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bolic effects of chronic low-dose ioniz-
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• We found significant effects of radiation
on oxidative damage and antioxidant
response

• We found significant heterogeneity
among biological matrices, species and
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Onemechanism proposed as a link between exposure to ionizing radiation and detrimental effects on organisms
is oxidative damage. To test this hypothesis, we surveyed the scientific literature on the effects of chronic low-
dose ionizing radiation (LDIR) on antioxidant responses and oxidative damage. We found 40 publications and
212 effect sizes for antioxidant responses and 288 effect sizes for effects of oxidative damage. We performed a
meta-analysis of signed and unsigned effect sizes. We found large unsigned effects for both categories (0.918
for oxidative damage; 0.973 for antioxidant response). Mean signed effect size weighted by sample size was
0.276 for oxidative damage and −0.350 for antioxidant defenses, with significant heterogeneity among effects
for both categories, implying that ionizing radiation caused small to intermediate increases in oxidative damage
and small to intermediate decreases in antioxidant defenses. Our estimates are robust, as shown by very high fail-
safe numbers. Species, biological matrix (tissue, blood, sperm) and age predicted themagnitude of effects for ox-
idative damage as well as antioxidant response. Meta-regression models showed that effect sizes for oxidative
damage varied among species and age classes, while effect sizes for antioxidant responses varied among species
and biological matrices. Our results are consistent with the description of mechanisms underlying pathological
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effects of chronic exposure to LDIR. Our results also highlight the importance of resistance to oxidative stress as
one possible mechanism associated with variation in species responses to LDIR-contaminated areas.

© 2016 Elsevier B.V. All rights reserved.
Lipid peroxidation
Ecology
Evolution
1. Introduction

Low-dose ionizing radiation (LDIR) is the type of low-rate chronic ir-
radiation that does not induce adverse toxic effects (National Council on
Radiation Protection (NCRP), 1987). However, exposure to LDIR can ac-
celerate cellular senescence via increasing activity of reactive oxygen
species (ROS) and disruption of biopolymers (Loseva et al., 2014). Be-
cause the power of exposure decreases with the distance to the source,
a bigger potential hazard comes from radiological agents being ingested
or inhaled.

Industrial and military use of radioactive materials has led to their
release to ecosystems. Earlymonitoring studies of humans and biota fol-
lowing atomic bomb testing as well as radiation-related accidents (e.g.
in Kyshtym, Russian Federation), suggested elevated health risks and
mortality rates in humans and somemammals associated with high ac-
quired doses after chronic exposure to LDIR (Sakata et al., 2012;
Lushnikova et al., 1997; Mozolin et al., 2008; Shoikhet et al., 1999;
Grigorkina and Olenev, 2013; Grigorkina and Pashnina, 2007). These
studies also suggested that the effects of direct exposure to ionizing ra-
diation were exacerbated by incorporation of soluble radioactive ele-
ments (Ivannikov et al., 2002). Recent ecological studies of the
Chernobyl and Fukushima catastrophes confirmed this, and demon-
strated high variability in such effects among taxa. Along with a high
frequency of morphological abnormalities (Akimoto, 2014; Hiyama
et al., 2012, 2013; Møller et al., 2007) and tumors (Møller et al., 2013),
and an overall decline in population abundances (Møller and
Mousseau, 2007a, 2007b, 2009; Møller et al., 2012), these effects in-
cluded high rates of genetic aberrations in somatic (Alamri et al.,
2012; Bonisoli Alquati et al., 2010a; Møller et al., 2013) and germline
cells (Ellegren et al., 1997). Moreover variation exists across species in
their biochemical and genetic responses to increasing environmental
radiation (Galván et al., 2014; Hinton et al., 2007).

Overall, attempts to rigorously monitor human populations in
Ukraine, Belarus and Russia following the Chernobyl accident have
been scattered at best (Edwards et al., 2004; Yablokov et al., 2009).
Nonetheless, these studies showed thatworkers involved in the cleanup
operations (the so-called ‘liquidators’), who were exposed to much
higher doses than evacuated civilians, demonstrated elevated frequen-
cies of genetic abnormalities (Moysich et al., 2002; Sevan'kaev et al.,
2005), solid cancers and cardio-vascular diseases (Cardis and Hatch,
2011; Serdiuk et al., 2011). An elevated fraction of evacuated adoles-
cents and young adults suffered from thyroid cancer (Demidchik et al.,
2007). At the same time, epidemiological studies with small cohorts
and small and non-representative control groups carried out years
after the catastrophe did not yield sufficient evidence to support the hy-
pothesis of radiation-associated mortality linked to the Chernobyl acci-
dent (Serdiuk et al., 2011; Weinberg et al., 2001).

