; P , 0.001). There was

no difference in median survival between the sarcoma- and

carcinoma-diagnosed mice (P . 0.515).

Effects of Repeated CT Scans on Lymphoma Frequency and
Latency after 4 Gy Irradiation

Repeated CT scans after receiving 4 Gy irradiation did

alter the frequency of mice developing either T-cell or B-

cell lymphoma, relative to the 4 Gy-alone group (P .

0.747; Table 2). In both groups, the incidence of T-cell

lymphoma was three times greater than that of B-cell

lymphoma (P , 0.05). After accounting for competing

causes of death, repeated CT scans given after 4 Gy

irradiation significantly increased lymphoma latency, com-

pared to mice exposed to 4 Gy alone (P , 0.040; Fig. 3A).

CT scanned mice diagnosed with lymphoma had a

significant extension in median cancer latency of approx-

imately 30 days (;16%) compared to non-CT scanned mice

with lymphoma (233 6 8.0 days vs. 203 6 6.3 days, P ,

0.05).

FIG. 1. Acute biological end points assessed five days after the
final CT scan. Results represent the mean 6 SEM (samples analyzed
in duplicate); *P , 0.05. Panel A: Spontaneous MN-RET frequencies
in peripheral blood. Panel B: Mean c-H2AX levels in lymphocyte-rich
populations of bone marrow cells. Panel C: Apoptosis (Annexin Vþ,
7AADþ) levels in CD45þ peripheral blood lymphocytes. n¼5 animals
for all analyses.

FIG. 2. Comparison of overall survival (all-cause mortality) of mice
exposed to either 4 Gy alone (n ¼ 203) or 4 Gy þ CT (n ¼ 198).
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Effects of Repeated CT Scans on Sarcoma Frequency and
Latency after 4 Gy Irradiation

The frequencies of any sarcoma subtypes were not altered
in the mice that were repeatedly CT scaned after receiving 4
Gy irradiation. The CT scan group did not differ
significantly from the 4 Gy irradiation alone group in the
proportion of mice developing one, two or three sarcoma
subtypes. In both treatment groups the most prevalent
sarcoma subtypes were osteosarcoma with 50% of lesions,
hemangiosarcoma at 34% and fibrosarcoma at 33% of
lesions. Correcting for competing risks, mice given repeated
CT scans after 4 Gy irradiation did not show any alterations
in median sarcoma latency, relative to the 4 Gy irradiation
alone group, at 236 6 4.8 days and 232 6 4.7 days,
respectively (P . 0.286). There were no significant
differences in cancer latency between the treatment groups
when stratification analyses were performed on the various
sarcoma subtypes.

Effects of Repeated CT Scans on Carcinoma Frequency and
Latency after 4 Gy Irradiation

The frequency of total carcinoma and its subtypes did not
differ appreciably between animals receiving repeat CT
scans after 4 Gy irradiation and the 4 Gy irradiation alone
group. When corrected for competing causes of death, there
was a significant increase in latency of carcinoma for CT
scanned mice (P , 0.029). The median latency for CT
scanned mice with carcinoma was 248 6 8.2 days,
compared to 225 6 8.4 days for non-CT scanned mice
with carcinoma (Fig. 3B).

DISCUSSION

The increasing frequency in the use of CT scans in
diagnostic medicine has contributed to the growing concern
of increased cancer risk from exposure to low-dose ionizing
radiation. At acute doses of ionizing radiation above 500
mGy there is convincing evidence to support that
carcinogenesis risk is proportional to dose (40–43).
However, the biological and health consequences of doses
�100 mGy are the most critical with respect to occupational
and medical exposures, and have a preponderance of
evidence that supports a nonlinear dose response. The
induction of protective responses after low-dose or low-

dose-rate exposures has been reported at the molecular,

cellular and organismal level (22, 26, 44–48). Although

there have also been several studies investigating the

frequency and latency of tumorigenic effects of in vivo
exposure to different radiation doses and qualities in both

wild-type and cancer-prone strains (49–57), the design of

these studies does not differentiate whether these effects are

TABLE 2
Frequency of Malignant Cancers in Trp53þ/– Mice Exposed to High-Dose Ionizing Radiation

Group
Median 6

SE survivala

Lymphoma
Sarcoma Carcinoma

Other
Total cancers
(per animal)cT cell:B cell Osteo Hemangio Fibro Others Adeno Squam Basal Basosquam

Control (n ¼ 199) 484 6 7.4 11:25 104 23 10 16 12 2 2 4 2 211 (1.06)
4 Gy (n ¼ 203) 246 6 6.1 97:26 36 21 26 11 7 4 4 5 14 256 (1.26)
4 Gy þ CT (n ¼ 198) 258 6 5.2 b 84:25 41 33 27 9 8 8 8 10 18 268 (1.35)

a For all-causes of death, no correction required for competing risks.
b Statistically significant relative to 4 Gy only (P , 0.023).
c No significant differences in cancer frequencies and proportions were detected between the 4 Gy and 4 Gy þ CT groups (P . 0.05).

FIG. 3. Comparisons of cancer type-specific tumor number and
latency in Trp53þ/– mice exposed to either 4 Gy alone (n¼ 203) or 4
Gy þ CT scans (n ¼ 198). Panel A: Number of animals developing
lymphoma. Panel B: Number of animals developing carcinoma.
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the result of modifying effects on the initiation or
progression stages of carcinogenesis. To determine whether
low-dose radiation exposure specifically has an effect on the
progression stage of carcinogenesis, our experimental
design allowed the initiation phase to have completed prior
to the introduction of the low-dose CT scans. In the current
study, we explored the modifying effects of repeated low-
dose CT scans in acute biological responses and the
mechanisms associated with the progression phase of
tumorigenesis after high-dose c irradiation (4 Gy) using
Trp53þ/– cancer-prone mice. By examining biological end
points associated with unstable chromosomal aberrations,
persistent genomic instability and apoptosis, we sought to
gain insight into the mechanistic developments associated
with radiation-induced tumorigenesis and the possible
modifying effects of fractionated low-dose exposure via
repeated CT scans.

Acute Biological Responses

The biological effects of repeated CT scans after an acute
high-dose exposure were determined using commonly
investigated end points of carcinogenesis. We chose to
focus only on cancer-prone mice, since we have previously
examined these same end points in wild-type and Trp53þ/–

mice, comparing the influence of Trp53 status (58).
Radiation-induced genomic instability, genotoxicity and
cytotoxicity were investigated via micronucleated reticulo-
cyte (MN-RET) formation, H2AX phosphorylation and
apoptosis, respectively. Micronucleated reticulocytes are an
indicator of unstable chromosomal aberrations in hemato-
poietic stem cells. They are an extremely sensitive
biomarker used to enumerate acute genotoxicity or induced
genomic instability (34, 35). The average lifespan of
reticulocytes in vivo is only a few days (59, 60), thus
examining MN-RET frequency in peripheral blood five
days after the last CT scan (at 15 weeks after 4 Gy
irradiation) allowed for the assessment of indirect damage
resulting from on-going radiation-induced genomic insta-
bility in precursor stem cells. In the current study, Trp53þ/–

mice irradiated with 4 Gy alone or with 4 Gy followed by
repeated CT scans did not have differing MN-RET
frequencies relative to age-matched unirradiated controls,
suggesting none of the treatment groups experienced
prolonged radiation-induced genomic instability in hema-
topoietic stem cells. This observation contrasts a study
performed by Hamasaki et al. (60) in which it was reported
that one year after a single 2.5 Gy X-ray exposure, BALB/c
and C57BL/6 mice had significantly elevated MN-RET
frequencies. The elevated MN-RET levels in BALB/c and
C57Bl/6 were statistically different, which suggests that the
discrepancy with the current study is associated with strain
and age differences in mouse models (61). Phosphorylated
H2AX (c-H2AX) was used as a surrogate biomarker for
DNA double-strand breaks (DSBs) (62, 63). H2AX histones
around DNA DSB sites rapidly phosphorylate early in DNA

repair, acting as a scaffold for building DNA repair
complexes. Although c-H2AX is typically a transient
measure of DSB repair, protracted expression of c-H2AX
levels can reveal aberrant DNA repair mechanisms and
ongoing genomic instability typical of carcinogenesis (38,
64–66). After acute c irradiation, peak levels of c-H2AX
formation occur at approximately 30 min postirradiation,
typically decreasing to background levels within 48 h (67,
68). In the current study, c-H2AX levels were measured in
lymphocyte-rich bone marrow cell populations five days
after the last CT scan. Elevated levels of c-H2AX
fluorescence at this time point correlate with residual
DNA DSBs and act as a biomarker of ongoing genomic
instability, instead of initial radiation damage (69).
Constitutive levels of c-H2AX did not differ between the
treatment and control groups, further showing that mice
exposed to 4 Gy at 7–8 weeks of age did not develop
genomic instability by 15 weeks. Rube et al. reported that
residual DNA damage depends decisively on the underlying
cell ability to repair DNA DSBs (70). The absence of
increased levels of c-H2AX may be due to the relatively
young age of the mice at the time of irradiation, suggesting
they still had sufficient repair capacity to remove radiation-
induced DNA damage and mitigate radiation-induced
genomic instability. However, some caution should be
applied when interpreting these results, since the minimum
reported dose detection limit for flow cytometry-based c-
H2AX assay is approximately 100 mGy (39, 71–74). To
support the mechanistic aspect of adaptive response
induction, mouse bone marrow cells harvested at the same
time point were challenged in vitro with 1 and 2 Gy c
irradiation. There was a significant reduction in c-H2AX
fluorescence levels in mice that received only repeated CT
scans, indicating that this CT scan regimen was able to
induce an adaptive response. Further investigation into the
latent effect of a 4 Gy irradiation on DNA repair
mechanisms and ROS/RNS cycles, which are commonly
observed after acute irradiation, are required to elucidate
this phenomenon.

Radiation-Induced Cancer Late Effects

In the current study, in vivo 4 Gy whole-body irradiation
was performed on young cancer-prone Trp53þ/– mice to
initiate tumorigenic events. There was a four-week delay
before starting the CT scan regimen to allow for the
initiation stage of neoplastic transformation to be completed
prior to treatment. The goal of this work was to determine if
repeated low-dose CT scans could alter cancer risk in the
progression stage of tumorigenesis. The hypothesis, based
on low-dose literature, was that repeated CT exposures may
delay the onset of cancer by altering the progression stage of
tumorigenesis. Low-dose exposures have been shown to
protect cells against neoplastic transformation when given
prior to a subsequent large acute challenge dose (45, 75).
Acute and chronic low-dose exposures have also been
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reported to increase cancer latency and overall lifespan in
cancer-prone (24), radiation-challenged (76–78) and im-
mune-compromised mice (20, 21, 26). Moreover, low-dose
radiation exposures (,150 mGy per fraction) have been
successfully used in clinical trials to treat cancers (79).

To our knowledge, this is the first reported study to show
that repeated CT scans, when administered specifically
during the progression phase of carcinogenesis (i.e., after a
high-dose exposure to ionizing radiation), were able to
significantly extend the overall lifespan of cancer-prone
Trp53þ/– mice. The main effect was driven by a significant
delay in cancer latency of mice with lymphoma and
carcinoma. The increase in cancer latency, however, did
not extend to sarcoma malignancies. This observation was
possibly due to the exceeding of an upper-dose threshold for
protective effects that is dependent on tissue type. Mitchel et
al. (15) found that 100 mGy alone was able to significantly
extend lymphoma latency but not the latency of osteosar-
coma, whereas 10 mGy alone was able to extend both
cancer subtype latencies (23, 80). Thus, it is arguable that
the total dose of repeated CT scans (100 mGy) is beyond the
protective upper dose threshold for sarcoma malignancies.
We hypothesize that early-onset cancers like radiation-
induced lymphoma have a greater potential to benefit from
the protective biological modifications induced by the
current CT scan regimen than late-onset cancers. Addition-
ally, the intrinsic late development of sarcoma relative to
lymphoma may limit the potential of the current low-dose
radiation treatment regimen (25). However, as carcinoma is
also classed as a late-onset cancer, it may be that inborn
features of sarcoma development make it less responsive to
low-dose radiation treatment. An extended CT scan
treatment regimen will need to be examined to determine
if it can provide additional benefits to later-onset cancers.

Contrary to concerns raised with the LNT model, the CT
regimen in this study did not increase the total frequency of
malignancies or the frequencies of the cancer subtypes
common to this mouse strain. This observation supports the
postulate that low-dose CT exposures do not influence the
initiation phase of radiation-induced tumorigenesis, but
rather mitigate the progression stage. This finding is in
agreement with published literature that has demonstrated
low-dose radiation exposure results in significant extensions
in cancer latency, with no significant alteration in the
frequency of cancer subtypes in Trp53þ/– mice (25). The
data from our study provides acute biological evidence to
support the hypothesis that low-dose exposures can modify
mechanisms associated with genomic instability, conse-
quently altering the progression rate of cells transforming
into a fully malignant phenotype.

CONCLUSION

To our knowledge, this is the first reported study to
demonstrate that repeated low-dose CT scans given four
weeks after high-dose (4 Gy) irradiation increased latency

of both early- and late-onset cancers, and reduced
biomarkers associated with cancer risk in radiation-
challenged, cancer-prone Trp53þ/– mice. This protective
effect is likely associated with anti-oncogenic mechanisms
induced by the low-dose exposure, including increased
DNA damage surveillance, induction of error-free DNA
repair mechanisms and antioxidant upregulation (17).
Assessment of key biological end points revealed that mice
treated with repeated CT scans demonstrated: 1. No
observable changes of genomic instability; 2. Resistance
to radiation-induced chromosomal aberrations; and 3.
Decreased cytotoxicity.
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There is growing concern over the effects of medical
diagnostic procedures on cancer risk. Although numerous
studies have demonstrated that low doses of ionizing
radiation can have protective effects including reduced
cancer risk and increasing lifespan, the hypothesis that any
radiation exposure increases cancer risk still predominates.
In this study, we investigated cancer development and
longevity of cancer-prone Trp53+/– mice exposed at 7–8 weeks
of age to a single 10 mGy dose from either a diagnostic CT
scan or gamma radiation. Mice were monitored daily for
adverse health conditions until they reached end point.
Although the median lifespan of irradiated mice was
extended compared to control animals, only CT scanned
mice lived significantly longer than control mice (P , 0.004).
There were no differences in the frequency of malignant
cancers between the irradiated and control groups. Exposure
to a single CT scan caused a significant increase in the latency
of sarcoma and carcinoma (P , 0.05), accounting for the
increased lifespan. This study demonstrates that low-dose
exposure, specifically a single 10 mGy CT scan, can prolong
lifespan by increasing cancer latency in cancer-prone Trp53+/–

mice. The data from this investigation add to the large body
of evidence, which shows that risk does not increase linearly
with radiation dose in the low-dose range. � 2017 by Radiation

Research Society

INTRODUCTION

Diagnostic imaging has become an integral part of patient
health assessment, providing noninvasive routes to diagnose
injury and disease. The use of diagnostic imaging
modalities, including computed tomography (CT) scans,
has increased exponentially in North America, from 3
million CT procedures in 1980 to greater than 85 million in
2014 (1). This increase has raised concern in both the

medical and scientific communities regarding the carcino-
genic risk associated with the increased exposure to ionizing
radiation from these diagnostic procedures (2–4). The
foundation of radiation risk study calculations is based on
the linear no-threshold (LNT) hypothesis, a linear extrap-
olation of data from high doses that asserts that exposure to
any radiation dose, no matter how low, increases cancer risk
(5, 6). While it has been established that exposure to large
doses of ionizing radiation decreases survival in many
organisms (7–10), the LNT hypothesis has been invalidated
as viable model to predict biological effects of radiation
doses below 500 mGy (11, 12). At low-dose and low-dose-
rate exposures, the biological response to low-dose radiation
is not linear, primarily because of the induction of protective
mechanisms, which increase high-fidelity DNA repair (13–
15), improve immune surveillance (16, 17) and increase
endogenous antioxidant systems (18–21). At the whole-
organism level, these mechanisms act to reduce the risk of
both cancer and non-cancer diseases and prolong survival
(22–30). The average dose range for a single CT scan (10–
30 mGy) falls within the low-dose exposure range (31–34).
We have previously shown that CT scans reduce markers of
DNA damage, increase apoptosis and induce cell cycle
arrest when exposed to a large challenge dose of gamma
radiation (35). Numerous published studies have shown the
phenomenon of radiation-induced lifespan extension. In the
majority of these studies, the effects of X-ray and c-ray
exposures on tumorigenesis and immune function have been
investigated (11, 27–29, 36, 37). Mice exposed to a single
100 mGy radiation dose exhibited increased latency for
myeloid leukemia induced by a 1 Gy challenge dose (37).
Immune-compromised mice irradiated at a chronic low-dose
rate were shown to live longer than unirradiated mice (29).
Although the mechanisms associated with the anti-cancer
effects of low-dose radiation are unclear, enhanced cellular
protection through increased damage surveillance and
repair, alterations in apoptosis and augmentation of both
innate and adaptive immunity appear to have significant
merit (26, 27, 29, 38–41). We recently showed that multiple
CT scans increased cancer latency in Trp53þ/– mice by
altering mechanisms associated with tumor progression
(51).
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Here, we investigate the effects of a single whole-body 10
mGy CT scan on cancer latency and frequency in cancer-
prone Trp53þ/– mice. This cancer-prone mouse model was
used to potentiate effects of low-dose radiation and simulate
the effects on the radiosensitive subset of the population.
We postulate that exposure to a whole-body CT scan
induces protective mechanisms known to be stimulated by
low-dose irradiation, thereby increasing cancer latency and
prolonging lifespan.

MATERIALS AND METHODS

Animal Breeding and Genotyping

Male Trp53 heterozygous (B6.129S2-Trp53tm1Tyj/þ) mice and female
Trp53 homozygous (129X1/SvJ Trp53þ/þ), both obtained from
Jackson Laboratory (Bar Harbor, ME), were bred to yield F1 Trp53þ/–

(heterozygous) offspring. Offspring were genotyped by PCR (Mouse
Genotype Inc., Carlsbad, CA), and approximately 575 Trp53þ/– F1
female mice were randomly assigned into the experimental groups.

Animal Housing

Mice were maintained in specific-pathogen-free (SPF) housing on a
12 h light:dark photoperiod (23 6 28C). Animals were group housed
with no more than five mice per cage; food and water were provided
ad libitum. All housing, handling and experimental procedures were
approved by the Animal Research Ethics Board at McMaster
University (Hamilton, Canada) and conducted in accordance to the
guidelines of the Canadian Council on Animal Care (Ottawa, Canada).
Mice assigned to the lifetime groups were kept to end point and
euthanized as required, according to a priori criteria in agreement with
McMaster ethics policies and previous lifetime mouse studies (11, 36,
37).