These findings emphasize the need to study variation in health ef-
fects in the context of chronic exposure to LDIR. Results of such
studies are important and may be used in radiation protection and for
defining safety requirements, particularly given the current debates
about the shape of dose–response curves describing radiation-related
effects and the severity of radiation injury (Ryan, 2012).

When absorbed by living cells, ionizing radiation can induce direct
breakage in the chemical bonds of biological macromolecules. Ionizing
radiation can also affect proteins, nucleic acids and complex lipids as a
result of the generation of reactive oxygen species (ROS) via radiolysis
of water or alteration of mitochondrial functions (Kam and Banati,
2014). ROS are a diverse group of chemical species, which naturally
occur in cells, where they perform important signaling functions
(Azzam et al., 2011; Murphy et al., 2011). ROS activity is controlled by
a number of enzymatic and non-enzymatic antioxidants. The inability
to balance the increased generation of ROS by antioxidant mechanisms
results in oxidative stress, a complex stressor for cells that manifests as
increased oxidativemolecular damage to biomolecules, e.g. oxidation of
lipids, oxidative modification of nitrogenous bases etc. (Halliwell and
Gutteridge, 2007; Jones, 2006). In turn, oxidative damage may promote
the emergence of pathological states, accelerated cell aging and apopto-
sis (Halliwell and Gutteridge, 2007; Spitz et al., 2004). In numerous in-
vertebrate and vertebrate species, oxidative damage may result in
reduced growth, fertility and survival (Costantini, 2014).

The association between LDIR and the generation of reactive species
has been widely described (Azzam et al., 2011; Smith et al., 2012). The
role of ionizing radiation in generation of ROS is well explained as the
correlation between genetic damage and oxidative damage (e.g.
Costantini, 2014; Galván et al., 2014). Oxidative damage might be one
mechanism underlying several of the detrimental effects of radiation.
The root of the controversy relates to themanifestation of a given symp-
tom or morbidity as a consequence of the three-way interaction of in-
creased concentrations of ROS, decreased activity of antioxidant
enzymes, and genetic damage associatedwith increased background ra-
diation (Spitz et al., 2004), especially when disease is followed by an-
other medical condition, like malnutrition, inflammatory disease or
respiratory malfunction. However, it is important to note that radionu-
clides do not only generate damage through radiation, but also through
their catalytic activity (the Fenton reaction) (Halliwell and Gutteridge,
2007). In addition, while several studies have documented increased
oxidative damage and reduced antioxidant defenses in humans and
wild populations of animals chronically exposed to LDIR (e.g. Bonisoli
Alquati et al., 2010b), other studies have shown the potential for ani-
mals to adapt their antioxidant system to chronic exposure to LDIR
(Galván et al., 2014). In addition, theoretical calculations and lack of ac-
curate dosimetry have called into question findings of increased oxida-
tive stress from exposure to LDIR (Smith et al., 2012).

Here we assess the effects of chronic exposure to LDIR from radioac-
tive contamination. We aim at exploring the insights of long-termmet-
abolic processes, such as antioxidant function and oxidative damage, of
individuals affected by chronic irradiation caused by radioactive con-
taminants. We collected exhaustive data from radiobiological studies
in the Russian and the English language scientific literature, and com-
bined published evidence into a meta-analysis of the effects of chronic
radiation exposure on markers of oxidative damage and antioxidant
protection. Our aimwas to testwhether high environmental radioactiv-
ity would lead to higher oxidative damage and lower antioxidant de-
fenses in exposed organisms. Meta-analysis is a powerful tool for
quantitatively summarizing research, especially when there is apparent
heterogeneity in research findings (Arnqvist and Wooster, 1995;
Hedges and Olkin, 1985; Koricheva et al., 2013).

We expected factors related to study design, age and model organ-
ism to explain variation across studies and species in the relationship
between LDIR exposure and oxidative damage. Hence, we also tested
whether different biological matrices and species differed in their re-
sponse to radiation. Different organs and tissues can be differentially ex-
posed and/or sensitive to radiation exposure, depending on the
metabolic fate of radionuclides. Juveniles and adults can also differ in
their sensitivity, with individuals at early developmental stages gener-
ally being more sensitive to increased radiation because of their imma-
ture antioxidant system (Costantini, 2014; Lu and Finkel, 2008) and due
to potential hazardness of the damage being accumulated in their stem
cell progeny (Liu et al., 2014). Finally, variation across species in
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exposure and sensitivity to LDIR would allow us to identify species that
can serve as sensitive bio-indicators of the effects of LDIR, and model
how such effects translate into potential risk for humans and other spe-
cies (Møller and Mousseau, 2015).

2. Materials and methods

2.1. Literature search and data sets

Wemade an exhaustive literature search of both correlative and ex-
perimental studies on Web of Science, relying on the following key-
words: “radioactive contamination”, “increased background radiation”,
“occupation exposure”, “Chernobyl” in combination with “oxidative
stress”, “reactive oxidative species”, “lipid peroxidation”, “peroxide rad-
icals” and “antioxidant”. Oncewe located these papers, we tested if they
fulfilled our inclusion criteria. We also searched the reference lists of all
identified publications in an attempt to locate additional publications.
Because many nuclear accidents have occurred in the former Soviet
Union, a large number of publications have appeared in Russian, Belo-
russian and Ukrainian. Although such publications are often neglected
or deliberately omitted frommeta-analyses, wemade a concerted effort
to identify such publications.

We included (1) ecological or biomedical surveys of individuals ex-
posed to high environmental radiation levels; (2) studies examining the
relationship between acquired dose (external; ingested etc.) and
markers of ROSmetabolism; (3) studies reporting at least one statistical
test, which compared non-exposed and exposed individuals; and
(4) studies from which those data could be extracted and converted
into effect sizes. Exclusion criteria were (1) studies that involved radia-
tion therapy (e.g. for oncology treatment); (2) studies that concerned
treatment of radiation-affected people; and (3) studies that involved
short-term exposure to toxic doses of ionizing radiation. We present a
Fig. 1. The PRISMA flow diagram (http://prisma.thetacollaborative.ca/) of the initial p
PRISMA diagram showing the number of initial publications and the
subsequent publications excluded from the final sample of 40 studies
(Fig. 1). This resulted in 212 effect sizes for antioxidant response and
288 effect sizes for oxidative damage. All studies found by March 31
2015were included in the analyses, and all data are reported in Supple-
mentary material Table S1. Copies of most of these papers, some of
which are difficult to obtain electronically, have been posted on a
website (http://cricket.biol.sc.edu/oxi-stress).

2.2. Method of meta-analyses

A meta-analysis was performed using signed and unsigned effect
sizes to estimate a direction and magnitude of LDIR effects on oxidative
status. The data were analyzed using the software Meta-Win
(Rosenberg et al., 2000). We estimated effect sizes in terms of Hedges
g by using standard procedures. For data that contained estimated
means and standard deviations we used the formula by Hedges and
Olkin (1985):

g ¼ Mexperiment−Mcontrol

SD�
pooled

where Hedges pooled standard deviation was estimated as:

SD�
pooled ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1−1ð ÞSD2

1 þ n2−1ð ÞSD2
2

n1 þ n2−2

s

where sample standard deviations were SD1 and SD2 and sample sizes
were n1 and n2 respectively for the two samples. If a standard error
ublications and the subsequent number of papers retained for the meta-analysis.

http://cricket.biol.sc.edu/oxi-tress
http://prisma.thetacollaborative.ca
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was reported, it was simply transformed into SD as follows:

SD ¼ SEffiffiffi
n

p :

For transformation of F-values and Pearson's correlation coefficient r
we estimated effect sizes in terms of Cohen's d using equations in
Rosenthal (Rosenthal, 1994). In particular, we converted F-values from
a one-way ANOVA (or the main effect of a two- or more way ANOVA;
here ionizing radiation) into Cohen's d:

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F

ni þ nc

ninc

� �
ni þ nc

ni þ nc−2

� �s
:

Pearson's r was converted into Cohen's d as:

d ¼ 2rffiffiffiffiffiffiffiffiffiffiffiffi
1−r2

p :

Likewise, the variance of Cohen's d was defined as follows:

σ2
d ¼ ni þ nc

ninc
þ d2

2 ni þ nc−2ð Þ

 !
ni þ nc

ni þ nc−2

� �

where ni and ncwere the sample sizes of the two samples. Cohen's d can
be converted into Hedges g relying on Hedges and Olkin (1985):

g≈d 1− 3
4 ni þ ncð Þ−9

� �
:

Because there was considerable heterogeneity in the number of ef-
fect sizes per study, and because of differences in effect size among stud-
ies, we used random effect meta-analysis to account for such
heterogeneity (Raudenbush, 1994). Variables used in random effect
models were subsequently entered in meta-regressions with study as
a random effect, and the three fixed effects of species, biological matrix
and age as predictors. These models were subsequently reduced by
eliminating all predictors that did not explain part of the variance at a
level of P b 0.10.We used P b 0.10 to avoid excluding factorswith overall
weak effects. Full models including all three predictors all resulted in
similar conclusions. All analyses were made using JMP (SAS Institute
Inc., 2012).