In Vivo 10 mGy Irradiation

At 7–8 weeks old, Trp53þ/– female mice were assigned to one of
three treatment groups: control (sham irradiated), single 10 mGy CT
scan or single 10 mGy c irradiation (662 keV Cs137). CT scans were
performed in the McMaster Centre for Pre-Clinical and Translational
Imaging facility, using an X-SPECT animal imaging system (Gamma
Medica, Northridge, CA). CT scans were performed at the following
settings: 75 kVp, 215 lA, 1 mm aluminum filter, half-value layer 4.28
mm aluminum. For both the CT scan and c-radiation treatments, pairs
of mice were irradiated in a customized polycarbonate tube at 18.6
mGy/min. The mice were irradiated in batches in the first half of the
photoperiod and not anaesthetized during irradiation. The control
group was handled identically as treatment groups, with the exception
of irradiation. After irradiation, mice were returned to SPF housing
and monitored until end point.

Computed Tomography Dosimetry

Whole-body irradiation measurements were obtained using ther-
moluminescence dosimeter (TLD) chips (Harshaw TLD-100e LiF
Chips). TLD chip analyses were performed by a third party
specializing in clinical diagnostic radiation measurements (K & S
Associates Inc., Nashville, TN). To measure the whole-body absorbed
dose in mice, TLD chips were surgically implanted in five locations in
a mouse carcass: head, chest, abdomen, above the skin and under the
skin. Measurements were performed on six individual carcasses on
two separate occasions (before and during the study). The overall
uncertainty of the TLD measurement process is 5% at the 95%
confidence interval for a single TLD chip at the measurement location.
This uncertainty does not take into account minor variations in the

placement of the TLD chips among different mouse carcasses.
Consistent dosimetry was confirmed and validated repeatedly
throughout the study using a 0.6-cc ionizing chamber [PTW Farmert
Dose-meter (model no. 2570A) and PTW Freiburg Ion Chamber
(model no. TN30010); PTW, Freiburg, Germany]. Lower energy 75
kVp X rays are less effective at penetrating tissue, resulting in a less
uniform dose through tissue thickness relative to 662 keV c rays.
Consequently, mice were exposed to an average whole-body dose as
calculated from the TLD data.

Animal Health Assessment

Mice were monitored daily for indications of abnormalities.
Objective criteria in accordance with the guidelines of the Canadian
Council on Animal Care were set a priori to determine the health
status and end points for euthanasia. In all cases, treatment status was
blinded by the use of coding with respect to animal identification,
necropsy reports and histological submissions. For all mice, specific
tissues were harvested and fixed in 10% neutral buffered formalin.
Vertebrae and heavily mineralized tissues were further processed in an
EDTA (145 g/l) solution to allow for proper paraffin embedding. The
paraffin blocks were sectioned on a Leica RM 2165 microtome at 3-
lm thickness and stained with hematoxylin and eosin for histological
examination. All pathologies were diagnosed by an experienced
veterinarian pathologist using information from monitoring tags,
necropsy reports and histopathological examinations. Blinded repeat
histological samples were resubmitted to the pathologist for quality
assurance, which demonstrated 100% accuracy. Multiple cancers of
the same type found within a mouse were classified as a single
observation of that cancer type, since not all primary cancers and
metastases can be uniquely distinguished. Conversely, if a mouse had
multiple types of cancer, each cancer type was classified separately. In
mice with histologically confirmed cancers, the measure of cancer
latency in this study was defined as the time immediately after
treatment to the time of death/euthanasia (days at risk). In animal
studies, obtaining accurate measures of cancer latency is often
difficult; internal cancers are diagnosed post-mortem, and may or
may not have been the cause of death. The definition of cancer latency
in this study permits the evaluation of cancer risk by measuring the
days postirradiation that mice have to develop cancer.

Statistical Analyses

Statistical analyses were performed using SigmaPlote version 11.0
(Systatt Software Inc., Chicago, IL). Data is presented as median 6
standard error (SE) with P � 0.05 considered statistically significant.
The frequencies of different cancer types in the treatment groups were
tested for statistical significance using Fisher’s exact test or Chi-
squared test. Survival curve probabilities were analyzed using Kaplan-
Meier analysis. Differences in overall lifespan and cancer latency
(calculated as ‘‘days at risk’’ after treatment) were analyzed with the
log-rank test. All statistical tests were corrected for multiple
comparisons. Survival analyses, except for all-cause mortalities,
accounted for competing causes of death via competing risk censoring.

RESULTS

Effects of Single CT Scan and Single Gamma Irradiation on
Survival and Cancer Frequency

Trp53þ/– mice exposed to either a single CT scan or dose
of c radiation had nominally greater lifespans than control
mice for all-cause mortalities (Table 1), however, only the
median lifespan of CT-scanned mice was significantly
extended (P , 0.004). At 50% survival, CT scanned mice
(502 6 11.2 days) lived 18 days longer than control mice
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(484 6 7.4 days). This difference increased below the 50%
survival level, with CT-scanned mice living 34 days longer
than control mice at the 25% survival level (Table 1, Fig. 1;
P , 0.001). The longevity extension in the c-irradiated
group only reached significance at 5% survival (Fig. 1),
with this group obtaining a maximal longevity of 736 days,
which was 22 and 63 days longer than CT scanned and
control mice, respectively (Table 1). The frequency of total
malignant cancers did not differ significantly among any of
the treatment groups (P . 0.140; Table 2). The proportions
of lymphoma and sarcoma cancers between the treatment
groups were not significantly different (P . 0.451),
however, the incidence of carcinoma in the CT scanned
group was significantly reduced compared to the other
groups (P , 0.013). Lymphoma and osteosarcoma are the
cancer types most often observed in Trp53þ/– mice (42). All
treatment groups developed cancers consistent with this
strain of mouse; sarcomas were by far the most prevalent
(;70%), followed by lymphomas (;20%) and carcinomas
(;10%). Pooled across the groups and uncorrected for
competing risks, the median post-treatment lifespans of
mice diagnosed with lymphoma, sarcoma and carcinoma

did not differ at 469 6 11.7 days, 461 6 4.6 days and

471.5 6 11.3 days, respectively (P . 0.681).

Effects of Single CT Scan and Single Gamma Irradiation on
Lymphoma Frequency and Latency

Although CT scan or c irradiation did not significantly

alter the frequency of lymphoma, relative to the control

group (P , 0.077; Table 2), there was a trend towards a

reduction in both irradiated groups. When accounting for

competing causes of death, neither CT scans nor c
irradiations significantly altered the latency of lymphoma

development (P . 0.429; Fig. 2A).

Effects of Single CT Scan and Single Gamma Irradiation on
Sarcoma Frequency and Latency

The frequency of sarcoma subtypes was not altered

significantly by either the CT scan or c radiation (P .

0.647). Relative to the control group, treatment with a single

10 mGy CT scan increased the latency of sarcoma

development (P , 0.010; Fig. 2B). Correcting for

competing risks, the median latency of sarcoma in the CT

scan treatment group increased by 30 days over the control

group (495 6 10.1 days and 465 6 7.5 days, respectively),

equivalent to a gain of approximately 5 human years (43).

At the 25% survival level, the difference in sarcoma latency

remained greater than 30 days between the CT-scanned

group and control group. There was no significant

difference in total sarcoma latency between the control

and c-irradiated groups (P . 0.497).

Effects of Single CT Scan and Single Gamma Irradiation on
Carcinoma Frequency and Latency

The frequency of total carcinomas or its subtypes did not

differ between control and c-irradiated mice (P . 0.141;

Table 2). Mice treated with a single CT scan had a

significantly lower incidence of adenocarcinoma relative to

the control and c-irradiated groups (3, 12 and 14,

respectively; P , 0.046). When corrected for competing

causes of death, CT scans significantly increased the latency

of carcinoma, relative to all other groups (P , 0.016; Fig.

2C).

TABLE 1
Longevity of Treatment Groups Based on All-Cause Mortality

Group

Survival (days)

Minimum
longevity

Maximum
longevity 25th Quartile Median 6 SE Mean 6 SE 75th Quartile

Control (n ¼ 99) 134 673 543 6 7.5 484 6 7.4 471 6 7.2 410 6 9.9
10 mGy CT scanned (n ¼ 188) 171 714 577 6 7.7, (P , 0.001)a 502 6 11.2, (P , 0.004)a 494 6 7.5 420 6 10.0
10 mGy c irradiated (n ¼ 187) 103 736 545 6 6.2 499 6 8.9 478 6 7.8 420 6 12.8

Note. No correction required for competing risks.
a Statistically significant relative to control group.

FIG. 1. Comparison of overall survival (all-cause mortality) in
control mice relative to mice exposed to 10 mGy CT scan or 10 mGy c
radiation dose.
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DISCUSSION

Although the LNT hypothesis is currently used as the
basis for radiation protection policies, significant data has
accrued that invalidates this hypothesis at radiation doses
below 200 mGy (6, 17, 18, 22–30). Numerous radiation
exposure and longevity studies involving both animals and
humans have been published, which support the notion of
beneficial effects of low-dose radiation for cancer and other
disease end points (12, 22). Recently, it has been reported
that in Trp53þ/– female mice, the life-shortening effect of
acute radiation exposure is 38.9 6 1.9 days per Gy (10).
Applying the LNT hypothesis, the life-shortening effect
from a 10 mGy exposure would be less than a day.
Although the statistical power in this study was not
sufficient to detect such a small reduction, a reduction
was expected based on this extrapolation. Our study showed
there was no evidence of lifespan reduction in either CT
scanned or c-irradiated groups. On the contrary, both
radiation treatments demonstrated increased lifespan, with
only CT scanned mice reaching statistical significance.
Currently, the most viable alternative to the LNT is the
radiation hormesis model. Although it too has limitations,
this hypothesis supports the concept that low-dose radiation
could be used to reduce cancer incidence (22, 23, 44).
Numerous published studies, including this one, support the
radiation hormesis model (39, 40, 44–46). We have shown
that a single whole-body 10 mGy CT scan at 7–8 weeks of
age significantly increased the median lifespan in cancer-
prone female Trp53þ/– mice. A similar nonsignificant
prolongation of lifespan, relative to control mice, was
observed for the 10 mGy c-irradiated mice. In the same
mouse model, Mitchel et al. (11) also reported a
nonsignificant increase in lifespan after 10 mGy c
irradiation. Analysis of cancer latency, as a surrogate
measure for cancer risk, in these Trp53þ/– mice revealed that
the observed lifespan extension is due to increased cancer
latency, specifically increased sarcoma and carcinoma
latency. Mitchel et al. have reported similar findings in this
Trp53þ/– mouse model (11). They showed that receiving a
10 mGy c dose reduced cancer risk by increasing the
latencies of lymphoma and spinal osteosarcoma. Although
10 mGy c irradiation in our study did not replicate these
results, the discrepancy is likely due to differences in the
energy and/or dose rate of the c exposures. The nonuniform
dose of 75 kVp X rays result in higher peripheral doses than

the homogeneous c-ray exposure. This, combined with the
significantly lower dose rate than the Mitchel et al. study
(11), are probable explanations for the lack of gamma-
radiation-induced effect in this study. The effects of
radiation energy and dose rate on longevity have been
documented, demonstrating significant moderating effects
on the biological impact of absorbed dose (45, 47–50).

In the current study, the mechanisms responsible for
lifespan extension in CT scanned Trp53þ/– mice were not
elucidated, however, parallel studies indicate that CT scans
induce low-level DNA damage, initiating adaptive response
mechanisms, increasing apoptosis and presumably elimi-
nating genetically unstable cells (35), particularly during the
progression stage of tumorigenesis (51). Although this
study focused on young female Trp53þ/– mice to maintain
consistency with earlier research (11), studies related to the
current one have been done to examine the effects of CT
scans on both sexes and a range of ages of cancer-prone
mice, all of which demonstrate similar responses to CT
scans (35, 51, 52). It is generally assumed that young
animals are more radiosensitive than adults (53, 54),
suggesting lower doses may be required to initiate
carcinogenesis, however, it follows that cellular repair and
elimination mechanisms should also be more robust at
lower doses in young animals. If this is the case, older mice
may require higher dose CT scans to achieve similar
benefits on cancer latency. Further studies are required,
however, to clarify this assumption.

There is a great deal of evidence supporting the
upregulation of mechanisms behind the lifespan extension
after both acute (28, 29, 55) and chronic exposure (22, 27,
29, 38, 45) to low doses of radiation. Two key mechanisms
that have been highlighted are radiation-induced stimulation
of immune functions and radiation-induced protective effects
against neoplastic diseases. It has been demonstrated that
radiation-enhanced immune responses heighten surveillance,
improving elimination of oncogenic cells, thereby restricting
the development of neoplastic diseases (39, 40, 44, 45).
Nowosielska et al. demonstrated that BALB/c mice irradiated
in vivo with a single 100 mGy X-ray dose displayed
enhanced anti-tumor reactions mediated by natural killer cells
and cytotoxic macrophages when intravenously injected with
L1 tumor cells (44). Other researchers have shown similar
upregulation in immune-mediated anti-neoplastic effects after
exposures to X-ray doses as low as 10 mGy (40, 46). Low-

TABLE 2
Frequency of Malignant Cancers in Trp53þ/– Mice: Quantification of Common Cancer Subtypes

Group

Cancer frequency

Lymphoma Sarcoma Carcinoma
Total cancers
(per mouse)aT-cell B-cell Osteo Hemangio Fibro Others Adeno Squamous Basal Basosquamous Others

Control (n ¼ 199) 11 25 104 23 10 16 12 2 2 4 2 211 (1.06)
10 mGy CT scanned (n ¼ 188) 8 37 113 23 10 14 3 4 1 4 2 219 (1.16)
10 mGy c irradiated (n ¼ 187) 8 35 92 23 14 16 14 2 1 0 3 208 (1.11)

a No significant differences in cancer frequencies or number of total cancers among groups (P . 0.05).S
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dose irradiation of nontransformed cells has been shown to
stimulate anti-cancer mechanisms that selectively remove
precancerous cells (39). At low doses and/or low dose rates,
there is evidence that both innate and adaptive immune
responses are improved (38, 41, 45, 50). Liu et al. observed
that mice exposed to 75 mGy of X rays had an increase in T-
cell function by 212%, relative to unirradiated controls (38,
41, 56). James et al. reported that mice exposed to doses
between 5 and 40 mGy/day increased proliferation of splenic
T cells (57). More recently, Ina et al. demonstrated that
chronic lifetime exposure to c radiation in immune-
compromised MRL-lpr/lpr mice significantly increased life-
span, relative to unirradiated controls (10). The prolongation
in lifespan was associated with radiation-induced immuno-
logical modifications that ameliorated the ensuing autoim-
mune diseases (27, 29). In a follow-up study, the same group
reported that low-dose-rate irradiation in various wild-type
mouse strains (C57BL/6, BALB/c, C3H/He, DBA/1, DBA/2
and CBA) stimulated an increase in CD4þ T cells and CD8
expression, and improved response to immunization (38). In
the current study, a single 10 mGy CT scan increased
lifespan by delaying the onset of some types of cancer.
Others have reported similar delay in cancer latency for
radiation-induced myeloid leukemia in CBA/H mice (37),
and both spontaneous and radiation-induced lymphoma and
osteosarcoma in Trp53þ/– mice (11, 36). In the cancer-prone
AKR mouse strain, mice irradiated with 50 or 150 mGy three
or two times per week, respectively, had greater survival than
unirradiated controls due to a reduction in lymphoma
incidence (58). In the same mouse strain, Shin et al. found
that mice irradiated with a chronic low-dose rate of 0.7 mGy/
h lived significantly longer than unirradiated mice (45).
Additionally, the incidence of lymphoma was 10% lower in
the irradiated mice than unirradiated mice (59). Similarly,
C57BL/6 mice exposed to continuous whole-body c radiation
for 450 days, starting 35 days before challenging with cancer-
inducing exposures totaling 7.2 Gy, had nearly 50% less
lymphoma than challenge-only mice (42). Despite the
differences in experimental design, there appear to be many
types of low-dose and/or low-dose-rate exposure regimens
that extend longevity in rodent models with cancer end
points. This begs the question of whether the same cellular
mechanisms were initiated by these diverse modalities. In our
study with Trp53þ/– mice, there were no differences in the
frequency and proportions of the cancers that developed
among the irradiated and control groups. The lack of effect
on cancer frequency, but a delay in cancer latency, is
corroborated by previous investigations of the same mouse
strain (11, 36, 51). Developing upon the idea proposed by
Mitchel et al. (36), and confirmed in our parallel study (51),
the major effect of a single low-dose radiation exposure in
Trp53þ/– mice is likely due to a delay in the progression, not
elimination, of genomic instability associated with endoge-
nous or exogenous cancer-initiating events. Working in
concert with the immune-stimulatory effects of low-dose
irradiation are the induction of DNA repair processes (59–61)

FIG. 2. Comparisons of type-specific tumor frequency in Trp53þ/–

mice. Comparison of control mice and mice exposed to either a single
10 mGy CT scan or a single 10 mGy c radiation dose. Survival
probabilities were corrected for competing causes of death. Panel A:
Latency of mice developing lymphoma. Panel B: Latency of mice
developing sarcoma. Panel C: Latency of mice developing carcinoma.
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and upregulation of endogenous antioxidants (62, 63).
Activation of several cellular signal transduction pathways
has been associated with radiation-induced adaptive response
and low-dose radiation hormesis, including extracellular
signal-related kinase (ERK), mitogen-activated protein kinase
(MAPK), phospho-c-Jun NH2-terminal kinase (JNK), protein
53 (Trp53) and ataxia telangiectasia-mutated (ATM) path-
ways (24, 64, 65). Activation of these signaling pathways
induce a diverse range of stress response functions including
DNA repair, cell cycle arrest, apoptosis and upregulation of
cellular protective mechanisms (66–68).

Here we have shown that a low-dose radiation exposure,
specifically a single 10 mGy CT scan, can prolong lifespan
by reducing cancer risk in radiosensitive, cancer-prone
Trp53þ/– mice. The data from this investigation add to the
large body of evidence, which demonstrates that although
damage increases linearly with dose, cellular biological
responses to radiation-induced damage results in a non-
linear risk response to dose in the low-dose range.
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Cellular transformation assays have been utilized for many
years as powerful in vitro methods for examining neoplastic
transformation potential/frequency and mechanisms of car-
cinogenesis for both chemical and radiological carcinogens.
These mouse and human cell based assays are labor intensive
but do provide quantitative information on the numbers of
neoplastically transformed foci produced after carcinogenic
exposure and potential molecular mechanisms involved.
Several mouse and human cell systems have been generated
to undertake these studies, and they vary in experimental
length and endpoint assessment. The CGL1 human cell
hybrid neoplastic model is a non-tumorigenic pre-neoplastic
cell that was derived from the fusion of HeLa cervical cancer
cells and a normal human skin fibroblast. It has been utilized
for the several decades to study the carcinogenic/neoplastic
transformation potential of a variety of ionizing radiation
doses, dose rates and radiation types, including UV, X ray,
gamma ray, neutrons, protons and alpha particles. It is
unique in that the CGL1 assay has a relatively short assay
time of 18–21 days, and rather than relying on morphological
endpoints to detect neoplastic transformation utilizes a
simple staining method that detects the tumorigenic marker
alkaline phosphatase on the neoplastically transformed cells
cell surface. In addition to being of human origin, the CGL1
assay is able to detect and quantify the carcinogenic potential
of very low doses of ionizing radiation (in the mGy range),
and utilizes a neoplastic endpoint (re-expression of alkaline
phosphatase) that can be detected on both viable and
paraformaldehyde fixed cells. In this article, we review the
history of the CGL1 neoplastic transformation model system

from its initial development through the wide variety of
studies examining the effects of all types of ionizing radiation
on neoplastic transformation. In addition, we discuss the
potential of the CGL1 model system to investigate the effects
of near zero background radiation levels available within the
radiation biology lab we have established in SNOLAB. � 2017

by Radiation Research Society

INTRODUCTION

The creation of somatic whole cell hybrids involves the
in vitro fusion of two different parental eukaryotic cell
types to form a karyotypically unique hybrid cell line,
which can have significantly different genetic and
phenotypic properties from the initial two parental cell
types. At the chromosomal and gene levels, the fusion and
selection of stable hybrid cell lines frequently involves loss
and occasionally gain of chromosomes from one or the
other original parental cell genomes. For mammalian cell
applications, immortalized rat, mouse, hamster and human
hybrids have been developed and utilized since the 1960s
(1–4). These hybrid eukaryotic cell lines have been useful
scientific tools for chromosomal and genomic mapping of
many genes including tumor suppressor genes and also
important for monoclonal antibody production (5, 6). In
some of these hybrids, the presence of a selection marker
(i.e., antibiotic resistance genes) on a specific human
chromosome allowed for preferential loss of a majority of
the other human chromosomes in the hybrid and the
retention of marked human chromosome. In addition, these
various hybrids have allowed investigation of genomic
instability after exposure to chemical mutagens or ionizing
radiation but were also useful for studying neoplastic
transformation or carcinogenicity induced by either
chemicals or ionizing radiation (7–13). However, over
time investigators observed that the rodent intraspecies or
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interspecies human rodent cellular hybrids, presented
numerous challenges including constitutive genomic
instability and high spontaneous rates of chromosomal

loss after exposure to chemical carcinogens or X rays.
Interestingly, several of these original reports suggested
that the malignant properties of a neoplastic and normal
mouse cellular hybrid were oncogene driven and dominant

(14, 15), as these cells would produce tumors if introduced
into a host. However, other investigators showed evidence
of suppression or partial suppression of malignancy in
some cell hybrids (16–21), suggesting a recessive

phenotype indicative of tumor suppressor gene activity
(22–24). In these experiments some of these hybrid cells
would only form tumors when the hybrid cells were
injected into mice at very high cell numbers versus their

original cancer cell parent. In retrospect, this was probably
not clear evidence of complete tumor suppression, because
tumors eventually did appear however data strongly
suggest that chromosomal loss was likely the causative

factor. Indeed, later studies of tumor growth performed
with cross species hybrid cells indicated that complete
versus partial suppression was due to either the absence or
presence of chromosomal instability that over time lead to

loss of putative tumor suppressor genes (22).

The above referenced studies were critical for setting the
standards for the development of human cell based systems
to investigate the chromosomal and molecular basis of
chemical of radiation-induced neoplastic transformation/

carcinogenesis. However, the development of these human
cell based neoplastic transformation assays turned out to be
technically very difficult because human cells in general are
very resistant to chemical and ionizing radiation-induced

transformation; and even when transformation did occur the
frequency of transformation in human cells as compared to
those of rodent origin is reduced by orders of magnitude to
1 in 1 million or 1 in 10 million cells analyzed (25, 26).

Despite these difficulties, human bronchial and breast
epithelial cell based transformation systems were developed
to investigate mechanisms of neoplastic transformation after
high-LET alpha-particles exposure. These cell systems
identified chromosomal changes, allelic imbalances, and

candidate tumor suppressor genes such Betaig-H3, integrin
a5b1, p16 and p21(cip1), but in vitro quantitative assays for
neoplastic transformation with these systems after radiation
exposure were simply not technically possible (27–35). It

was only after the development of the stable human hybrid
cell line called CGL1, a fusion of malignant and
nonmalignant human cells, were both highly quantitative
measurements of ionizing radiation-induced neoplastic

transformation frequency and investigation of the cellular
and molecular mechanisms involved in radiation-induced
neoplastic transformation possible. A summary of some of
the major developments in hybrid cells and in the CGL1

human hybrid neoplastic transformation assay are shown in
Tables 1 and 2.

CGL1

The CGL1 cell line is a pre-neoplastic nontumorigenic
hybrid cell. Stanbridge and colleagues first created the
original hybrid cell line called ESH5 from a fusion of the
cervical cancer cell line HeLa D98/AH.2 (a HGPRT�

variant) and a normal proliferating diploid male skin
fibroblast (GM0077) of human origin in HAT selective
medium (36–38). After the third subclone, CGL1 was
isolated from the ESH5 cells after growth in methycellulose.
Genetic and chromosomal analyses revealed that CGL1 was
very chromosomally stable with a mode of 96–100
chromosomes on average, and essentially has four copies
of each chromosome, i.e., two copies of each chromosome
from both the HeLa and the fibroblast parent cells, plus
HeLa marker chromosomes (38). When injected subcuta-
neously into nude mice CGL1 is nontumorigenic and
remains genetically stable (38–40). As opposed to rodent or
a non-mammalian source, CGL1 was shown to be stable in
tissue culture for that could therefore potentially be used to
quantitatively assess neoplastic transformation in vitro (41–
46). Stanbridge et al. initial reports of the creation of stable
human hybrid cells was subsequently confirmed by others
(36, 47, 48). The CGL1 hybrid cell failed to grow tumors in
nude mice even when injected at cell densities as high as 1
3 107 and provided clear evidence of complete tumor
growth suppression, as opposed to partial growth suppres-
sion that had been observed by others (36, 48, 49). It was
initially unclear whether this suppression was due to
specific chromosomal or gene loss, but these mechanisms
were proposed to likely be contributing factors. The
subsequent fusion of a senescent fibroblast cell with an
immortal cancer cell resulting in a hybrid with indefinite
proliferative capacity was also of great interest because it
suggested that the limited ability of normal cells to
proliferate indefinitely was a recessive trait (50, 51). The
characteristics of chromosomal stability, suppression of
tumorigenicity, and yet retention of phenotypic properties of
transformed cells in culture, made CGL1 potentially
advantageous for studying what factors influenced the
spontaneous or experimentally induced rates of neoplastic
transformation in CGL1 cells.

CHARACTARIZATION OF NONTUMORIGENIC CGL1
AND SPONTANEOUS TUMORIGENIC SEGREGANTS

CGL3 AND CGL4

In addition to CGL1, two spontaneously transformed
hybrid cell lines were isolated from the original ESH5
hybrid fusion (38, 52). Two of these spontaneous
tumorigenic hybrid lines named CGL3 and CGL4 displayed
unique characteristics including altered cellular morphology
that more resembled the epithelial HeLa tumorigenic
parental cell than the more fibroblast like CGL1 hybrid.
These tumorigenic CGL3 and CGL4 segregants were
determined to consistently express a p75/150 antigen
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associated with epithelial morphology, which was deter-
mined after subsequent studies to be intestinal alkaline
phosphatase (IAP) (37, 38, 53, 54). Abnormal regulation of
alkaline phosphatases had been previously observed in
tumorigenic cell lines and is commonly observed in human
tumors (55, 56) but IAP was found to be the exclusive
isozyme expressed in CGL1 (57). The expression of IAP,
which was only detected in the HeLa parent cells and the
tumorigenic CGL3 and CGL4 hybrids suggested that IAP
was a potentially more reliable tumorigenic marker that
could potentially be utilized to detect radiation-induced
neoplastic transformation of nontumorigenic CGL1 cells
since morphological endpoints in this system eventually
were determined to be inadequate indicators of neoplastic
transformation (45, 58).

IAP DETECTION

A major step forward in the utilization of CGL1 in the
quantitative assessment of neoplastic transformation fre-
quency was the development of neoplastic transformation
assay that used a primary p75 antibody and a secondary
immunoperoxidase antibody to detect neoplastically trans-
formed foci among the nontransformed CGL1 cells in T-75

cell culture flasks (43, 45, 59–62). However, it was the
eventual use of the ‘‘Western Blue’’ (WB) method that
repurposed the WB dye that contains 5-bromo-4-chloro-3-
indolyl-phosphate (BCIP) and nitro blue tetrazolium (NBT)
(normally used for Western blots) to directly detect the p75/
IAP cellular foci in the transformation flasks, which both
greatly simplified and reduced cost of the neoplastically
transformed foci detection procedure (57). The WB staining
method was possible because intestinal alkaline phospha-
tase, which is expressed in the neoplastically transformed
cells enzymatically cleaves the phosphate group of BCIP
and the subsequent contact with NBT results in a colored
precipitant which can be detected stereo-microscopically.
Viable as well as fixed neoplastic transformation cultures of
CGL1 cells can be stained and rapidly assessed for
neoplastically transformed colonies (57). The p75 immu-
noperoxidase antibody and WB staining procedures have
been successfully utilized to quantitatively assess transfor-
mation frequency induced by a variety of radiation types,
including UV, X ray, gamma ray, neutrons, protons and
alpha particles (44, 45, 58, 62–65). As stated above, over
time it has been demonstrated that the WB method is not
only faster and considerably less expensive compared to
immunohistochemical and flow cytometry based methods,

TABLE 1
A Summary of Various Major Developments in Hybrid Cells and CGL1 Human Hybrid Neoplastic Transformation

Assays

Year First author Event

1962 Barski (14) Hybridization of somatic mouse cell lines
1965 Harris (1) Established human 3 mouse hybrid cell lines
1968 Silagi (128) Hybridization of two human cell lines
1969 Harris (24) Fusion of mouse cells to study suppression of malignancy
1969 Chen (129) First to report mouse cells for studies of malignant transformation
1973 Reznikoff (130) Establishment of the C3H/10T1/2 assay
1976 Stanbridge (36) Used two HeLa cells variants (D98/AH-2 and HBU) to study suppression of malignancy.
1980 Stanbridge (52) Obtained CGL1, CGL2, CGL3 and CGL4 from ESH5 (D98/AH-2 3 GM0077 hybrid)
1981 Stanbridge (38) Studied chromosome stability of human cells hybrids. Identified two chromosomes (11 and 14) that are

linked to control of tumorigenic expression
1981 Der (37) Identified p75-150 as membrane phosphoprotein marker in human hybrid cells
1982 Stanbridge (49) Analyzed tumorigenicity and transformation of different hybrid human cell lines
1987 Redpath (45) Developed a quantitative assay for neoplastic transformation with the nontumorigenic human hybrid

CGL1 cell line using gamma radiation and established first a dose-response relationship with CGL1
1988 Colman (131) Compared the radiation sensitives of non-tumorigenic and tumorigenic human hybrid cells lines
1988 Sun (62) Further characterized the radiation-induced immunoperoxidase based neoplastic transformation assay in

CGL1 hybrid cells. Investigated influence of cell density
1989 Mendonca (78) Defined persistently lower plating efficiency postirradiation and delayed expression of lethal mutations

in irradiated CGL1 hybrid cells
1989 Mendonca (70) Isolated HeLa 3 normal fibroblasts cells that expressed radiation-induced tumor-associated antigen from

irradiated CGL1 hybrid cells
1990 Mendonca (59) Demonstrated long-term incubation at low extracellular pH lowers radiation-induced neoplastic

transformation
1990 Latham (54) Cloned p75/150 cDNA identifying it as IAP
1991 Mendonca (58) Isolated CONs and GIMs. Characterization of cells lines, including IAP
1992 Mendonca (57) Developed Western blue as a staining method for HeLa 3 normal fibroblast cells
1993 Mendonca (72) Demonstrated that the induction of the neoplastically transformed foci by radiation was delayed and

correlated with the onset of genomic instability and delayed death in the CGL1 hybrid cells
1994 Redpath (132) Studied the effects of temperature (228C) on the repair of potentially lethal and potentially transforming

damage
1995 Mendonca (133) Loss of tumor suppressor loci on fibroblast chromosomes 11 is associated with radiation-induced

neoplastic transformation of CGL1 hybrid human cells
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because the WB method does not require large amounts of
expensive primary and secondary antibodies, but data also
strongly suggests that the higher rates of transformation
observed utilizing the WB staining method is due to an
increase in the sensitivity of the method to detect low levels
of IAP expression (57).

THE CGL1 NEOPLASTIC TRANSFORMATION ASSAY

The quantitative assay for studying radiation-induced
neoplastic transformation with CGL1 cells was developed
by Redpath, Sun, Stanbridge, Colman and Mendonca at the
University of California, Irvine, from the mid to late 1980s
through early 1990s (41–46, 57–61, 64, 66–71). From the
outset, the CGL1 assay was meticulously characterized for
variables such as: initial CGL1 cell plating densities, serum
types and serum concentration, transformation flask refeed-
ing schedules, ionizing radiation dose ranges, time of
replating after irradiation into the T-75 transformation
flasks, total overall length of incubation to allow foci
development, as well as the influence of pH and temperature
on foci formation (41–46, 57–61, 64, 66–71).

The influence of each of these variables on the frequency
of neoplastic transformation observed after various types of
radiation exposure is of critical importance and will be
summarized here. CGL1 stocks are grown in a standard
MEM supplemented with 5% calf serum supplemented with
glutamine and antibiotics and an antifungal. It is critical that
the cell culture growth media is maintained at pH 7.2, since
it was shown that lower acidic pH in the range 6.6–6.8

during the 21-day incubation period to allow foci formation,
greatly suppressed the observed radiation-induced neoplas-
tic transformation frequency (44, 59, 62). For a standard X-
ray or gamma-ray neoplastic transformation assay, subcon-
fluent monolayers of CGL1 cells are irradiated with source
and dose of radiation being determined by the investigator.
For many of the initial ionizing radiation experiments a
range of doses between 0 and 7 Gy of gamma or X ray were
utilized to determine dose response. However, many later
studies frequently utilized 0 and 7 Gy because higher
radiation doses did not result in higher neoplastic
transformation frequencies, i.e., a plateau was observed
(43, 45, 59–62). The irradiated CGL1 cells are incubated for
6 h postirradiation to allow for PLD repair as this was
shown to also maximize the observed number of neoplas-
tically foci/transformation frequency per Gy (43, 45, 59–
62). After 6 h, the cells are harvested by standard cell
culture methods, counted and then seeded into T-25 flasks
for survival assays and into T-75 tissue culture flasks for the
neoplastic transformation assays containing their regular
cell culture media. The T-25 flasks are plated separately to
determine the plating efficiencies (PEs) of irradiated and
unirradiated cells (44, 58, 62) by plating 100–1,000 cells in
T-25 flasks depending on survival levels after irradiation.
Cell numbers seeded will vary depending on dose received
and expected cell survival, but in general are plated at 50
cells per square centimeter for the transformation assay and
5 cells per square centimeter for the plating efficiencies (69,
72). After seven days, the flasks are fed (growth media is
replaced) twice a week leading up to 21 days (44, 62). The

TABLE 2
A Summary of Various Major Developments in Hybrid Cells and CGL1 Human Hybrid Neoplastic Transformation

Assays

Year First author Event

1997 Bettaga (131) Alpha-particle-induced neoplastic transformation of synchronized CGL1 hybrid human cells
1998 Mendonca (40) Loss of putative tumor suppressor loci on fibroblast chromosomes 11 and 14 may be required for

radiation-induced neoplastic transformation of CGL1 hybrid human cells
1999 Mendonca (75) Previous loss of fibroblast chromosomes 11 increases radiosensitivity and radiation-induced neoplastic

transformation frequency of CGL1 hybrid human cells
1998 Feijter-Rupp (134) Studied the changes in gap junctional intercellular communication in Human hybrid cell lines. Absence

of gap junctions and gap messages was noted and might be related to loss of specific chromosomes
1999 Suzuki (135) Showed an enhanced expression of glucose transporter GLUT3 in human hybrid cells
1999 Tsujimoto (136) Studied different gene expression in human hybrid cells
1999 Mendonca (137) Delayed apoptosis associated with radiation-induced neoplastic transformation of human hybrid cells
2000 Mendonca (138) Previous loss of fibroblast chromosomes 14 increases radiosensitivity but lowers CGL1 susceptibility to

radiation-induced neoplastic transformation frequency
2001 Lewis (77) Bystander killing induced by medium transfer is cytotoxic and neoplastically transforming to CGL1

human hybrid cells
2002 Frankenberg (139) Studied neoplastic transformation of CGL1 hybrid cells after irradiation with mammography X rays
2002 Srivatsan (140) Identified a deletion location of 300Kb interval in chromosome 11q13 in HeLa cells
2004 Mendonca (106) Detection of homozygous deletions within the 11q13 cervical cancer tumor suppressor locus in

radiation-induced, neoplastic transformed CGL1 human hybrid cells
2005 Mendonca (79) A radiation-induced acute apoptosis precedes the delayed apoptosis and neoplastic transformation of

CGL1 hybrid cells
2005 Elmore (103) Studied neoplastic transformation by low doses of protons in human CGL1 hybrid cells
2007 Mendonca (141) Inhibition of NF-kB increases radiation sensitivity of CGL1 human hybrid cells
2008 Veena (142) Inactivation of the Cystatin E/M tumor suppressor gene in cervical cancer
2009 Bettega (143) Studied neoplastic transformation by carbon ions in human CGL1 hybrid cells
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cells are then fixed in paraformaldehyde, rinsed with PBS
and then stained with Western Blue to detect the
neoplastically transformed IAP positive colonies (stained
foci) via stereomicroscopy. A general timeline of the CGL1
neoplastic transformation assay is shown in Fig. 1.
Neoplastic transformation frequency is calculated by
counting the number of stained IAP positive foci within
each flask and the number of surviving cells in the T-75
transformation flasks calculated from the plating efficien-
cies. The neoplastic transformation efficiency is calculated
by two methods. In the first method, the neoplastic
transformation frequency (TF) is calculated by dividing
the total number of neoplastically IAP positive foci
observed in all the transformation flasks at each radiation
dose by the number of total surviving CGL1 cells at that
radiation dose (43, 59). In the second method, the fraction
of transformation flasks containing foci at each radiation
dose are calculated by simply diving the number of flasks
with foci by the total number of flasks plated at each
radiation dose (43, 59, 73).