We interpreted our data as follows: positive ES for an oxidative
marker and negative ES for a marker of antioxidant response would in-
dicate a negative impact of LDIR. Likewise, the effect of LDIR would be
considered positive if oxidative damage decreased (negative ES for oxi-
dative marker) and when enzymatic and non-enzymatic antioxidants
increased (positive ES for antioxidant marker), respectively
(Costantini and Møller, 2009; Costantini et al., 2011). The analysis of
the unsigned effect sizes was performed to determine the magnitude
of effect regardless of its direction. Some biomarkers express radiation
effects by being up-regulated, while others are down-regulated. Thus,
using absolute effect sizes avoids effects on different biomarkers cancel-
ing each other out. Effect sizeswere considered to be small (Hedges g=
0.2, explaining 1% of the variance), intermediate (g=0.5, explaining 9%
of the variance) or large (g=0.8, explaining25% of the variance) as sug-
gested by Cohen (1988).
Table 1
Effect size estimates weighted by sample size for antioxidant response and oxidative damage. T
for heterogeneity (QTotal), P-value for heterogeneity test and Rosenthal's failsafe number. Effec

Effect size N Lower B-strap CI Upper B-st

Antioxidant response −0.35 212 −0.53 −0.17
Oxidative damage 0.276 288 0.086 0.37
3. Results

3.1. Markers of response to LDIR: response in antioxidants and oxidative
metabolism

In the meta-analysis we included enzymatic and non-enzymatic
markers of antioxidant response to LDIR.We extracted studies of effects
on catalase (CAT, n = 55), superoxide dismutase (SOD, n = 36), gluta-
thione (GSH, n=17), and glutathione peroxidase (GPX, n=14), as for
non-enzymatic markers there were effects on vitamin A (VitA, n=18),
vitamin E (VitE, n=18), and carotenoids (n=9). Overall, studies of en-
zymatic antioxidants accounted for 55% of all markers of antioxidant
response.

Markers of oxidative stress included effects on ROS concentration
(n = 21) and their metabolites — diene and triene conjugates (n =
157), thiobarbituric acid reactive species (TBARS, n=81), and reduced
glutathione (GSSG, n=17). Here,metabolic markers accounted for 89%
of all markers of oxidative stress (Supplementary material Table S1).

3.2. Variation in effects between relatively high and low doses acquired by
humans

Our analysis included studies on humans that were participating in
the cleanup operations after the Chernobyl accident. For some cleanup
workers maximum estimated exposure was 200 mSv (Lyashenko
et al., 2000, Supplementary material Table S1). We compared them to
the effects found in studies on other human individuals that were not
directly involved in the event, but were also exposed to LDIR. Our anal-
ysis suggests none to very small difference between the two groups of
studies (antioxidant response: F = 0.1, d.f. = 1, 124, P = 0.752; oxida-
tive damage: F = 0.59, d.f. = 1, 97, P = 0.444).

3.3. Summary statistics, mean effect sizes and evidence for publication bias

Mean effect size for oxidative damage due to radiation andweighted
by sample size was 0.277, with a fail-safe number that exceeded 709
(Table 1; Fig. F1). The absolute magnitude of oxidative damage was
large, and estimated at 0.918. In comparison,mean effect size for antiox-
idant response weighted by sample size was −0.350 (absolute ES =
0.983), and the fail-safe number was more than 1600 (Table 1). In
total, sample size was 17,332 for 212 effect sizes from studies of antiox-
idant response, and 13,953 for 288 effect sizes from studies of oxidative
damage. Therewas significant heterogeneity for effect sizes for both ox-
idative damage and antioxidant response (Table 2, Fig. F1).