SUMMARIES OF CGL1 RADIATION-INDUCED
TRANSFORMATION (TF) ASSAYS GAMMA-RAY

DATA

The initial studies of radiation-induced neoplastic trans-
formation of CGL1 were performed with Cs-137 gamma
rays. Redpath and colleagues demonstrated that the
spontaneous background neoplastic transformation frequen-
cies for the 21-day neoplastic transformation assay with
CGL1 cells in vitro was variable but in the range of 0.1 to 1
3 10–5 (44, 57, 62). Gamma-ray dose response studies at 2,
4, 7 and 10 Gy showed increasing radiation-induced
neoplastic transformation frequencies from 1 3 10–4 at 2
Gy, up to 6 to 8 3 10–4 at 7 and 10 Gy. Both the
spontaneous and radiation-induced neoplastic transforma-
tion frequencies were found to be strongly dependent on
initial cell density plated into the transformation flasks, pH

of the growth medium, length of incubation period after
irradiation before replating for the transformation assay and
the total length of the neoplastic transformation assay (43,
45, 59–62). In general, the optimal conditions that produced
the most consistent results in terms of induction of
radiation-induced neoplastic transformation frequency per
Gy of ionizing radiation are: 1. wait 6 h postirradiation
subconfluent monolayers of CGL1 cells before plating the
cells in T-25 flasks for cell survival and into T75 flasks for
the neoplastic transformation assay; 2. adjust the plating
density of the CGL1 cells in the neoplastic transformation
T-75 flasks to 50 cells per cm2 for the controls at 0 Gy and
for each ionizing radiation dose level being investigated; 3.
beginning on day 7 or 8 post-plating feed all the
transformation flasks two times per week to maintain the
pH between 7.2 and 7.4 in the transformation flasks; 4. on
day 9 or 10 post-plating fix and stain the T-25 survival
flasks with 70% ethanol and crystal violet and count
colonies and determine survival at 0 Gy and the various X-
ray doses be investigated; 4. on days 19–21 post-plating fix
the cell monolayers in the T-75 transformation flasks with
paraformaldehyde in PBS and stain with Western Blue to
detect the neoplastically transformed IAP positive foci; 5.
gently rinse the transformation flasks several times with
PBS at pH 7.2 and leave the last PBS rinse in the flasks; 6.
visually score each transformation flask for blue neoplas-
tically transformed foci by eye and with a stereo-
microscope; 7. calculate transformation frequency by
dividing the number of foci detected at the 0 Gy and the
various X-ray doses being investigated by the number of
total viable cells at risk for the 0 Gy and X-rays doses
tested.

KINETICS OF FOCI DEVELOPMENT, DELAYED
DEATH AND APOPTOSIS

For several decades, research has been done to investigate
the delayed expression/appearance of ionizing radiation-

FIG. 1. A general timeline of the CGL1 neoplastic transformation assay.
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induced neoplastically transformed foci in CGL1 cell
cultures (69, 72, 74–77). It was initially proposed that the
observed delay in foci formation was due to insensitivity of
the detection method, however as previously mentioned,
with the advent of the WB staining method this was no
longer a plausible explanation. However, during the initial
characterization it was shown that plating efficiency in
irradiated cells never reaches the same levels as unirradiated
cells during the 21-day assay, but reaches a plateau at a
lower plating efficiency level at day 9 or 10 and then
surprisingly the PE began to significantly decrease for the
next 10 days (72, 74, 78). A decrease in plating efficiency of
unirradiated CGL1 cells in the transformation flasks does
not occur during the 21-day assay period. It was eventually
shown that this reduction of PE was due to the onset of
delayed death or lethal mutations in the progeny of the
irradiated CGL1 cells due to the onset of genomic
instability(72, 74, 78). Further studies demonstrated that
this expression of delayed death and reduction in PE was
due to the induction of a novel form of delayed apoptosis
involving p53 transcriptional upregulation and induction of
the pro-apoptotic BAX mRNA and protein (74). It was
subsequently shown that that this delay apoptosis was not
due to an aberrant acute apoptosis as this was clearly
detected in later studies with the CGL1 assay (79).

ADAPTIVE RESPONSE AND BYSTANDER EFFECT
STUDIES WITH CGL1

The above data with the CGL1 system was focused on
relatively high doses of X rays and gamma rays, however
there was also strong interest in understanding the radiation
biology of very low doses of ionizing radiation and any
potential role for bystander or adaptive and protective
responses that may be important at lower radiation doses.
Adaptive responses are defined to be altered responses that
are observed when cells are first exposed to a low dose of
radiation and subsequently challenged with a higher dose
versus the response observed with the higher radiation dose
alone. The first studies into adaptive response in the context
of neoplastic transformation showed that a priming low
dose radiation exposure changed the efficacy of a challenge
dose to induce damage and led to suppression of neoplastic
transformation in mouse cell line C3H10T1/2 (80, 81).
Interestingly, these data also indicated that very low doses
of radiation reduced to levels of neoplastic transformation
frequency below that of the unirradiated spontaneous
controls. Several studies have explored these very low-dose
adaptive responses in CGL1 cells (77, 82–87). In one of the
initial studies, CGL1 cells were irradiated with 1 cGy of
gamma radiation and incubated for 24 h (88). The
transformation frequency was found to be significantly
reduced in cultures that had been held for 24 h after
receiving a priming dose of 1 cGy as compared to
unirradiated controls or cells that had received 1 cGy but
had been plated immediately. A later experiment looked at

the use of 0.1, 0.5, 5 and 10 cGy of gamma radiation on the
effect of neoplastic transformation in CGL1 cells that had
similarly been held prior to plating (82). It was observed in
pooled data that transformation frequency was reduced for
the low-dose-irradiated CGL1 cells when compared to
sham-irradiated CGL1 cells (82). The transfer of cell culture
medium from irradiated cell cultures has been shown to
reduce survival in to unirradiated cell cultures (89–91). This
bystander effect has been proposed to occur via cellular gap
junction interactions, or excreted cell signal/cytokine based
mechanisms (92–95). It has been shown in studies that
media transfer from irradiated CGL1 cell cultures was able
to effect plating efficiencies significantly when transferred
to unirradiated CGL1 cells and significantly increased the
neoplastic transformation frequency above the CGL1
spontaneous neoplastic transformation frequency (77). In
addition, the CGL1 bystander study demonstrated that
bystander effects were not only cytotoxic but also
carcinogenic (77).

LOW-DOSE AND DOSE-RATE RADIATION STUDIES

Dose and dose rate as well as radiation type and quality
play a crucial role in the biological effects of ionizing
radiation. There has long been a scientific interest in the
biological effects of ionizing radiation at very low-dose
(i.e., ,100 cGy) and dose-rate exposures for a variety of
radiation types. Furthermore, elucidating the effects this has
on neoplastic transformation and any potential hormetic
response is of significant importance. Some of the first
initial low-dose studies utilized the C3H10T1/2 neoplastic
transformation model. Investigation of these subtle low-
dose effects, that were undetectable in normal cell cultures,
were now possible with C3H10T1/2 cells (81, 96, 97).
These initial low-dose C3H10T1/2 studies (80, 81) explored
low dose and adaptive responses with an assortment of
doses and dose rates as well as types of radiation, often with
nonlinear results. It was shown that a single ionizing
radiation (c ray) dose of 1–100 mGy at a dose rate of 2.4
mGy min–1 lowered the frequency of neoplastic transfor-
mation below the spontaneous level (81). It was also shown
that chronic doses (0.1, 0.65 or 1.5 Gy at a dose rate of
0.0024 Gy min–1 of c rays) protected against an acute
challenge dose of 4 Gy (X rays). In these studies it was
noted that protective level from acute challenge was not
dependent on the size of the initial adaptive dose,
potentially indicative of a no threshold switch based
mechanism (80). Analogous studies into these low-dose
effects were continued in the CGL1 human hybrid cell
system after its development. Similar to C3H10T1/2 model,
the CGL1 neoplastic transformation model was found to be
an appropriately sensitive system for the detection of very
low-radiation-dose effects (82, 83, 88), that have not been
observed in other tissue culture models (44, 57). A range of
radiation types, dose rates and doses have been investigated
with CGL1 and, as has been reported with the C3H10T1/2
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assays, the data demonstrate interesting nonlinear results at
low dose and dose rates. For example, in one study, CGL1
cells were exposed to fission spectrum neutrons at two dose
rates, 0.22 cGy min–1 and 10.7 cGy min–1 to achieve a total
dose of 45 cGy (98). The low-dose rate was determined to
be more effective at inducing re-expression of IAP and
neoplastic transformation of CGL1 cells without any
evidence of increasing cell death. Using the Western Blue
detection method, this study showed an inverse dose-rate
effect on rates of neoplastic transformation as had been
shown previously with fission spectrum neutrons using the
older immunohistochemical detection method (64, 99). This
effect had been originally shown in C3H10T1/2 cells also
using fission spectrum neutrons (100, 101). In another
study, 60kVp X rays at doses of 0, 0.04, 0.1, 0.4, 4.0, 9.0,
18.0 and 36.0 cGy were used to assess neoplastic
transformation frequency in CGL1 cells. A significant
decrease in transformation frequency was observed at 0.04,
0.1 and 0.4 cGy, as well as at 4.0 and 9.0 cGy (though not
significantly) as compared to 0 cGy controls. In an
analogous study using the CGL1 model system, gamma
radiation (667 KeV photons) from a Cs-137 source showed
a similar trend (82, 88). Taken together the data indicate that
at these very low-radiation doses there is a ‘‘U’’ or ‘‘J’’
shaped dose-response curve for radiation-induced neoplastic
transformation. This suggests that at very low doses of
ionizing radiation, the initial decrease in neoplastic
transformation frequency investigators have observed may
be due to induction of an adaptive/protective hermetic
response to very low-dose-radiation exposure, which
disappears as the dose of radiation increases. A study of
diagnostically and medically relevant levels of X rays (28
kVp) showed suppression of transformation frequency in a
dose range of 0.05–10 cGy to levels below that of no dose
control exposures (102). A study utilizing doses of 0–600
mGy protons (232 MeV) in CGL1 (103) further showed
evidence of neoplastic transformation suppression at doses
up to 50mGy. Interestingly these low-dose and dose-rate U-
shaped dose-response curves for neoplastic transformation
do not support a linear nonthreshold model. Rather, these
data suggest that there appears to be a threshold for which
low-dose and dose-rate ionizing radiation in a variety of
qualities can suppress transformation.

MECHANISMS OF IR INDUCED NEOPLASTIC
TRANSFORMATION OF CGL1 CELLS

Gamma-radiation-induced mutants (GIMs) and control
(CON) cell lines were isolated from CGL1 neoplastic
transformation assays (58, 70). These GIMS were selected
for radiation-induced re-expression of the tumorigenic
marker intestinal alkaline phosphatase to further investiga-
tion the correlation between IAP expression, tumorigenicity
and the molecular mechanisms involved in the radiation-
induced expression of CGL1 cells. The GIMS were found to
be quite morphologically distinct from CGL1 and while the

isolated cell lines all had variable levels of IAP expression,
all were found to be tumorigenic when subcutaneously
injected into nu/nu nude mice (58). The CON cell lines are
morphologically quite similar to CGL1 as well as IAP
negative and nontumorigenic, but were isolated from 7 Gy
gamma-irradiated CGL1 cells. These data indicated that
exposure to radiation and any random subsequent chromo-
somal or genomic changes alone were not sufficient for
malignancy, but that re-expression of IAP and the specific
underlying chromosomal, genomic, and molecular changes
associated with IAP re-expression appeared to be involved.
The initial experimental analysis of CGL1 and the
subsequent isolated GIM variants suggested that the loss
of a single copy of chromosomes 11 and 14 correlated with
both IAP re-expression as well as malignancy determined
by subcutaneous injection in nu/nu mice (38, 53, 104, 105).
Previous investigators had shown the microcell mediated
transfer of fibroblast chromosome 11 back into the
spontaneously arising tumorigenic CGL3 hybrid cells
caused a suppression of IAP expression as well as
tumorigenicity (105). Later work by Mendonca et al. found
that late-passage subclones of CON1 (39, 40) lost one copy
of the fibroblast chromosome 11, but were still negative for
IAP expression. Analysis of GIM and CON cell lines by
RFLP and chromosome painting suggested that both copies
of fibroblast chromosome 11 contained a putative tumor
suppressor locus, and that the loss or inactivation of both
tumor suppressor loci would result in radiation induced
neoplastic transformation in vitro (39). Fine mapping with
PCR based markers confirmed loss of one copy of the
fibroblast chromosome 11 in the radiation-induced tumor-
igenic GIMs and evidence of a small 5–20 kB deletion in
the remaining copy of the fibroblast chromosome 11 (106).
These deletion mapping studies identified PACS-1, FRA-1,
GAL3ST2 and SF3B2 and RAB1B as candidate tumor
suppressor genes (106).

FUTURE DIRECTIONS: SNOLAB – AN ULTRA-LOW-
DOSE RESEARCH ENVIRONMENT

Life has evolved in the ubiquitous presence of ionizing
radiation, from natural sources both terrestrial and cosmic.
Terrestrial sources of radiation are radioactive elements
found in rocks, soil, water and air. This includes isotopes of
uranium, thorium and potassium, as well as their daughter
products, predominantly radon gas. Galactic cosmic radia-
tion (GCR) in space largely consists of high-energy
particles, positively charged ions and larger nuclei. These
cosmic particles produce secondary radiation in the Earth’s
atmosphere, which can reach the surface of the planet and
interact with organisms. This natural background radiation
(NBR) pervades the Earth’s surface and, as such, is a
normal component of biological life. However, NBR levels
are dependent on several factors, including altitude,
terrestrial geology and geomagnetic field. Annual doses
from NBR can range from 2–260 mSv depending on
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location, with some evidence suggesting that even within
this range of NBR levels biological effects are observable
(107–112).

Many current radiobiological studies investigate respons-
es to low doses and dose rates of ionizing radiation and

these data yield important models for the associated health
risks of these exposures. The hypersensitivity model
suggests that there is a greater biological risk at lower
doses of radiation (113). The linear no threshold model
proposes that cancer risk increases with radiation dose in a

linear relationship while the threshold model infers that
below a certain dose there is no increased risk (114). The
hormetic model suggests that below a given dose, instead of
increased risk, the health effects may be prophylactic (115).
However, all of these models inherently include NBR

exposure and consequently there is a deficit in our
understanding of the biological effects of ionizing radiation
exposure at levels sub-NBR.

Over the last four decades, little has been elucidated about
the biological effects of ultra-low NBR environments,
although some interesting observations have been pub-
lished. Work with Paramecium caudatum involved cultures

grown within lead-shielded chambers designed to minimize
GCR (116). An inhibition of cellular division and
subsequent decrease in growth rate in the cultures was
observed as compared to those grown in a basal NBR
environment. Furthermore, the attenuated growth rates

returned to normal levels when exposed to externally
generated radiation at levels and rates analogous to NBR.
This work was recently replicated (117) and comparable
results have also been observed in Synechococcus lividus
(118). These experiments presented an important initial case

for the significant stimulatory effect of terrestrial and
cosmic NBR on cellular proliferation, with a potential role
of ROS considered (119, 120). There has been limited use
of subterranean laboratory facilities to shield cultures from
GCR including work with the extremely radiation-resistant

bacteria Deinococcus radiodurans (121) and diploid yeast
Saccharomyces cerevisiae (122). These cultures were
grown underground in the Waste Isolation Pilot Plant
(WIPP) in New Mexico, U.S. and the Gran Sasso National
Laboratory (LNGS) in Abruzzo, Italy, respectively. The

trend among these different model systems grown in sub-
NBR environments is of negative biological effects in terms
of growth rate and susceptibility to challenge with chemical
and radiological stressors (123). One of the most significant
gaps in these limited data is the insufficient amount of

experimentation with mammalian cells, though a few
preliminary experiments have been performed. Chinese
hamster V79 and Human lymphoblastoid TK6 cells grown
underground in LNGS and WIPP were shown to have
decreased cell density, lowered ROS scavenging, increased

background and induced mutation rate, increased apoptotic
sensitivity, greater micronuclei formation and increased
expression of certain heat shock proteins (122, 124–126).

Although these findings are important to begin to
understand the biological effects of sub-NBR exposure,
there is significant variation between research groups in
terms of the model organism used, type of shielding and
level below NBR achieved experimentally. One of the
most significant factors behind the dearth of empirical data
is simply the scarcity of facilities that can accommodate
this type of research. However, it is unquestionable that the
ideal location to perform this type of research is
underground, rather than at the surface of the planet where
GCR contamination is intrinsic. Located approximately 30
km from Laurentian University and The Northern Ontario
School of Medicine (NOSM) in Sudbury, ON, Canada,
there exists a world-class Canadian research facility that
has been specifically engineered and constructed to
effectively eradicate GCR. The Sudbury Neutrino Obser-
vatory (SNOLAB) is a Nobel Prize winning astroparticle
physics laboratory located in Vale’s active Creighton
Nickel Mine and has the deepest and lowest NBR
biological research laboratory environment in the world.
Situated 2 km (6,800 ft.) underground, it is incomparable
to any other facility in terms of depth and proximity to
Laurentian University and NOSM. The facility is com-
prised of 5,000 m2 of Class 2000 clean room (maximum 2
3 103 particles �0.5 lm/ft3) located within norite rock,
which consists of 1% stable K39 (;0.001% radioactive
K40), 0.13 ppm uranium and 5.56 ppm thorium (126). The
2,070 m of rock overburden above SNOLAB provides
within the facility an attenuated muon flux of 3 3 10–6 m–2

s–1, a thermal neutron flux of 4.7 3 10–2 m–2 s–1 and a fast
neutron flux of 4.6 3 10–2 m–2 s–1 (126). This translates to
approximately 50 million times less GCR than would be
measured at the surface. Radon gas (Rn222) is the most
profuse and challenging radiological issue facing sub-NBR
experiments underground and is present within SNOLAB
at an average level of approximately 130 Bq m–3. Attempts
to keep radiological contamination of terrestrial origin are
a major priority within the facility, as the ore dust in the
active mine located outside of the facility contains
approximately 60 mg g–1 Fe, 1.1 lg g–1 U and about 5.6
lg g–1 Th (127). This is achieved, in part, by 10 full HEPA
filtered air exchanges h–1 within SNOLAB. This air is
scrubbed and recirculated to help reduce increased radon
emanation (126). Additionally, there is an 8.0-mm thick
polymer coating over the rock walls within SNOLAB to
further address this issue (126). Low levels of neutrons and
gamma rays still infiltrate via this polymer coating through
spontaneous fission of elements radioactive decay, but
remain at levels still far below surface NBR.

FUTURE DIRECTIONS: CGL1 ULTRA-LOW-DOSE
STUDIES

We propose to utilize the exceptional ultra-low ionizing
sub-NBR environment that SNOLAB offers to quantita-
tively assess biological effects in an established human
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tissue culture model. The working hypothesis is that
ionizing NBR promotes and maintains genomic stability
through highly conserved adaptive response mechanisms

and that the absence of which will lead to reduced cell
growth, increased neoplastic transformation rates, sensitiv-
ity to oxidative stress and higher baseline levels of DNA
damage. The CGL1 cell line is an ideal tissue culture system

for quantitatively investigating the biological effects of an
ultra-low-dose radiation environment. We propose to use
CGL1 cells to whether growth in the ultra-low-background
radiation available in SNOLAB influences CGL1 popula-

tion doubling time, plating efficiency, spontaneous levels of
DNA damage repair by micronucleus formation and
cH2AX formation assays and spontaneous levels of
neoplastic transformation in CGL1 cells grown under-

ground in SNOLAB compared to CGL1 cells kept at the
surface control laboratory space. If we observe differences
in the CGL1 cells grown at ultra-low-dose radiation levels
down in SNOLAB versus CGL1 cells grown natural

background radiation (NBR) levels at the surface lab, we
will evaluate gene expression differences by cDNA micro-
array and quantitative RT-qPCR assays to observe regula-
tory changes that may occur as culture time in the sub-NBR

increases analyses and determine the genetic and epigenetic
mechanisms driving these changes and will provide
important mechanistic information in the evaluation of
how ultra-low doses of radiation alter CGL1 cells. The

Western Blue based CGL1 cell neoplastic transformation
assay is highly sensitive and has been used to detect very
small changes spontaneous transformation frequency when
the cells are irradiated with a few mGy of ionizing radiation
(82, 83, 85, 87, 88, 103). Therefore, we propose that in the

ultra-low radiation environment that SNOLAB provides, the
CGL1 based transformation assay is ideal to detect small
changes in spontaneous background neoplastic transforma-
tion frequency.

SNOLAB’s ultra-low-dose sub-NBR environment and

close proximity to both Laurentian University and
Northern Ontario School of Medicine provide the ideal
environment for the recently established ‘‘Researching the
Effects of the Presence and Absence of Ionizing Radia-

tion’’ (REPAIR) project. These facilities will allow us to
test whether CGL1 cells, adapted to the ultra-low-dose
NBR environment underground, will alter either the
spontaneous, X ray and/or radon-induced levels of

neoplastic transformation and the cellular and molecular
mechanisms involved. CGL1 cell growth rate, micronu-
cleus and c-H2AX, changes in gene expression, rates of
neoplastic transformation and capacity to react to changes

in oxidative stress levels will be assessed in sub-NBR
adapted CGL1 cells grown underground in SNOLAB
versus the CGL1 cells kept at surface NBR doses. We
strongly believe that the resulting SNOLAB data will be of

high scientific value and will contribute to a better
understanding of ultra-low-dose radiation biology.
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Ionizing radiation exposure from medical diagnostic
imaging has greatly increased over the last few decades.
Approximately 80% of patients who undergo medical
imaging are exposed to low-dose ionizing radiation (LDIR).
Although there is widespread consensus regarding the
harmful effects of high doses of radiation, the biological
effects of low-linear energy transfer (LET) LDIR is not well
understood. LDIR is known to promote oxidative stress,
however, these levels may not be large enough to result in
genomic mutations. There is emerging evidence that oxidative
stress causes heritable modifications via epigenetic mecha-
nisms (DNA methylation, histone modification, noncoding
RNA regulation). These epigenetic modifications result in
permanent cellular transformations without altering the
underlying DNA nucleotide sequence. This review summa-
rizes the major concepts in the field of epigenetics with a
focus on the effects of low-LET LDIR (,100 mGy) and
oxidative stress on epigenetic gene modification. In this
review, we show evidence that suggests that LDIR-induced
oxidative stress provides a mechanistic link between LDIR
and epigenetic gene regulation. We also discuss the potential
implication of LDIR exposure during pregnancy where
intrauterine fetal development is highly susceptible to
oxidative stress-induced epigenetic programing. � 2017 by

Radiation Research Society

INTRODUCTION

The use of medical diagnostic imaging has increased
greatly over the last 20 years. A large portion of these
medical diagnostic techniques involve ionizing radiation,

including radiography, fluoroscopy, computed tomography
(CT) and nuclear medicine. Annually, there are more than
3.6 billion X-ray examinations, 37 million nuclear medicine
applications and 7.5 million radiotherapy procedures
worldwide (1, 2). In the U.S. alone, in 2006 the number
of individual exposures to diagnostic medical radiation had
increased to more than seven times that of the early 1980s
(3). Specifically, the number of CT and nuclear medicine
examinations had increased 2.7-fold and 1.6-fold, respec-
tively, from 1998 to 2008 (4).

An average individual has an annual radiation exposure of
approximately 6.2 mSv, with roughly half from medical
imaging, while the other half comes from background
sources (4). Approximately 80% of patients who undergo
medical imaging are exposed to low doses of ionizing
radiation, with mean effective dose at 2.4 6 6.0 mSv per
person per year (5). The term ‘‘low-dose ionizing radiation’’
(LDIR) can be used in a variety of contexts. For the purpose
of this review we define LDIR to be less than or equal to 0.1
Gy (or 100 mGy) unless otherwise stated. Furthermore, only
low-linear energy transfer (LET) radiation types such as X
or gamma rays will be discussed. Although there is
widespread consensus regarding the harmful effects of high
doses of radiation and mechanisms of cell injury, the
biological effects and mechanism of action of low-LET
LDIR (which encompasses the majority of exposures from
medical diagnostics) is not very well understood.

LOW-DOSE IONIZING RADIATION AND OXIDATIVE
STRESS

Ionizing radiation can be classified as directly or
indirectly ionizing (6). Positively charged particles are
described as directly ionizing, as they contain sufficient
energy to disrupt the atomic structure of the absorbing
material. These charged particles are relatively large and
thus deposit energy over short distances resulting in harmful
biological effects. Indirectly ionizing radiation such as
gamma radiation donates a portion or the entirety of its
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energy to produce fast-moving charged particles, such as
electrons (6). These fast-moving species result in direct
cellular damage to bio-molecules such as DNA, or form
highly reactive free radical species known as reactive
oxygen species (ROS).

The majority of observed biological effects mediated by
LDIR occur due to the generation of ROS via indirect
radiolysis of water molecules (7). Ionizing radiation also
stimulates ROS production by promoting inducible nitric
oxide synthase (NOS) activity resulting in nitric oxide
(
�
NO) formation (8).

�
NO reacts with superoxide radical

(O2
–) generating peroxynitrite (ONOO–). ONOO– is a strong

oxidant radical that reacts with a wide range of biomole-
cules including DNA bases, proteins and lipids.

Another major source of cellular ROS production
includes nicotinamide adenosine dinucleotide phosphate
(NADPH) oxidase. NADPH oxidase is a multi-subunit
enzyme complex that assembles on the cell membrane of
phagocytic and non-phagocytic cells when activated.
NADPH oxidase generates superoxide anion by transferring
electrons from cytosolic NADPH across the cell membrane
to extracellular molecular oxygen (9). Weyemi et al.,
demonstrated that LDIR promotes DNA damage via
activation of NADPH oxidase family members NOX4 and
NOX5 (10). Indeed, knockdown of NOX4 and NOX5 in
human primary fibroblasts resulted in reduced levels of
DNA damage, indicating that NADPH oxidase is a
significant source of LDIR mediated ROS production (10).

LDIR further contributes to ROS production by altering
mitochondrial electron transport chain (ETC) activity. The
mitochondrial matrix contains a series of enzymatic
machinery that serves as electron donors and acceptors
required for reduction of molecular oxygen to water to
produce energy. However, this process also results in the
generation of free radical byproducts due to leakage of
electrons from the mitochondria. The leaked electrons
contribute to basal levels of superoxide production (11).
Radiation promotes electron release from the mitochondria,
therefore resulting in excess superoxide generation (12).
Ionizing radiation further disrupts mitochondrial function by
inhibiting mitochondrial protein import and activity of key
ETC enzymes including aconitase (13). These LDIR-
mediated mitochondrial effects exacerbate basal oxidative
stress levels resulting in elevated ROS signaling.

Free radicals damage various biological macromolecules
including DNA, resulting in the formation of single-strand
or double-strand breaks. Single-strand breaks are more
easily repaired by the cell, which uses the complementary
strand of DNA as a template (6). Double-strand breaks
(DSBs) undergo repair through homologous or non-
homologous recombination pathways. In addition to
radiation-induced two-ended breaks, DSBs can also occur
from single-strand breaks when a replication fork encoun-
ters a DNA lesion resulting in replication-induced DSBs
(14). These DSBs produce various chromosome and
chromatid aberrations including chromosome ring forma-

tion, dicentric chromosome establishment or anaphase
bridge development (6). Radiation-induced DNA damage
also results in apoptosis or ‘‘programed cell death’’ when
cellular damage exceeds adequate repair mechanisms.
Within the context of radiation damage, apoptosis is critical
to ensure normal functioning of tissue by removing aberrant
cells. It is important to note that under resting conditions,
background steady state ROS levels in cells result in 103–
104 DNA damage sites per cell per day (15). In addition to
maintaining basal DNA damage events, DNA repair
mechanisms must adapt to increased DNA damage rates
during irradiation to maintain adequate DNA protection.
This demonstrates that dose rate (radiation dose absorbed in
unit time) is an important variable in determining radiation
induced DNA mutation rates.

The production of free radicals and cellular oxidative
stress has been well defined and characterized as a
mechanism of ionizing radiation-induced cellular damage.
There is emerging evidence that oxidative stress causes
heritable modifications to the genomic structure while the
underlying DNA nucleotide sequence remains unchanged.
These structural genome changes are referred to as
epigenetic modifications, and control stable gene expression
patterns allowing for heritable phenotypic modifications
without altering the genotype. Recent studies also demon-
strate that LDIR modulates epigenetic mechanisms. There-
fore, we propose the following mechanism for LDIR
induced cellular effects: 1. LDIR triggers free radical
production resulting in increased cellular oxidative stress; 2.
oxidative stress targets epigenetic regulators, thus altering
gene regulation patterns; and 3. gene dysregulation causes
cellular phenotypic changes that translate into altered
physiological health outcomes (Fig. 1). In this review, we
discuss the field of epigenetics and critically summarize the
current state of knowledge regarding LDIR (�100 mGy),
oxidative stress and epigenetic changes as a mechanism for
understanding the biological effects mediated by LDIR.

EPIGENETICS

Introduction to Epigenetics

Developmental and environmental factors shape the
repertoire of genes that are expressed at a given spatial
and temporal state of a cell. Each differentiated cell has its
own gene expression signature that reflects the genotype
and environmental influences (16). The establishment and
maintenance of the metastable transcriptional state is
therefore fundamental for the cell’s ability to remember
and ‘‘memorize’’ developmental events such as changes in
external environment and developmental cues (17).

Epigenetics was coined by Conrad Waddington to
describe stably heritable changes in the structure and
function of the genome, which are acquired as the single-
cell zygote differentiates into various cell types (18–20).
Developing and fully differentiated cells must faithfully
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transmit the acquired gene expression patterns during cell
division without producing changes in the underlying DNA
sequence (16). Thus, the transmission of gene expression
memory that occurs in the absence of changes in the DNA
sequence is known as epigenetic inheritance (19). The
epigenome is dynamic and responds to environmental
perturbations to ensure proper cell function. Once the
epigenetic modifications have taken place, these marks are
maintained in all subsequent cell divisions. There is clear
evidence that exposure to pathophysiological conditions
evokes epigenetic changes resulting in numerous diseases
(16).

Epigenetic Mechanisms

Epigenetic information is preserved and inherited through
specific signals (described in detail below). These include
covalent modifications to DNA, modifications to histone
proteins or noncoding RNAs.

DNA modifications. Genomic DNA is organized in arrays
of chromatin that are comprised of DNA and histones. The
basic chromatin unit, known as the nucleosome, is
composed of 147 bp of DNA wrapped around eight core
histone octomers (two subunits each of histones H2A, H2B,
H3 and H4) (21). Chromatin keeps DNA tightly packaged,

preventing chromosome breakage, and controls gene
expression and DNA replication. The highly condensed
and transcriptionally silent form of chromatin is known as

heterochromatin, and also includes telomeres, pericentric
regions and areas rich in repetitive sequences. In contrast,

euchromatin is less condensed and contains actively
transcribing genes. Thus, factors that control access to gene

binding by transcription factors determine gene expression
levels.

The most widely studied epigenetic DNA modification

mechanism is cytosine methylation of DNA at the carbon 5
residue to form 5-methyl-cytosine (5meC) (22). The methyl

group protrudes from the cytosine nucleotide into the major
grove of the DNA and has two main effects: 1. displacement
of transcription factors that normally bind DNA; and 2.

attraction of methyl binding proteins, which are in turn
associated with gene silencing and chromatin compaction

(23–25).

It is estimated that 3% of cytosine in human DNA are
methylated. Methylation is restricted to cytosine (C)

nucleotides in the sequence CG (annotated CpG) (16, 26).
Although the CpG nucleotide frequency in the vertebrate

genome is low, small stretches of DNA have CpG
dinucleotides that extend for hundreds of bases, known as

FIG. 1. Proposed mechanism for low-dose ionizing radiation (LDIR)-induced cellular effects. 1. LDIR
triggers free radical production, resulting in increased cellular oxidative stress. 2. Oxidative stress targets
epigenetic regulators, thus altering gene regulation patterns. 3. Gene dysregulation causes cellular phenotypic
changes that translate into altered physiological health outcomes.
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CpG islands. Approximately half of transcribed genes
contain CpG islands near their promoter region (26).
However, CpG islands are generally hypomethylated or
have very low levels of methylation under resting
conditions.

Regulation of proper DNA methylation is vital for proper
cell proliferation, cell differentiation and genomic stability.
Pathological conditions, which cause global DNA hypo-
methylation, activate transposable elements, resulting in
elevated chromosome breakage, aneuploidy, increased
mutation rates and overall genomic instability (22, 27–29).
Furthermore, altered global DNA methylation is a well-
known characteristic of cancer progression.

DNA methyltransferases (DNMTs) are enzymes respon-
sible for DNA methylation. DNMT3a and DNMT3b are
responsible for establishing cytosine methylation at previ-
ously unmethylated CpG sites (30). DNMT3L is an isoform
of DNMT3a that lacks methylation activity, but helps de
novo DNA methylation of transposons in the germline.
DNMT1 maintains pre-existing methylation patterns by
having an increased propensity for hemimethylated DNA
substrates (only one of two complementary strands is
methylated). Thus, heritable gene expression patterns of
CpG methylation imposed on the genome by defined
developmental time points in precursor cells are maintained
by DNMT1 and subsequently transmitted to descendants of
the cell lineage (30–33).

DNA methylation of CpG islands is associated with
transcriptional silencing and repression of gene expression
(16). Methylated DNA is recognized by a family of methyl
CpG-binding domain proteins. These proteins include
MeCP2 and MBD1–MBD4. MeCP2 recruits chromatin-
remodeling co-repressor complexes to regions of DNA that
specifically bind the MeCP2 protein (34). Mutations in
MeCP2 have been reported to result in Rett syndrome (35).
Rett syndrome is an example of genetic mutation causing a
shift in the epigenome expression profile.

Histone modifications. Histone proteins are comprised of
long chains of amino acids. Modification of these amino
acid residues alters chromatin fiber compaction, resulting in
changes in the accessibility and recruitment of transcription
regulatory factors to promoter sequences on DNA (16, 21).
Chromatin remodeling complexes are proteins that modu-
late the interaction between nucleosome and DNA by
adding post-translational modifications to histone. Nine
different histone modifications have been described: 1.
lysine acetylation; 2. lysine methylation; 3. arginine
methylation; 4. serine/threonine tyrosine phosphorylation;
5. serine/threonine ubiquitylation; 6. GlcNAcylation; 7.
citrullination; 8. krotonilation; and 9. proline isomerization
(21). The histone code refers to the set of modifications to
the histone tail of the nucleosome (25).

Histone acetylation on lysine residues by histone
acetyltransferases (HAT) induces chromatin structure relax-
ation and a marked increase in gene expression. This is
achieved by neutralizing the positive amine group present in

lysine with amide conversion, thus reducing the interaction
between the negatively charged DNA with the histone.
Acetylation allows increased access to gene regulatory
proteins and transcription factors leading to enhanced gene
expression (36, 37). HAT preferentially targets lysine
residues within histones H3 and H4. Histone acetylation

promotes chromatin relaxation allowing for greater access
to promoter regions (38). Conversely histone deacetylases
(HDAC) result in chromatin compaction and reduced gene
expression.

Unlike histone acetylation, histone methylation does not
alter the charge of the modified residue (39). Thus, histone
methylation can either repress or activate transcription
depending on the site of methylation. Arginine methylation
of H3 and H4 promotes transcriptional activity, whereas
lysine methylation of H3 and H4 can both activate or
repress transcription depending on the site of methylation

(40). In addition, lysine residues can be methylated several
times, providing mono-, di- or tri-methylation (41).
Enzymes responsible for histone methylation include
histone methyltransferases such as lysine-specific histone
methyltransferases and arginine-specific histone methyl-
transferases.

All core histones are phosphorylated, which is a critical
step in chromosome condensation during mitosis/meiosis,
transcription regulation and DNA damage repair (42).
Histone phosphorylation functions by establishing interac-
tions between other histone-modifying enzymes and
effector proteins, leading to further downstream events.

Furthermore, histone ubiquitylation of H2A and H2B are
monoubiquilated by Polycomb and RNF20/40 ubiquitin
ligases, leading to gene silencing and gene activation,
respectively (43).

Histone modifications demonstrate intense cross talk:
modification of the same histone (cis); between different
histones with the same nucleosome (trans); and across
different nucleosomes (44). This brings vast complexity to
the control of gene expression, since each modification
exerts its effect differently, and this is further complicated
since the effect is determined on the extent of methylation,

whether it is mono-, di- or tri-methylation. Histone
modification and DNA methylation act together to control
the structure of the chromatin and ultimately, gene
expression levels (22). Thus, gene expression is a complex
process, which is dependent on the DNA sequence itself,
the histone-modifying proteins and the methylation state of
the gene. These genetic and epigenetic patterns are
interlinked and interdependent (16).

Noncoding RNA-mediated epigenetic modulation. Nu-
merous studies indicate that approximately 90% of
eukaryotic genome is transcribed, however, only 1–2 % of

these transcripts encode for proteins (45). Thus, the majority
of transcribed genes act as noncoding RNAs, which perform
infrastructural (housekeeping role in translation and splicing
including ribosomal, transfer and small nuclear RNAs) and
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regulatory roles (modification of other RNAs by miRNAs,
piRNAs, siRNAs, IncRNAs) (46).

miRNAs are small (21–25 nt) single-stranded noncoding
RNAs that regulate gene expression at the post-transcrip-
tional level by repressing specific mRNAs targets (22, 47,
48). miRNAs are derived from distinctive hairpin stem loop
structures called pre-miRNA. Drosha, a RNAase III
enzyme, cleaves pre-miRNA into a 70-nt-long miRNA in
the nucleus and allows the miRNA to enter the cytoplasm,
where it associates with another RNAse III enzyme
(DICER) to be cleaved into 21–25-nt-long dsRNA. The
dsRNA is separated into two strands, one of which is
incorporated with AGO2 (Argonaute protein family) to
form the RNA-induced silencing complex (RISC). RISC
binds to 30UTR or target mRNAs and represses target
mRNA translation. miRNAs are transcribed independently,
in clusters, or as polycistron transcripts (22, 48).

Similar to miRNAs, small interfering RNAs (siRNAs) are
linear double-stranded RNA that is processed by DICER
into mature 20–24 nt transcripts. siRNA silences gene
expression by forming complementary nucleotide sequence
with target mRNA (49). Similarly, long noncoding RNAs
(IncRNAs), which form the majority of noncoding RNAs,
are characterized by transcripts .200 nt in length (50).
IncRNAs are also involved in gene silencing.