Effect size was significantly but weakly positively correlated with
sample size for Kendall's rank order correlation for oxidative damage
(τ = 0.171, P b 0.0001), but not for antioxidant response
(τ = −0.010, P = 0.84). The correlation between effect sizes and
their variances was also significant but weak for oxidative damage
(τ = −0.149, P = 0.0002), but not for antioxidants (τ = −0.061,
P = 0.19). The correlation between effect size and publication year
was not significant for oxidative damage (r = −0.007, P = 0.87) or
for antioxidants (r = 0.021, P = 0.67).

3.4. Predictors of effect size

We first used Generalized Linear Mixed Models (GLMM) to test for
the effects of marker (F=32.67, d.f. = 1, 491.6, P b 0.0001, antioxidant:
he table also reports sample size, lower and upper 95% bootstrap confidence intervals, test
t sizes shown in bold are significantly different from zero.

rap CI Absolute ES QTotal P Rosenthal's failsafe number

0.9727 454.33 0.001 1698.2
0.9184 735.88 0.001 708.7



Fig. 2. Forest plot for mean and absolute effect sizes of oxidative damage in biological
matrices. Values are means and 95% bootstrap confidence intervals.

Table 2
Effect size estimates and absolute estimates weighted by sample size for antioxidant response and oxidative damage. The table also reports sample size, lower and upper 95% bootstrap
confidence intervals. Effect sizes shown in bold are significantly different from zero.

Effect size N Lower B-strap CI Upper B-strap CI Absolute effect size Lower B-strap CI Upper B-strap CI

Antioxidant response by biological matrix
Blood −0.4558 160 −0.6467 −0.2536 0.9237 0.7974 1.0871
Liver 0.4574 32 −0.1518 1.1338 1.3373 0.9593 1.7977
Brain −1.0769 4 −3.5724 0.4507 1.3899 0.3616 4.2475
Heart −0.7009 2 −3.171 0.4337 1.1017 0.4337 3.171
Eggs −0.7048 9 −1.5757 0.0749 1.1296 0.5569 1.8472
Sperm 0.5558 3 0.1251 0.9857 0.5554 0.1251 0.8428

Oxidative damage by biological matrix
Blood 0.4936 136 0.3533 0.6328 0.6705 0.5856 0.778
Liver −0.1426 32 −1.0279 0.6498 1.7837 1.3136 2.4897
Brain −0.6542 20 −1.6221 0.134 1.5866 1.118 2.1366
Lungs −0.5896 17 −1.1671 −0.0752 0.9667 0.6354 1.3833
Heart 0.8035 18 0.1717 1.4084 1.4518 1.0392 1.8409
Spleen −0.5653 17 −1.1006 −0.0782 0.919 0.6431 1.2882
Kidney −0.3142 17 −1.0505 0.4097 1.3763 0.945 1.7523
Muscle 0.764 15 0.2166 1.2885 1.1081 0.7184 1.5126
Testes 0.1756 15 −0.1659 0.5277 0.5654 0.3657 0.8158

Antioxidant response by species
Homo sapiens −0.5179 149 −0.7161 −0.3265 0.8928 0.7543 1.0422
Rattus norvegicus −0.0369 19 −0.9505 0.8549 1.6966 1.2086 2.3345
Hirundo rustica 1.0128 11 0.6021 1.4296 1.0003 0.6147 1.4664
Parus major −1.3696 6 −2.2902 −0.5828 1.3562 0.6100 2.1749
Apodemus agrarius 0.8725 5 −0.7928 3.4625 1.6896 0.5651 3.6249
Mus musculus −1.413 5 −1.616 −1.2564 1.4121 1.2616 1.6065
Microtus oeconomus −1.2427 4 −4.1036 0.0749 1.1941 0.1109 3.2536
Microtus arvalis 2.1033 4 0.5600 5.0518 1.9357 0.6265 4.8408
Myodes rutilus 2.7442 2 1.4713 4.6699 2.6359 1.4713 4.6699
Apodemus uralensis 0.2167 2 0 0.4337 0.2166 0 0.4337
Apodemus sylvaticus −0.1701 2 −0.3994 0.0588 0.2289 0.0588 0.3994
Myodes glareolus −0.0366 2 −0.1693 0.0961 0.1327 0.0961 0.1693