Piwi-interacting RNAs (piRNAs) consist of short single-
stranded (24–31 nt) noncoding RNA characterized by a
uridine at the 50 and 20-O-methyl modification at the 30 end
(51). piRNA transcripts form complexes with Piwi proteins
of the Argonaute protein family. piRNA and Piwi protein
expression is restricted to germ cells and involved in
silencing of transposable elements during germ line
development (52). Piwi proteins are required for production
of piRNA, and are involved in spermatogenesis, germ cell
self-renewal and transposon splicing. The most common
function of piRNA pathway is to maintain genomic stability
by suppressing transposable elements by transcriptional
repression (53). piRNA allows for methylation of regulatory
regions or retrotransposons in embryonic germ cells.
Mutation in Piwi genes is characterized by increased
DNA damage at c-H2AX foci, linking it to DNA damage
repair (22, 54). Human cells transfected with Piwi resulted
in histone H3K9 methylation and significant downregula-
tion of p16 gene expression (55). The mouse genome
encodes three Piwi genes, all involved in spermatogenesis
(22). Piwi complexes using the piRNA can guide active
DNA methyltransferases to target sequence for DNA
methylation. piRNAs and other RNAs provide epigenetic
mechanisms by recruiting proteins that will affect the
chromatin structure (17).

Biological Effects of Epigenetic Modulation

Cytosine methylation, histone modifications and noncod-
ing RNA transcripts form the core epigenetic mechanisms
that contribute to the unique expression profile of an

individual cell despite all cells of the individual having an
identical genomic code (25). Epigenetic mechanisms
therefore regulate gene expression by altering the genomic
structure to allow specific transcription factors to recognize
consensus control sequences within the genome and initiate
transcription.

The epigenome is most susceptible to dysregulation
during gestation, neonatal development, puberty and old
age (16). During embryogenesis, the epigenome is espe-
cially vulnerable to environmental factors since the rate of
DNA synthesis is high, and elaborate DNA methylation
patterning and chromatin modifications are established for
normal tissue development.

Epigenetic imprinting during fertilization. Genomes of
mature sperm and egg in mammals are highly methylated
compared to somatic cells (33). However, during the first
phase of fertilization, there is genome-wide demethylation.
The paternal genome undergoes significant transformation
in the egg cytoplasm, where sperm chromatin is remodeled
by removal of protamines and replaced by acetylated
histones, followed by demethylation (33, 56, 57). This rapid
paternal-specific asymmetric loss of methylation occurs in a
process termed active demethylation, which has been
confirmed by methylcytosine-specific antibodies and bisul-
phite sequencing (19). Here, the whole paternal genome was
demethylated except at paternally imprinted genes, hetero-
chromatin centromeres and various repetitive elements (58).
After this stage, there is a stepwise decline in methylation
up to the morula stage known as passive demethylation (59,
60), which is due to the absence of methylation maintenance
proteins that occurs during DNA replication (61). Therefore,
the newly replicated strand fails to be methylated and the
level of methyl cytosines per nucleus declines (30).

The initiation of de novo methylation occurs after the fifth
cycle, which coincides with the time of the first differen-
tiation event (16, 59, 60). Here, two cell lineages result: the
inner cell mass (ICM) and the trophoectoderm. The cells of
ICM are hypermethylated and give rise to adult tissues,
while the trophoectoderm, which forms the placenta, is
largely hypomethylated.

During the early differentiation phase, primordial germ
cells are methylated (62). There is a rapid decline in DNA
methylation as these cells migrate to the genital ridge (63).
This is essential for resetting parent-of-origin-specific
methylation marks, which must match the sex of the
developing embryo (16). Once the germ cells have been
demethylated, the cells enter mitotic (male) or meiotic
(female) arrest. This occurs during the prospermatogonia
stage in males (33), where the methylation level of the
oocyte and sperm genome remains low and unchanged (64).
Only during the growth phase is the imprinting laid down
on the genome. Re-methylation of female germ cells occurs
during the growth of oocytes (33, 61). Epigenetic
reprograming is vital for the resetting of the imprints.

Epigenetics in X-chromosome inactivation. In mammals,
females with two X chromosomes achieve X-linked gene
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dosage parity with the single X chromosome of males
through epigenetic inactivation of one X chromosome (65).
Random X-chromosome inactivation occurs at the late
blastocyst stage (66). For each cell that gives rise to the
female fetus, one of two X chromosomes is randomly
inactivated. Thus, female mammals are mosaics, comprised
of mixtures of cell lines in which either the maternal or
paternal X chromosome is inactivated. X chromosome
inactivation occurs when the X chromosome destined for
inactivation is coated by a noncoding RNA (67). This is
followed by recruitment of histone-modifying protein
complexes, which leads to loss of acetylation, gain of
methylation and ubiquitination of various histone proteins
(68, 69). The cumulative epigenetic modifications transform
the X chromosome into a transcriptionally inactive
heterochromatin structure.

Transgenerational epigenetic inheritance. Epigenetic
modifications demonstrate transgenerational inheritance.
However, DNA methylation-associated phenotypes inherit-
ed from one generation to the next in mammals are rare due
to genome-wide DNA demethylation and chromatin
remodeling that occurs in the primordial germ cells of the
developing embryo (70, 71). However, some retrotranspo-
sons, especially the intracisternal A-type particles (IAP),
remain methylated and are resistant to DNA demethylation
reprograming (72). Similarly, in a more detailed study,
using DNA immunoprecipitation techniques followed by
promoter array hybridization, over 100 genes that had no
change in DNA methylation during fertilization were
identified (19, 73, 74). One example of germline-resistant
demethylation that results in transgenerational inheritance is
the epigenetic hypermethylation of mismatch repair genes
MLH1 and MSH2 in the spermatozoa of individuals
affected by colorectal cancer (75, 76). These individuals
demonstrate mismatch repair deficiency and multiple tumor
formation without changes to the underlying nucleotide
sequence of the mismatch repair genes.

The identification of DNA methylation effects in trans-
generational studies has been underrepresented due to
current knowledge that cytosines can be methylated at
non-CpG sites, unlike previous beliefs (19). Therefore,
newer studies are needed to reanalyze sequences to account
for this difference. For example, in human embryonic stem
cells, approximately 25% of methylated cytosine residues
are found at CHG or CHH, where H is A, T or C. Cytosines
can be additionally hydroxymethylated, formylated and
carboxylated, bringing more complexity (77). Furthermore,
in previously published studies, investigators initially
believed that histones were cleared from DNA in mature
sperm and replaced by protamines. However, approximately
4% of genes in sperm are packaged in the nucleosome (78–
80). Therefore, the molecular basis of transgenerational
epigenetic inheritance remains unclear, but is increasingly
pointing towards diffusible factors, such as RNA, in
addition to DNA methylation and chromatin remodeling
(81).

MECHANISM: LDIR, OXIDATIVE STRESS AND
EPIGENETIC GENE REGULATION

Effects of LDIR on Epigenetic Gene Regulation

Programed cellular changes manifest in the unexposed
progeny of irradiated cells for many cell divisions after the
initial exposure. The increased prevalence of LDIR-induced
genomic instability, and non-Mendelian mode-of-inheri-
tance-based mechanisms suggests that LDIR acts via
epigenetic-based mechanisms (82). The sections below
contain discussions on the effects of LDIR on DNA
methylation, histone modification and noncoding RNA
expression. Although studies have predominantly used
cancer models to determine the effects of radiation-induced
cellular changes, the molecular and mechanistic knowledge
gained from these studies is broadly applicable to most
biological cellular systems.

LDIR and DNA methylation. Recently published studies
indicate that LDIR exposure affects DNA methylation
patterns. Using mouse model systems, LDIR exposure has
been shown to demonstrate dose-dependent, sex and tissue-
specific effects on global hypomethylation (83). For
example, breast cancer cells treated with fractionated doses
demonstrated locus-specific DNA hypomethylation at
TRAPC1, FOXC1 and LINE1 genes (20, 84). These
hypomethylation patterns were paralleled by a decrease in
expression levels of DNA methylatransferases such as
DNMT1, DNMT3A and DNMT3B, and methyl CpG-
binding proteins such as MeCP2. Similarly, Luzhna et al.,
demonstrated that LDIR causes hypomethylation and
activation of ‘‘long interspersed element-1’’ (LINE-1)
ORF, causing increased LINE-1 protein levels and
increased LINE-1 mobilization resulting in increased
genomic instability (85). The effects of LDIR in global
DNA hypomethylation levels were also evident in irradiated
workers compared to controls. Here, LINE-1 methylation
levels were higher in irradiated workers than controls. The
global demethylation in these irradiated workers resulted in
significantly higher chromosome aberrations (86). There-
fore, the global hypomethylation patterns induced by LDIR
provide a mechanistic link between radiation exposure and
increased genomic instability.

Although LDIR exposure induces global hypomethyla-
tion, recent studies show that LDIR promotes gene-specific
promoter hypermethylation (69). In fact, promoter hyper-
methylation rather than global hypomethylation was more
stable, since acute LDIR induced transient genomic
hypomethylation in blood 2 h postirradiation, but was not
evident at one month. Similarly, DNMT1 and MBD2 were
downregulated in a tissue-specific manner, but these
changes did not persist. Analysis of chronic LDIR revealed
gene-specific hypermethylation at 811 regions, which
encompassed almost all important biological systems as
indicated by GO and KEGG pathway analysis. These
included numerous hypermethylated genes such as Rad23b
and Ddit3, which displayed tissue-specific methylation and
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downregulation that were persistent one month postirradi-
ation (69). Another study revealed that long-term LDIR-
induced adaptive response resulted in global genomic DNA
hypermethylation accompanied by increases in DNMT1 and
MeCP2 expression, and heterochromatin formation (87).
This study demonstrates that the epigenome adapts to the
initial LDIR exposure by overcompensating for the decrease
in DNMT1 and MeCP2, by increasing DNA hypermethy-
lation and enhancing expression of DNMT1 and MeCP2.

Also, the severity of the epigenome shift depends on the
radiation dose. For example, Newman et al., demonstrated
that a single radiation dose in a mouse model comparable to
human diagnostic radiation exposure did not result in
significant long- or short-term changes to repeat elements or
global DNA methylation patterns (88). Conversely, Koval-
chuk et al., showed that chronic low-dose exposure proved
to be a more potent inducer of epigenetic effects than the
acute exposure. This supports previous findings that chronic
exposure leads to greater genome destabilization than acute
exposure (89). Therefore, further research is needed to fully
elucidate the role of radiation dosage and DNA methylation
status.

LDIR and histone modification. LDIR results in a wide
variety of histone modifications. For example, LDIR
exposure inhibited H4 lysine tri-methylation, a similar
phenomenon seen in aggressive breast cancers (90).
Similarly, low-dose X-ray irradiation in a mouse model
resulted in decreased tri-methylation of histone H4-Lys20 in
the thymus and overall reduction in chromatin compaction
structure (91). The loss of histone H4-Lys20 tri-methylation
was accompanied by a significant increase in global DNA
hypomethylation as well as the accumulation of DNA
damage. The altered DNA methylation status was associ-
ated with reduced expression of maintenance DNMT1 and
de novo DNA methyltransferase DNMT3a in irradiated
animals. Interestingly, expression of DNMT3b was de-
creased only in males. In addition, LDIR resulted in
approximately 20% reduction in the levels of methyl-
binding proteins MeCP2 and MBD2 (91). These studies
demonstrate that changes in DNA methylation and histone
modification mediated by LDIR results in overall genomic
instability.

LDIR and noncoding RNA. Numerous studies have
demonstrated that LDIR exposure alters miRNA levels,
which ultimately leads to modified protein expression
profiles. miRNAs such as miR-21, miR-34a, miR-29c,
miR-16, miR-202, miR-303 and miR-572 are all LDIR-
responsive miRNAs implicated in radiation-induced altered
gene regulation (92–95). Interestingly, LDIR-mediated
miRNA alterations demonstrate temporal regulation. For
example, Bae et al., identified numerous LDIR-responsive
miRNAs that differed depending on the postirradiation time
point (92). At 6 h after LDIR exposure, expression levels of
miR-3656, miR-3125 and miR-940 were significantly
increased while expression levels of miR-328, miR-885-
5p and let-7d-3p were downregulated. At 24 h postirradi-

ation miR-3937, miR-1825 and miR-369-3p were signifi-
cantly upregulated while miR-634 was downregulated (92).
Therefore, LDIR-induced miRNA expression patterns are
temporally unique. Taken together, these studies demon-
strate that LDIR modulates miRNA levels leading to altered
gene expression patterns.

Mechanism: Link between Oxidative Stress and Epigenetic
Gene Regulation

Recently reported studies suggest that elevated radical
species and oxidative stress alters epigenetic gene regulation
mechanisms (96–98). Stressors, such as ionizing radiation,
generate increased ROS production. When cellular antiox-
idant defense mechanisms are unable to counteract the
formation of ROS, the excess free radicals damage
biological macromolecules, including lipids, proteins and
nucleic acids. We propose that cells adapt to ionizing
radiation-induced oxidative insult by modifying epigenetic
gene regulation.

Oxidative stressors mediate epigenetic modifications by:
1. inhibiting macromolecules involved in maintaining
epigenetic regulation by forming protein adducts; 2. altering
genomic DNA methylation status; 3. modifying post-
translational histone interactions leading to changes in
chromatin compaction; and 4. activating signaling pathways
that control transcription factor expression (99, 100).
Oxidative stress also contributes to epigenetic changes by
altering the action of small noncoding RNAs. Analysis of
ROS-mediated miRNA expression patterns revealed that
epigenetic changes at gene location corresponded to fragile
sites known to be targets of oxidative damage. The sections
below contain further discussion on the mechanisms by
which oxidative stress modulates epigenetic gene regula-
tion.

ROS-mediated protein adduct formation. ROS generated
from ionizing radiation mediates epigenetic changes by
directly interacting with macromolecules involved in
epigenetic maintenance, such as DNA methyltransferases
and DNA histones, thereby inhibiting their function. For
example, oxidation of cellular lipids results in the
generation of unsaturated alkenal electrophiles such as 4-
hydroxy-2-nonenal (4-HNE) or 4-oxo-2- nonenal (4-ONE)
(101). These electrophilic molecules bind to lysine and
histidine residues present in biological macromolecules via
ketoamide adduct formation. Since histones are lysine-rich
proteins, they are targets for ketoamide adduct formation
and offer a novel link between oxidative stress and gene
expression. Treatment of cells with alkynyl-4-HNE or
alkynyl-4-ONE resulted in lysine modification in all four
histone subtypes (101). In particular, adduct formation on
specific lysine residues correlated with numerous studies
demonstrating that acetylation or methylation of the same
lysine residues resulted in cancer progression via epigenetic
mechanisms (102–104). Galligan et al., (101) robustly
tested this mechanism by inducing oxidative stress in
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RAW264.7 macrophages by lipopolysaccharide treatment.
Analysis of treated cells revealed 4-ketoamide adduct
formation at lysine 27 in histone 3B compared to no adduct
formation in untreated cells. The ketoamide adduct

formation interferes with histone acetylation and methyla-
tion sites, thus providing a mechanistic link between
oxidative stress and epigenetic patterning.

ROS-mediated DNA methylation changes. ROS-directed
DNA damage increases gene methylation at the site of
injury resulting in gene silencing (105). DNA lesions are
rapidly restored by DNA repair enzymes. However, studies

have shown that the process of homology-directed DNA
repair is routinely associated with DNA methylation at the
site of injury (106). The selective methylation of distal
segments of repaired DNA is achieved by DNA damage
response genes such as GADD45A and nuclear protein 95
(Np95) (107). GADD45A has high affinity for hemi-

methylated DNA intermediates, which recruit Np95. Np95
then directs histone H3 methyltransferase to the site of
damaged DNA, followed by recruitment of de novo
methyltransferases Dnmt3a and Dnmt3b, resulting in
DNA methylation (106). Here, ROS indirectly mediates
epigenetic methylation alterations in the genome by
inducing DNA breaks, which are then repaired and

methylated by DNMTs.

Hypermethylation of the Pax3 gene provides a good
example of oxidative stress-mediated developmental epige-
netic changes due to intrauterine stress. Pax3 is a
transcription factor and its expression controls neural tube
closure during embryogenesis. Pax3 activity is inhibited
during embryonic development in diabetic mice, resulting in

developmental defects. Gestational diabetes exposes the fetus
to hyperglycemia-induced oxidative stress resulting in
increased Pax3 CpG island methylation by promoting
DNMT3b activity (108). Similarly, cholangiocarcinoma liver
cancer cells achieved resistance to oxidative stress by
increasing expression levels of epigenetics-related genes

such as DNMT1 (109). These results indicate that oxidative
stress downregulates expression of specific genes by
promoting DNMT activity, thereby providing a molecular
link between oxidative stress and epigenetic gene regulation.

Although numerous studies have shown gene-specific
hypermethylation due to ROS-directed DNA damage,
overall global methylation status of the genome is
significantly decreased during oxidative stress. Ionizing

radiation generates ROS production predominantly via
mitochondrial electron transport chain and NADPH oxidas-
es present in the cytoplasm. Elevated mitochondrial ROS
production causes global nuclear DNA hypomethylation
due to accumulation of methyltransferases to the mitochon-
dria to aid in the repair of mitochondrial DNA repair,

leaving the nucleus devoid of methyltransferases (110). The
global nuclear DNA hypomethylation that results from
increased mitochondrial ROS production is epigenetically
preserved, leading to numerous gene expression changes.

Another mechanism of oxidative stress-induced global
hypomethylation revolves around inappropriate inhibition
of epigenetic regulators. Oxidization of reduced glutathione
(GSH) to GSSH inhibits S-adenosyl methionine synthetase,
the enzyme responsible for synthesizing S-adenosyl methi-
onine (SAM). SAM is utilized by DNMTs and histone
methyltransferases and therefore, oxidative stress-mediated
inhibition of SAM results in genomic hypomethylation
(111). Similarly, LINE-1 methylation was shown to
significantly decreased in H2O2 treated HK-2 kidney cells
(112). This study demonstrated that exposure of cells to
ROS leads to homocysteine deficiency, which consequently
causes SAM depletion and eventual hypomethylation of
LINE-1 (112).

ROS-mediated post-translational histone modifications.
Oxidative stress can also modulate epigenetic gene
regulation at the DNA lesion site by altering the state of
the chromatin structure. DSBs are predominantly repaired
under fast kinetics using poly ADP ribose (PAR) polymer-
ases, which utilize NADþ to catalyze the formation of PAR
at the site of DNA damage (113). The accumulation of PAR
at the site of injury activates chromatin remodeling protein
ALC1, which causes nucleosome relaxation resulting in
epigenetic gene upregulation (114). Similarly, approximate-
ly 15% of DSBs are repaired with slow kinetics via a
process that requires ataxia telangiectasia mutated (ATM), a
serine/threonine kinase that is activated and recruited during
DSB signaling response. ATM modifies the heterochroma-
tin structure near the DSB by phosphorylation of KAP-1, a
heterochromatin formation factor that is essential for
opening tightly packed heterochromatin regions to allow
for DSB repair (113). There are numerous reports linking
DNA-damaging chemicals known to increase ROS produc-
tion to DNA hypomethylation via this type of chromatin
remodeling. Therefore, oxidative stress alters epigenetic
gene regulation by controlling the chromatin structure near
the site of DNA damage.