Oxidative damage by species
Rattus norvegicus −0.0428 155 −0.2114 0.1690 1.0594 0.934 1.1925
Homo sapiens 0.523 110 0.3922 0.6629 0.6271 0.5265 0.7334
Microtus arvalis −0.5189 9 −3.5842 1.3470 2.6492 1.5616 4.9091
Bos taurus 0.4457 3 0.3406 2.4855 0.4456 0.3406 0.5452
Myodes rutilus −2.1144 3 −7.4000 0.2310 3.5682 1.5603 7.4
Apodemus agrarius 2.8164 3 1.9291 8.7224 2.6476 1.9937 8.7224
Apodemus uralensis 2.1756 2 1.9291 2.4273 2.1736 1.9291 2.4273
Hirundo rustica 0.1737 2 −0.5711 0.9516 0.7541 0.5711 0.9516

Antioxidant response by age
Adult −0.315 155 −0.5616 −0.0822 1.1109 0.9627 1.2776
Juvenile −0.4668 55 −0.7373 −0.2288 0.6585 0.4831 0.9051

Oxidative damage by age
Adult 0.1866 275 0.0586 0.3156 0.8481 0.769 0.9351
Juvenile 1.343 11 0.6638 2.3029 1.3226 0.6534 2.1804
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−0.393 (0.146); oxidative damage: 0.458 (0.155)) and study (variance
ratio = 0.002, 95% CI: 0.026, 0.639, 0.227% of total variance; oxidative
damage: variance ratio = 0.054, 95% CI: −0.126, 0.233, 0.042% of
total variance).

Levels of antioxidant response differed significantly among biologi-
cal matrices (Fig. 3, Table 2). Two out of five matrices had effect sizes
(ES) that differed significantly from zero (Table 2). While blood had
an intermediate negative effect, sperm had a significant intermediate
positive effect (Table 1). Interestingly, the positive effect for sperm dif-
fered significantly from that for eggs, as shown by non-overlapping con-
fidence intervals, and even the sign of mean effect sizes for sperm and
eggs was different (Table 1). Biological matrices differed significantly
in terms of oxidative damage with significant heterogeneity (Fig. 2,
Table 1). However, significant large absolute effect (i.e. magnitude) of
antioxidant response and oxidative damage was demonstrated for
most matrices (Figs. 2-3, Table 2).

There was significant interspecific variation in antioxidant response
(Fig. 5, Table 2). Among the 12 species presented here, six showed effect
sizes significantly different from zero, with Homo sapiens, Parus major
and Mus musculus showing negative effect sizes, while Myodes rutilus,
Microtus arvalis and Hirundo rustica showing positive effect sizes
(Table 2). For oxidative damage, three out of seven species (Apodemus
sp., Bos taurus and H. sapiens) showed significant positive intermediate
to large effect sizes (Fig. 4, Table 2). Whenwe used absolute effect sizes,
rather than signed ES, all species had effect sizes significantly different
from zero formarkers of antioxidant response, while for oxidative dam-
age three species (Apodemus uralensis, Apodemus sylvaticus, Myodes
glareolus) did not yield a significant ES.

Age was significantly related to antioxidant response, being 35%
weaker in juveniles than in adults (Fig. 6, Table 2). Oxidative damage



Fig. 3. Forest plot for mean and absolute effect sizes of antioxidant response in biological
matrices. Values are means and 95% bootstrap confidence intervals.
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in juveniles was six-fold larger than in adults (Table 2). Thus juveniles
were more susceptible than adults, likely as a consequence of the
weaker antioxidant system of juveniles.

We developed meta-regression models weighted by sample size
using study as a random effect. However, none of the random effects
accounted for an amount of variance deviating from zero, so instead
we used ordinary least squares models. The model for oxidative dam-
age, accounting for 8%of the variance, included significant effects of spe-
cies and age, but no significant effect of biological matrix (Table 3). The
effect of oxidative damage was larger for juveniles than for adults
(Table 3). The best-fit model for antioxidant response, accounting for
17% of the variance, included significant effects of species, biologicalma-
trix and age, with a larger effect in juveniles than in adults (Table 4).
4. Discussion

Themainfindings of this studywere significant effects of LDIR on the
antioxidant status of exposed organisms, with a large magnitude of the
mean effect (Table 1). We found significant heterogeneity in effect sizes
among species and biologicalmatrices. Therewere several-fold stronger
effects of oxidative damage in juveniles than in adults. There was little
or no indirect evidence to suggest publication bias.

We found meanweighted effect sizes for oxidative damage of 0.237
and for antioxidant response of −0.350. The absolute effect sizes were
0.918 and 0.973 respectively. Cohen (1988) regarded a d=0.50 to rep-
resent an intermediate effect (equivalent to 6% of the variance). Thus
the raw effect sizes that we have estimated here can be considered to
be small to intermediate, and the magnitude of effects can be
interpreted as large. Møller and Jennions (2002) reported when using
Hedges' d an average effect size weighted by sample size across meta-
analyses in the biological sciences of 0.721, while the median was
0.595 (in this case the sign of d was also disregarded).
Fig. 4. Forest plots for mean and absolute effect sizes of oxidative damage for d
The majority of our studies were extracted from Russian and Ukrai-
nian sources, which are usually not included inWestern bibliographical
sources. Thus wewere able to test for a difference in effect size between
these two categories of effects with the eastern literature being more
likely to be under-represented than the western literature, which is
fully indexed inWeb of Science aswell as in other search engines. How-
ever, we found little or no evidence consistent with expectations for
publication bias (Møller and Jennions, 2001). Jennions and Møller
(2002) reported a general temporal decline in effect size over time.
Here we found aweak and non-significant Pearson correlation between
effect size and publication year.We also showed anon-significant corre-
lation between absolute effect sizes and publication year. Begg and
Mazumdar (1995) proposed a non-parametric correlation between
raw effect size and sample as a test of publication bias, and although
we showed significant correlations, they differed in sign and were of
smallmagnitude. Funnel plots arise from the reduction in variance in ef-
fect size with increasing sample size (Light and Pillemer, 1984). Again,
we found little and inconsistent relationships between variance in effect
size and sample size (Fig. F1). Thus there was little evidence suggestive
of publication bias.

Antioxidant responses varied among species, biologicalmatrices and
age classes. However, ameta-regression only showed a significant effect
of species and biological matrices, when the effects of age classes were
excluded as an independent predictor. Blood and eggs had intermediate
to large negative effects for oxidative damage and antioxidant re-
sponses, while there were weak effects for liver, spleen and brain. The
direction of the effect was difficult to evaluate due to high variability
in markers studied within biological categories. However, this problem
can be alleviated when the sign of the effect size is disregarded in the
same model. Such analysis showed that all biological matrices had sig-
nificant effects for individuals exposed to LDIR compared to controls
(Figs. 2-3). It was not surprising that brain cells had a large effect.
Brain cells have highmetabolic activities and significant antioxidant de-
fenses as inferred from the high contents of carotenoids and polyunsat-
urated fatty acids, which are targets of lipid peroxidation (Barja, 2004;
Agostinho et al., 2010; Johnson et al., 2013). The importance of antioxi-
dant defense is confirmed in studies of cancer radiotherapy, where the
additional intake of antioxidants decreased the effectiveness of radia-
tion treatment (Lawenda et al., 2008).

Our results also suggest that there might be priority of protection of
some biological matrices at the cost for others. For example, we found
that radiation caused increased antioxidant levels in sperm, resulting
in a reduction of oxidative damage. This might indicate that, when ex-
posed to chronic LDIR, males invest more in protection of sperm in
order to limit reduction in fertility and so in the ability to successfully re-
produce. Interestingly, previous studies of sperm motility in barn swal-
lows showed that the relationship with individual oxidative status
depended on environmental radiation, suggesting individuals prioritize
protection of sperm when exposed to LDIR, at the expense of their
ifferent species. Values are means and 95% bootstrap confidence intervals.



Fig. 5. Forest plots for mean and absolute levels of antioxidant response for different species. Values are means and 95% bootstrap confidence intervals.
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plasma oxidative status (Bonisoli Alquati et al., 2011). The effect for eggs
was opposite to that for sperm. It is possible that eggs and sperm differ
in susceptibility to LDIR, and that this affects differences in the level of
investment in antioxidant protection under LDIR.

Species varied significantly in level of antioxidant response and oxi-
dative damage. Three species (M. rutilus, M. arvalis and H. rustica)
showed an increase in antioxidant defenses after exposure to ionizing
radiation, while three others (M. musculus, P. major and H. sapiens)
showed a decrease. Of the seven species assessed for oxidative damage
levels, the four species Apodemus agrarius, A. uralensis, B. taurus and
H. sapiens showed an increase in oxidative markers, while Rattus
norvegicus, M. arvalis and M. rutilus did not differ significantly from
zero (Fig. 4). However, the analysis of absolute values demonstrated
that mean effect size for R. norvegicus consisted of significant positive
and significant negative effects of oxidative damage. This analysis also
showed that A. sylvaticus, A. uralensis and M. glareolus had none to
very weak effects (Fig. 4). Such heterogeneity may indicate that some
species are negatively impacted by ionizing radiation while others are
more resistant.