ROS-mediated DNA oxidization of deoxyguanosine into
8-hydroxydeoxyguanosine (8-OHdG) also results in histone
modifications. Gene promoters with 8-OHdG adduct
formation have been reported to change the chromatin
status from active chromatin with trimethyl-H3K4 and
acetylated-H4K16 to a repressive form expressing trimeth-
yl-H3K27 (115). The change in chromatin status was
associated with gene methylation. An example of oxidative
stress-mediated hypermethylation due to histone modifica-
tions is evident in the DMA-mismatch repair gene (MSH2)
promoter. Chronic oxidative stress resulted in enhanced
histone H3K27 acetylation, reduced HDAC1 expression,
and hypermethylation of the DNA-mismatch repair (MMR)
transcription (116). This epigenetic hypermethylation of the
MSH2 promoter resulted in loss of MMR-mediated cell
apoptosis. Similarly, transglutaminases (TGs) are calcium-
dependent enzymes implicated in cell death but can also
control chromatin remodeling via sirtuin 1 (SIRT1)-
mediated histone deacetylation. During oxidative stress,
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TGs enter the nucleus and bind to chromatin structures,
resulting in transcriptional repression of genes involved in
metabolic or oxidative adaptation (117). Oxidative stress
also causes changes in oxidized and reduced forms of
nicotinamide adenine dinucleotide (NADþ/NADH ratio). A
reduced NADþ/NADH ratio due to cellular oxidative stress
inhibits the activity of histone deacetylases and poly-ADP
ribosyltransferases. These examples demonstrate that oxi-
dative stress translates into inappropriate epigenetic gene
regulation via histone modification and alteration in
chromatin compaction. This type of epigenetic gene
suppression is prevalent in tumor suppressor genes, leading
to cancer progression.

There are numerous transcription factors, which are
epigenetically regulated by oxidative stress signals that
target histones. For example, inflammation-mediated oxi-
dative stress induces histone acetylation followed by
chromatin remodeling, leading to increased AP-1, forkhead
box O and NF-jB activation (118). These elevated
transcription factors enhance expression and release of
pro-inflammatory cytokines. Conversely, induction of
mitochondrial oxidative stress via n-succinimidyl n-meth-
ylcarbamate exposure resulted in hypermethylation of p16
and smad4 gene promoters and subsequent reduction in
respective gene products (119). Hypermethylation of these
promoters was produced by histone modifications, which
included hypermethylation of histone 3 and histone 4,
hypoacetylation of histone 3 and histone 4 and increased c-
H2AX phosphorylation. Therefore, oxidative stress-mediat-
ed epigenetic changes in transcription factor expression are
dependent on the type of histone modifications, with
hypoacetylation suppressing expression while enhanced
histone acetylation promoting expression.

Various drugs and toxins that elevate oxidative stress also
mediate epigenetic changes by targeting histones. Khanal et
al., demonstrated that benzo(a)pyrene-induced oxidative
stress modulates the epigenetic status of the estrogen receptor
a promoter by transforming the transcriptionally active
histone modification status into a repressive state (120).
Similarly, hypoxia mimetic deferoxamine induced expression
of histone deacetylase 9 (HDAC9) and suppressed expression
of lysine acetyltransferase 5 (KAT5) and DNA methyltrans-
ferase 3A (DNMT3A), demonstrating that expression of
genes encoding epigenetic chromatin-modifying enzymes
could be influenced by hypoxia mimetics (121). Furthermore,
using bisulfite genomic DNA sequencing and methylated
DNA immunoprecipitation, Paredes-Gonzalez et al., demon-
strated that the anti-cancer drug apigenin protects against
oxidative damage by demethylation coupled with attenuating
DNMT and HDAC activity (122).

ROS-mediated loss of epigenetic imprinting. Oxidative
stress causes loss of genomic imprinting via NF-jB
signaling, resulting in expression of numerous genes that
would normally be imprinted and thus repressed. NF-jB is
a transcription factor that regulates cellular stress responses
to oxidative stress. Under resting conditions, NF-jB

associates with the IjB family of inhibitory proteins.
During oxidative stress, IjB is degraded, which allows
NF-jB to translocate into the nucleus to bind specific
response elements to initiate cellular responses to protect
from oxidative stress. Studies in malignant and non-
cancerous human prostate cell lines revealed that exposure
to oxidative stress resulted in loss of imprinting in insulin-
like growth factor 2 (IGF2) imprint control regions (123)

Under normal conditions, enhancer-blocking element
CCCTC-binding factor (CTCF) binds to the imprint control
region of IGF2, preventing access to enhancers. This
inhibits gene expression and promotes IGF2 gene silencing.
Under oxidative stress, NF-jB binds to the CTCF promoter
region with the co-repressor HDAC1 resulting in decreased
expression. Reduced CTCF expression results in impaired
binding to the IGF2 imprint control regions. Removal of
CTCF allows IGF2 enhancers to bind to the gene resulting
in loss of imprinting and biallelic IGF2 expression (123).
Therefore, oxidative stress results in loss of imprinting and
inappropriate gene regulation through upregulation of NF-
jB activation.

ROS-mediated induction of bystander effects. The
radiation-induced bystander effect occurs when nonirradiated
cells display phenotypes and molecular gene expression
signatures similar to neighboring irradiated cells. Irradiated
cells utilize a wide variety of intercellular mechanisms to
transmit signals to neighboring nonirradiated cells, including
calcium signaling, intercellular communication machinery
such as gap junctional proteins, and potent growth factors
like TGFb1 (124–127). There are numerous published
studies, which also implicate ROS in the induction of
radiation-induced bystander effects (128, 129). It will be
interesting to elucidate whether epigenetic mechanisms play a
role in ROS-mediated bystander effects. Further studies are
needed to determine this link at the low-dose range.

FETAL AND DEVELOPMENTAL RADIATION
CONCERNS

The concept of LDIR-related increased oxidative stress
production and modified epigenetic regulation is most
relevant in terms of understanding the cellular events that
occur in the fetus when pregnant women undergo diagnostic
imaging or radiation therapy. The intrauterine period of life
provides a critical window during development in which the
fetus is very sensitive to environmental perturbations (130).
The epigenome of the developing fetus is vulnerable to
oxidative stress, which can lead to aberrant epigenetic
modifications that can persist into adulthood and induce
numerous diseases. Exposure to radiation during pregnancy
is often in the low-dose range and may potentially lead to
long-term effects to the unborn child. Estimated fetal doses
received during diagnostic treatments include 1.4 and 1.1
mGy for abdominal and pelvic X rays, respectively, and 8
and 25 mGy for abdominal and pelvic CT scans,
respectively (131).
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Studies have shown that maternal stress or adversity
during gestation provides an unfavorable fetal environment
(132). The developing organs and systems in the fetus adapt
to the altered uterine environment by permanently modify-
ing cellular and physiological states, which has lasting
effects throughout an individual’s lifespan. This concept of
‘‘developmental programing’’ is based on numerous
epidemiological, clinical, animal and molecular studies,
which suggest that adverse conditions during embryonic
and fetal development can predispose or alter health
outcomes in adulthood (133, 134). Embryonic organogen-
esis in particular is known to be a sensitive period for
ionizing radiation-induced malformations. This is likely due
to the high rates of cell proliferation and development of
major organ systems, with ionizing radiation known to
interfere with high rates of cell proliferation (135, 136).

The various triggers of fetal programing predominantly
result in elevated oxidative stress and ROS formation in the
intrauterine environment. Numerous epidemiological stud-
ies support the role of oxidative stress as a mechanistic basis
for fetal programing (137–139). For example, low birth
weight is often associated with elevated oxidative stress
during intrauterine development, resulting in cardiovascular
disease and type 2 diabetes in adulthood (140). Published
studies have demonstrated elevated levels of lipid peroxi-
dation and pronounced indices for antioxidant enzymes in
the placenta of stressed mothers, while their growth-
restricted children continued to exhibit increased serum
levels of lipid peroxidation and DNA damage (141–143).
Similar results were observed in studies of animals treated
with dexamethasone (a chemical glucocorticoid), which
resulted in elevated ROS levels in the coronary circulation
and mitochondria of hearts (144). Thus, oxidative stress
provides a mechanistic link between intrauterine stress and
developmental programing. Therefore, we propose that
LDIR exposure may cause developmental programing in the
fetus via oxidative stress-mediated epigenetic modifications.
Epigenetic modulation may explain some of the observed
long-term developmental programing health outcomes that
result from LDIR and oxidative stress.

The effects of LDIR on epigenetic modulation during
fetal programing are best studied using the metastable
epiallele in Agouti Yellow Viable (Avy) mice (70, 145).
Metastable epialleles serve as environmental biosensors
(146). These genes are variably expressed in individuals due
to epigenetic modifications that were established during
early development. In the Avy mice, the Agouti locus is
comprised of an upstream intracisternal A-particle (IAP)
retrotransposon (70). Under normal environmental condi-
tions, CpG methylation of IAP occurs during embryonic
development, and the subsequent silencing of Agouti
expression results in a brown coat color (72). When the
retrotransposon is unmethylated due to environment-
induced epigenetic modulation, the Agouti gene is hypo-
methylated and aberrantly expressed, leading to a yellow
coat color, as well as obesity and diabetes (147).

Interestingly, Bernal et al., demonstrated that LDIR in
pregnant Avy mice increased DNA methylation in the
offspring, resulting in hypomethylation of the Agouti gene
and increased frequency of mice with pseudoagouti (brown)
coat color similar to control. The effects of LDIR on DNA
methylation and coat color change were negated by
maternal dietary antioxidant supplementation (148). In this
example, LDIR provided a positive adaptive phenotype
through oxidative stress-mediated epigenetic alterations.
Further, similar studies of LDIR-mediated epigenetic gene-
specific analysis are required to establish the role of LDIR
in fetal programing.

CONCLUDING REMARKS

While the use of diagnostic imaging and radiation therapy
has profoundly increased over the last few decades, the
effects of LDIR on health outcomes have not been fully
elucidated. Furthermore, with increased patient survival
rates due to modern cancer radiation therapy, the risk of
treatment-related deleterious effects, including secondary
cancers, is becoming an increasing clinical problem (22).
Delayed effects can manifest in the unexposed progeny of
irradiated cells for many cell divisions after the initial insult.
The increased prevalence of LDIR-induced genomic
instability, and non-Mendelian mode-of-inheritance-based
mechanisms, suggests that LDIR acts via epigenetic-based
mechanisms (82). These heritable cellular effects can either
provide a positively adaptive phenotype or result in
enhanced disease progression (Fig. 1).

This review summarizes recent studies, which present
compelling evidence that oxidative stress generated from
sources such as low-LET ionizing radiation provides a
mechanistic link between LDIR and epigenetic gene
regulation (Fig. 1). Epigenetic changes mediated by
oxidative stress are faithfully preserved, resulting in
permanent cellular transformations. Numerous studies have
demonstrated that ROS scavengers such as n-acetylcysteine
and tempol prevent epigenetic DNA methylation changes
induced by oxidative stress (149–151). Similarly, oxidative
stress mediated by intrauterine hypoxia was shown to be
protected by administering DNMT inhibitors (137) or
methyl donors such as genistein (152, 153). Taken together,
these studies demonstrate that exogenous application of
antioxidant supplements protects the biological system by
preventing aberrant epigenetic transformations.

LDIR-mediated epigenetic modifications may also provide
supporting evidence for hormetic or beneficial effects of low
doses of radiation. Very-low-dose radiation may be beneficial
when minimal cellular damage provides a stimulus for
establishment of enhanced repair mechanisms. If the
radiation exposure level is low, not only is the cell able to
repair the damage, but this slightly elevated level of repair/
regulatory proteins may infer the cell a protective effect. This
theory has been reported in numerous studies in an ‘‘adaptive
response’’ model. In this view, low doses of radiation primes

534 THARMALINGAM ET AL.



the system, and when challenged by a large and acute dose of
radiation the biological system performs better than a system
that is given only the acute dose (154–157).

This review brings to light the need for improved
evaluation of LDIR-induced epigenetic gene regulation.
Currently, there are no epidemiological studies that have
been done to determine the effects of LDIR on epigenetic
gene regulation. This review emphasizes the need to
conduct such studies to better elucidate the role of LDIR
on health outcomes. Although ROS and upregulated DNA
repair mechanisms have been well characterized as a
mechanism of ionizing radiation-induced cellular damage,
these changes result in phenotypic modifications only when
the underlying DNA nucleotide sequence is altered. More
importantly, these genomic mutational changes may not
fully explain the subtle gene expression alterations that
occur with LDIR. Therefore, future studies are needed to
explore both the genetic and epigenetic makeup of the
biological system and fully elucidate the effects of ionizing
radiation on health and disease.
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Radiation therapy has become one of the main forms of
treatment for various types of cancers. Cancer patients
previously treated with high doses of radiation are at a
greater risk to develop cardiovascular complications later in
life. The heart can receive varying doses of radiation
depending on the type of therapy and can even reach doses
in the range of 17 Gy. Multiple studies have highlighted the
role of oxidative stress and inflammation in radiation-
induced cardiovascular damage. Doses of ionizing radiation
below 200 mGy, however, have been shown to have beneficial
effects in some experimental models of radiation-induced
damage, but low-dose effects in the heart is still debated.
Low-dose radiation may promote heart health and reduce
damage from oxidative stress and inflammation, however
there are few studies focusing on the impact of low-dose
radiation on the heart. In this review, we summarize recent
studies from animal models and human data focusing on the
effects and mechanism(s) of action of radiation-induced
damage to the heart, as well as the effects of high and low
doses of radiation and dose rates. � 2017 by Radiation Research Society

INTRODUCTION

The use of ionizing radiation has become common
practice in the treatment of cancer and medical diagnostics.
It is estimated that more than 50% of patients with cancer
are treated with radiotherapy (1). In Canada, medical
diagnostic procedures account for roughly 40% of the
average annual radiation dose in North America (2).
Therefore, it is important to understand how cells and
tissues respond to radiation. The absorption of radiation by

living cells can directly disrupt atomic structures, producing
chemical and biological changes. In the clinic, gamma and
X rays, are the most commonly used types of ionizing
radiation, exert about 70–80% of their effects indirectly
through the generation of free radicals (3–5). Linear energy
transfer (LET) influences the relative biological effective-
ness of different radiation qualities, with high-LET radiation
resulting in highly complex clusters of DNA damage,
relative to simple evenly distributed patterns produced by
low-LET radiation (6–11).

Previously, it was thought that early biochemical
modifications that occur during or shortly after irradiation
were due to the immediate effects produced by radiation
exposure. However, cellular damage caused by oxidative
changes may continue to arise for days and months after the
initial exposure, likely due to continuous generation of
reactive oxygen species (ROS) as a result of chain reactions
typically propagated by lipid peroxidation (6, 12, 13).
Radiation-induced oxidative stress has been shown to
spread from irradiated cells to unirradiated neighboring
(i.e., bystander) cells through gap junctions, membrane
channels and paracrine mechanisms (15–17). Moreover, the
bystander cells and their progeny exhibit neoplastic
transformation as well as a wide range of oxidative damage,
including elevated protein carbonyls, lipid peroxidation and
genomic instability (6, 18).

HIGH-DOSE RADIATION

The adverse cardiac effects of high-dose radiation in
humans have been recognized where cases of heart
disease were reported after radiotherapy. High doses of
radiation used in cancer treatment have been shown to
damage cardiac tissue, leading to cardiac dysfunction and
cardiovascular disease (CVD). The dose of radiation the
heart will receive depends on the type of radiation
therapy. For example, when radiation is used for breast
cancer therapy, doses to the heart can range from 3–17
Gy (19). A study conducted in 2,168 breast cancer
patients reported that coronary events risk increased by
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7.4% per Gy to the heart (20). Analyses on 8 randomized
trials have found a 62% increase in cardiac deaths among
breast cancer patients treated with radiation therapy (21,
22).

Radiation-Induced Cardiovascular Complications

Oxidative stress and chronic inflammation have both
been implicated in CVD. ROS has been shown to
contribute to the development of cardiac remodeling
processes including fibrosis, apoptosis and hypertrophy
(23). Radiation exposure of tissue has been shown to
increase cytokines, chemokines, growth factors, as well as
ROS, thus perpetuating an inflammatory response over
time (24). Also, studies on atomic bombs survivors have
found elevated inflammatory markers and immune re-
sponse modulation, which is discussed in more detail later
in this review. Inflammation is also an integral component
of the host response to tissue injury or host invasion and
plays a particularly active role after myocardial infarction
(MI). Stimulation of cytokines also contribute to molecular
and phenotypic changes in cardiac myocytes including
apoptosis, hypertrophy and contractile dysfunction (23).
Radiation-induced CVD can include pericarditis, pericar-
dial and myocardial fibrosis and coronary artery disease
(CAD) (25–27). Acute effects are rare, but can occur
during radiation treatment (28, 29). Chronic pericarditis
typically presents within 12 months of therapy, but may
present months to years after completion of radiation
treatment; with up to 20% of patients developing
symptoms within 10 years of treatment (27–29). Radia-
tion-induced myocardial fibrosis develops from the
proliferation of collagen separating or replacing myocytes,
leading to ischemia and in severe cases heart failure (25,
27). Myocardial fibrosis typically develops at radiation
doses above 30 Gy, is often asymptomatic and differs from
other CVD because it can occur in the absence of an
inflammatory response (28). Radiation damage has been
reported to lead to reduced myocardial compliance through
microvascular insufficiency and ischemia, which can result
in interstitial fibrosis (28). Radiation-induced CAD
resembles atherosclerotic CAD, however, exposure to
radiation has been shown to lead to a fibrous plaque (25,
28). There is increased proliferation of myofibroblasts and
lipid containing macrophages that form plaques which can
lead to ischemic heart disease and MI (25, 29). Valvular
lesions and calcification have also been described in
irradiated patients (25, 30) where coronary lesions caused
by radiation therapy is the most significant cause of
mortality from radiation-induced heart disease (30).
Current literature suggests that there are three proposed
mechanisms of radiation-induced CAD: ultrastructural
damage to capillary networks which can ultimately lead
to ischemia (29, 31, 32), structural damage to the
epicardial arteries (29, 33) and sustained inflammatory
response attributed to NF-jB activation (29, 34, 35).

Atomic Bomb Survivors

Survivors of radiation exposure have been shown to
develop cardiovascular disease years after exposure. Studies
of survivors from the atomic bombs in Hiroshima and
Nagasaki have shown there is a risk of developing
cardiovascular disease (36, 37). The radiation from the
bombs was composed predominantly of c rays and resulted
in absorbed doses up to 4 Gy in survivors (36, 38).
Mortality from CVD was significantly increased .40 years
after single whole body high-dose exposure (36, 37). In fact,
stroke and heart disease combined accounted for 1/3 of
high-dose radiation associated deaths of atomic bomb
survivors compared with cancer (36, 39). For heart disease
alone the estimated relative risk per Gy was 14% (39).
Radiation-induced chronic low-grade inflammation has also
been reported in this cohort. It was found that plasma levels
of tumor necrosis factor (TNF)-a and interleukin (IL)-10
increased slightly in the high-dose group (over 1.5 Gy)
while interferon (IFN)-c, immunoglobulin (Ig)A, IgM and
erythrocyte sedimentation rate increased with increased
radiation dose (from 5 mGy to over 1.5 Gy) (21, 40, 41).
There are several studies that investigated the long-term
effects of the atomic bomb on the T-cell system. The level
of CD4 T cells was significantly decreased with increased
radiation dose in atomic bomb survivors. Also, the
prevalence of MI was significantly higher in the survivors
with a lower proportion of CD4 T cells (42). The response
of T cells to mitogens, specifically the ability to produce IL-
2, in atomic bomb survivors was also investigated. It was
found that, of survivors examined, those exposed to higher
doses (1.5 Gy) contained significantly fewer IL-2 producing
CD4 T cells than those exposed to a lower dose (5 mGy)
(43). Kusunoki et al. suggest the elevated levels of
inflammatory markers found in survivors can be attributed,
at least in part, to premature T-cell immunosenescence. This
may also be involved in the development of aging-
associated and inflammation related diseases observed in
survivors (44).

Radiation therapy

Clinical investigations on how high-dose radiation affects
the heart are difficult to conduct since cardiovascular events
may occur years after completing radiotherapy (35). Most
studies have examined physiological changes with limited
information of the molecular mechanisms associated with
cardiac response to radiation (summarized in Table 1).
Irradiated arteries from patients undergoing a resection of a
tumor in the head and neck region, or breast reconstruction
after a mastectomy for breast cancer showed significant
intimal thickening (45). Proteoglycan deposition and
inflammatory cell infiltration were also increased in
irradiated arteries (45). An increased risk of coronary heart
disease after radiotherapy for peptic ulcer disease has been
observed, where part of the heart received very high doses
ranging from 7.6–18.4 Gy (46). Patients who receive
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radiation therapy for breast cancer treatment are particularly

at risk of developing heart disease. One study investigated

heart disease in women treated for breast cancer in Denmark

and Sweden between 1976–2006 who received radiotherapy

with mean doses of 6.3 and 2.7 Gy to the heart for left-sided

and right-sided breast cancers, respectively. They reported

significant increases in incidence for MI, angina, pericar-

ditis and valvular disease (47). Early Breast Cancer

Trialists’ Collaborative Group data has shown that relative

risk of cardiac death was related to the estimated mean

cardiac dose, and that risk increased by 3% per Gy (48).

Tjessem et al. investigated hypofractionated radiation

therapy in breast cancer patients who received either 10

fractions of 4.3 Gy 32/week (43 Gy total dose) or 20

fractions of 2.5 Gy 35/week (50 Gy total dose). They found

patients who received a lower total dose, but higher dose per

fraction, had an increased risk of developing fatal ischemic

heart disease compared to the group with lower dose

fractions (49). This suggested that even if the total dose is

lower, a higher dose per fraction was more harmful than a

lower dose per fraction with a higher total dose. It appears

that NF-jB activation may be involved in radiation induced

cardiac damage. NF-jB was shown to be activated in

arterial biopsies from human conduit arteries of patients

who had previously received radiation therapy (34).

Radiation therapy patients treated as children and

adolescents appear to be at the highest relative risk of a

fatal cardiovascular complication when compared to age-

matched untreated subjects (50, 51). These patients have an

increased risk for CAD, valvular heart disease, congestive

heart failure and sudden death, with the risk being

particularly high in patients treated before the age of 40

TABLE 1
Summary of Recent Studies on the Effect of Cell, Tissue or Whole-Body Ionizing Irradiation on the Cardiovascular

System

Dose Cell/tissue studies Animal studies Clinical studies

,200 mGy NA Decreased DNA damage (84) NA
Reduced atherosclerosis lesions and

serum cholesterol (91)
Decreased oxidative stress,

inflammation and fibrosis
Increased capillary density (95)
Changes in collagen IV (97)
Enhancement of TNF-a and fibrinogen

(95)
200–900 mGy N/A Reduced atherosclerosis lesions and

cholesterol (91)
NA

Increased capillary density (95)
Changes in collagen IV (95)
Enhancement of TNF-a and fibrinogen

(95)
1–4 Gy Impaired cardiac myocyte calcium

handling (64)
Increased inflammation (66) Increased development of

cardiovascular disease (35)
Increased ROS and mitochondrial

dysfunction (90)
Increased inflammation (3, 40)

Increased sedimentation rate (40)
Increased plasma level of

immunoglobulin (40)
Decreased IL-2 producing CD4 T cells

(42)
5–8 Gy Increased ROS and mitochondrial

dysfunction (62)
Increased myocardial fibrosis (75) Increased risk of coronary heart

disease (45)
Increased expression of oxidative

stress, heat shock proteins and p53
target genes (74)

Reduced left ventricular diameter (75) Increased risk of MI, angina,
pericarditis and valvular disease (46)

Elevated systemic inflammation (75)
.8 Gy Develop CAD after irradiation for

Hodgkin’s disease (23)
Increased fibrosis and inflammation

(72)
Development of CAD after irradiation

for Hodgkin’s disease (21)
Increased apoptosis (63) Cellular peri-arterial fibrosis and

irregular collagen deposition (73)
Myocardial fibrosis (27)

Mitochondrial dysfunction (63) Reduced global radial and
circumferential strain (73)

Intimal thickening (44)

Increased mitochondrial mass (63) Increased myocardial fibrosis and
systemic inflammation (75)

Proteoglycan deposition (44)

Decreased succinate-driven state 2
respiration (63)

Reduced left ventricular diameter (75) Inflammatory cell infiltration (44)

Drop in aortic output (64)
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years (21, 52–55). Due to the location and treatment regime
for Hodgkin’s disease, death due to cardiac disease is
estimated to be responsible for about one quarter of the non-
cancer mortality in these patients (50, 53, 56–58) The risk of
cardiac-related deaths in survivors of Hodgkin’s disease is
estimated to be between 9.3 and 28 per 10,000 patients,
with MI causing over two-thirds of the cardiac mortality
observed in irradiated Hodgkin’s disease patients (50, 53,
58–60). For example, a patient with Hodgkin’s disease and
who had completed radiation therapy to the mediastinum
and neck (total of 40 Gy) was shown to have multiple
cardiovascular complications leading to the development of
CAD (21). In another study a 56-year-old woman who had
previously been treated for Hodgkin’s disease had signs of
heart failure and myocardial fibrosis (61). It’s been observed
that increased death in Hodgkin’s disease survivors took
only a little over 10 years for the cumulative risk of fatality
from ischemic heart disease to rapidly increase (50, 56).
These studies advocate for a reduction of dose levels in
Hodgkin’s disease treatment, but difficulties in implement-
ing this strategy remain due to the patient-specific nature of
treating Hodgkin’s disease. Also, comparing patients that
are unhealthy (cancer, immunocompromised, etc.) to
healthy unirradiated individuals has several confounding
factors that may bias the interpretation of the effects of
radiation on the cardiovascular system.

Animal Studies

As clinical studies of the effects of radiation on the heart
are limited, animal models aid to better understand the
mechanism(s) of action of high doses of radiation similar to
those used in cancer therapy. Oxidative stress appears to be
associated with high-dose radiation-induced cardiac damage
in animal models. Benderitter et al. exposed adult male rats
to a single 20 Gy X-ray dose to the heart, which resulted in
cardiac dysfunction at 1-month postirradiation accompanied
by a decrease in cardiac vitamin E and an increase in Mn-
superoxide dismutase and glutathione peroxidase levels at 4
months postirradiation. Based on these findings it was
concluded that antioxidant defenses were activated relative-
ly long after irradiation due to the sustained production of
free radicals (62). Exposure of rat aorta smooth muscle cell
line to 5 Gy c radiation resulted in increased levels of ROS
within minutes that disappeared within 30 min. Mitochon-
drial dysfunction was detected after 12 h and mitochondrial
ROS and oxidation of mitochondrial DNA was observed 24
h postirradiation (63). Sridharan et al. investigated the effect
of radiation on mitochondrial membrane of rat hearts where
the rats received a single 21 Gy X-ray dose to the heart.
They found there was an increase in apoptosis, reduction in
mitochondrial membrane potential, increased calcium-
induced mitochondrial permeability transition pore opening,
increased mitochondrial mass and decreased succinate-
driven state 2 respiration, suggesting that local heart
irradiation caused mitochondrial dysfunction (64). More-

over, radiation induced oxidative stress impacts cardiac
myocytes calcium handling. Isolated ventricular myocytes
and the mediastinal area of anaesthetized mice were
exposed to 4 and 20 Gy X-ray doses, respectively. Calcium
transient amplitudes and sarcoplasmic reticulum calcium
load decreased in a dose dependent manner. Exposure led to
increased ROS levels, which activated Caþ/calmodulin-
dependent protein kinase II, leading to impaired Caþ

handling and ultimately cardiac dysfunction (65).
As radiation is known to cause damage to DNA the role

of tumor suppressor protein p53 in radiation-induced
myocardial injury has also been investigated. Mice with
an endothelial cell-specific deletion of p53 underwent
whole-heart X-ray irradiation. After a single12 Gy dose or
10 daily fractions of 3 Gy, the lifespan of p53 deficient mice
was significantly decreased compared to wild-type irradiat-
ed controls. Histopathogy examination showed multifocal
areas of degeneration and necrosis in the myocardium.
Whole-heart 12 Gy irradiation led to impaired systolic
function, cardiac hypertrophy, vascular remodeling, myo-
cardial hypoxia, necrosis and ischemia. Mice lacking p21, a
transcriptional target of p53, also developed myocardial
degeneration, necrosis, systolic dysfunction and cardiac
hypertrophy after whole-heart 12 Gy irradiation (66).

Inflammation and fibrosis, like oxidative stress are also
implicated in several cardiac disease conditions. Radiation
has been shown to induce inflammatory response. A study
by Azimzadeh et al. found hearts from mice that received
whole-body 3 Gy c irradiation had altered expression of
several inflammatory mediators and antioxidants compared
to nonirradiated controls (67). Upregulation of cytokines,
such as IL-6 and IL-8, have been observed after endothelial
cell irradiation in a time and dose dependent manner (26,
68). Elevated cytokines can promote interstitial fibrosis and
collagen deposition. Increased TNF-a and TGF-b levels
have been shown to correlate closely with the deposition of
collagen (23, 69). Radiation-induced fibrosis involves the
interaction of several cytokines and growth factors,
fibroblast proliferation and differentiation, as well as matrix
remodeling (70, 71). Premature differentiation of progenitor
fibroblasts to fibrocytes can also be radiation induced,
potentially leading to enhanced collagen synthesis (72).
Hearts from rats that received 15 or 18 Gy chest c
irradiation revealed significant myocardial fibrosis and
necrosis when compared to controls. Protein and gene
expression of transcription factor peroxisome proliferator-
activated receptors (PPAR), tissue inhibitor of metal-
loproteinase-1 (TIMP-1), and TGF-b were also significantly
higher in the irradiated hearts (73). The impact of high-dose
radiation on coronary microvasculature and ventricular
function of rats exposed to 10 Gy whole-body X-ray
radiation has also been examined. Radiation exposure
resulted in cellular peri-arterial fibrosis and irregular
collagen deposition thereby altering endothelial and cardiac
function (74). A study using microarray analysis with rat
fibroblasts and cardiac myocytes irradiated with 8 Gy
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showed increased oxidative stress, heat-shock proteins and
expression of p53 target genes. Moreover, extracellular
matrix formation and lipid metabolism gene expression was
increased in fibroblasts, while antioxidant and cytokine
gene expression were increased in cardiac myocytes
suggesting that gene expression response subsequent to
radiation exposure is cell specific (75). Nonhuman primates
have also been used to examine the late effects of whole-
body c irradiation on the heart. Male rhesus macaques
received a single total-body dose of 6.5–8.4 Gy c irradiation
where it was demonstrated that radiation led to increased
myocardial fibrosis, reduced left ventricular dimension and
elevated systemic inflammation (76).

It is clear that cardiac damage due to high doses of
radiation is a result of increased ROS and inflammation,
which can in turn lead to increased fibrosis (summarized in
Table 1). Further studies are required to fully understand the
mechanism(s) of action and long-term effects so mitigation
strategies can be developed to help protect patients from
high-dose exposures.

LOW-DOSE RADIATION

While it is well known that high doses of radiation are
harmful to long-term cardiac function, it appears that low
doses of radiation may not be detrimental and, under certain
circumstances, may induce mechanisms that could be
beneficial. The definition of low-dose radiation (LDR)
varies depending upon the endpoint but for cardiovascular
effects it has been proposed to be doses below 200 mGy
(77). The existence of beneficial responses indicates that the
dose-response relationships for some biological effects is
not linear and not proportional to dose (78). It is suggested
that a sudden, yet nonlethal, rise of toxin concentration in a
biological system will tend to elicit stress responses and
stimulate adaptation, usually as protective mechanisms (79–
81). This is likely due to involvement of an innate immune
response and decreased inflammation. LDR has also been
shown to reduce the development of tumor growth, suppress
tumor metastases and autoimmune diseases (82–84). Taylor
et al. investigated DNA damage induced by increasing
levels of 18F-FDG injection, commonly used for PET scans
and demonstrated that at 72 h post-injection the highest
injection activities used (14.80 MBq) did not lead to
residual DNA damage in hematopoetic tissue, but instead
decreased the level of damage below controls (85).
However, the effect of 18F-FDG injection on the heart has
yet to be elucidated. The same group investigated cancer
risk in cancer-prone Trp53þ/� mice that received either 10
mGy c rays or 10 mGy 18F-FDG injection. Neither 10 mGy
irradiation significantly modified the frequency or latency
of tumourigenesis relative to unirradiated control mice. The
10 mGy c rays and 10 mGy 18F-FDG doses also did not
alter the formation of tissue specific lesions on the hearts of
these animals (86). Because the repair mechanisms induced
by low-dose radiation is suggested to have an all-or-nothing

response, it not only repairs the small amount of damage
induced by radiation, but also repairs damage missed by the
cell’s normal housekeeping systems, which consequently
has the capacity to further reduce the risk due to exposure to
other toxins (87, 88). Increasing evidence indicates that
adaptive responses can occur after either a single acute low
dose, as well as protracted low-dose-rate exposures to X ray
or c radiation (79, 89, 90).

Low-Dose Radiation and The Heart

The impact of radiation on mitochondrial function in mice
hearts exposed to either a low dose (0.2 Gy) or a high dose
(2 Gy) of radiation has been studied. The mitochondria
exposed to high-dose radiation showed functional impair-
ment reflected as partial deactivation of Complex I and
Complex III, decreased succinate-driven respiratory capac-
ity, increased levels of ROS and enhanced oxidation of
mitochondrial proteins, whereas a low dose of radiation had
no effect on mitochondrial function (91). Studies have
demonstrated that low-dose radiation has beneficial effects
against atherosclerotic progression in atherosclerosis prone
ApoE–/– mice that were exposed to either 25, 50, 100 or 500
mGy at either low-dose rate (1.0 mGy/min) or high-dose
rate (150 mGy/min). Low-dose-rate exposure at early stages
reduced lesion frequency and size in early stages of
atherosclerosis with no significant impact on total serum
cholesterol. Low-dose exposure at late stages of disease
reduced average lesion size and decreased total serum
cholesterol. High-dose-rate exposure during early-stage
disease produced both protective and detrimental effects
suggesting that low-dose radiation, particularly low-dose-
rate exposures, slow the progression of atherosclerotic
disease regardless of disease stage at time of exposure (92).
The same group also investigated the influence of low doses
(25–500 mGy) on disease progression in ApoE–/– mice with
reduced p53 function (Trp53þ/–). When exposed to low
doses in early stages of atherosclerosis, lesion growth and
frequency were decreased accompanied by the progression
of lesion severity in the aortic root in Trp53þ/– mice.
Exposure of Trp53þ/– mice at later stages of disease did not
demonstrate these beneficial effects. In fact, radiation
exposure accelerated lesion growth and increased serum
cholesterol levels indicating that reduced p53 function does
not influence the protective effects of low-dose exposure
against early stage atherosclerosis, however exposed to the
same doses at late stage disease reduced p53 function
produced detrimental effects (93).

Low-dose radiation has also been shown to impact type 1
diabetes in a mouse model that received a whole-body 25-
mGy dose. It was demonstrated that LDR caused a
significant decrease in oxidative damage and fibrosis and
gene expression and protein levels of IL-18, TNF-a,
plasminogen activator inhibitor (PAI)-1 and monocyte
chemoattractant protein (MCP)-1 when compared to
unirradiated diabetic mice, while intercellular adhesion
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molecule-1 did not change. These results suggested that
while LDR has an effect on the inflammatory response in
cardiac pathogenesis caused by diabetes, each inflammatory
mediator may have its own mechanism and pathway that

may or may not be influenced by LDR (94).

A study in ApoE–/– mice, which received 0.2 and 2 Gy
local irradiation to the heart, investigated inflammatory
infiltration and fibrosis. The 0.2 Gy treatment induced
premature death in the knockout mice compared to wild-
type controls suggesting increased sensitivity of ApoE–/–

mice to LDR. The lower dose also led to left ventricle
dysfunction observed at 20-weeks postirradiation, while
mild hypertrophy appeared at 40 weeks and was sustained
at 60 weeks in the ApoE–/– mice. Both knockout and wild-
type strains of mice exhibited contractile dysfunction with a
mild, but significant, decrease in ejection and shortening

fraction. Acute inflammatory infiltrate was observed in
scarring areas with accumulation of M1-macrophages and
secretion of IL-6 in ApoE–/– mice after 0.2 and 2 Gy.
Moreover, both 0.2 and 2 Gy exposure in ApoE–/– mice
resulted in increased fibrosis markers TGF-b1 and PAI-1

(95). Another study with hearts of ApoE–/– mice found that
whole-body low-dose c irradiations (25–500 mGy), induced
increased capillary density, changes in collagen IV and
enhancement of TNF-a and fibrinogen. The investigators
conclude that these effects are likely reflecting compensa-

tory regulations in the heart (96).

There is a paucity of information on how low-dose

radiation affects the heart and therefore further research
must be conducted to better understand the possible
beneficial or detrimental effects of LDR on the heart.
Future research on the effects of LDR on the heart should
focus on the mechanism(s) of oxidative stress, inflammation

and the immune response, as well as the short and long term
effects on the heart from radiation used in diagnostic
imaging.

CONCLUSIONS

As the use of ionizing radiation in medical procedures
becomes common practice it is necessary to understand its
long-term impact on patients. High doses of radiation used

in cancer treatment have been shown to lead to cardiac
dysfunction over time. The mechanisms of action predom-
inantly involve increased oxidative stress as well as
inflammation. While the effects of high dose radiation on
the heart are better known, there is little knowledge on the

effects of LDR. Some studies suggest that LDR may be
beneficial and trigger protective cellular responses, while
other studies show increased risk of cardiovascular disease.
Future studies are required to advance the understanding of
the mechanism(s) that regulate a response against oxidative

stress induced cellular damage as it relates to cardiac
function. Further understanding of the effects of low dose
ionizing radiation could lead to advances in patient care and

reduce the detrimental impact of radiation therapy on
cardiac function.
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