Variation in effect among biological matrices within species can ob-
scure the analysis of relationships, as seen in R. norvegicus andH. rustica
(Fig. 4).While showing a non-significant level of signed oxidative effect,
the average absolute effect size for these species was significantly large.
Thus we suggest care when considering the particular marker analyzed
and the predicted direction of effects when combining studies that are
not homogeneous in the protocol used for analyses.

The literature sources that we used in the present study reported
variousmeasurements of LDIR on human or animal populations. For ex-
ample, Souchkevitch et al. (1997) and Ovsyannikova et al. (2010) re-
ported individual effective dose of exposure in milliSieverts (mSv),
whereas Paranich et al. (1998), Drobinska and Moroz (1998) and
Lyashenko (2000) used centiGray (cGy) as a unit of absorbed dose,
Fig. 6. Forest plots for levels of mean and absolute values of antioxidant response and
oxidative damage for the two age classes. Values are means and 95% bootstrap
confidence intervals.
and Verhoglyad et al. (1991) reported an older unit, millirem (mrem).
Yet these units are cross-convertible with some minor assumptions
(Thaul and O'Maonaigh, 1999), while others provide a vague estimate
of individual radiation impact, reporting spatial contamination or rather
the equivalent dose rate. Among such studies were those by Shishkina
et al. (2005), with a commonly reported exposure rate in μSv/h. Like-
wise, Belov et al. (1997) estimated radionuclide intake in Bq/day,
while other studies like Mirzoev et al. (1999) or Neyfakh et al. (1998)
reported terrestrial contamination in kBq/m2 or Ci/km2, respectively.
Thus, because of methodological inconsistencies in reporting radiation
dosimetry among studies, we were unable to infer dose–response rela-
tionships to explain variation. Therefore, we call for the use of estimates
of acquired dose of LDIR by individuals rather than reporting measure-
ments of environmental contamination.

Young age classes are considered to bemore susceptible to oxidative
damage because juveniles produce large amounts of free radicals as a
consequence of their development and growth process, whilst they
have an enzymatic antioxidant machinery that takes time to become
fullymature (Costantini, 2014; Surai, 2002). In addition, low levels of di-
etary antioxidants deposited by mothers into eggs or passed to the off-
spring through milk may result in embryos exposed to LDIR starting
their development with low levels of antioxidants (Møller et al.,
2005). Thus we expected that studies of early developmental stages
would demonstrate greater sensitivity to increased oxidative damage.
Levels of natural LDIR vary considerably with studies in high natural
background radiation areas finding weak, but significant health effects
associatedwith natural LDIR (Møller andMousseau, 2013). This conclu-
sion suggests that there is selection acting on the ability to sustain LDIR,
and that there may be scope for adaptation to radiation. Indeed, studies
of birds at Chernobyl and Fukushima have shown that species with
carotenoid- and pheomelanin-based pigments in their plumage show
stronger negative impact of LDIR on population density (Galván et al.,
2011; Møller and Mousseau, 2007b, 2009; Møller et al., 2012). At the
same time, Galván et al. (2014) showed that glutathione (an important
intracellular antioxidant) levels and body condition increased, and oxi-
dative damage and DNA damage decreased, with increasing back-
ground radiation in some species of birds. This effect was independent
Table 3
Ordinary least squaresmodel of effect size of oxidative damageweighted by sample size in
relation to species, biologicalmatrix and age. Themodel had the statistics F=2.413, d.f. =
16, 252, r2 = 0.08, P = 0.0022.

Term d.f. Sum of squares F P Estimate SE

Intercept 0.212 0.646 0.286 0.624
Species 6 2173.44 2.344 0.032
Biological matrix 9 1377.95 0.991 0.448
Age 1 843.14 5.46 0.020 −0.493 0.211
Error 252 38,947.77



Table 4
Ordinary least squares model of effect size for antioxidant response weighted by sample
size in relation to species, biological matrix and age. The model had the statistics F =
3.9151, d.f. = 18, 177, r2 = 0.17, P b 0.0001.

Term d.f. Sum of squares F P Estimate SE

Intercept 7.182 0.008 −2.660 0.992
Species 10 3578.30 2.449 0.009
Biological matrix 7 3552.67 3.484 0.0016
Age 1 724.86 4.975 0.027 −0.269 0.121
Error 177 25,787.78
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of a number of potentially confounding variables including effects of
similarity among taxa due to common phylogenetic descent. We only
found a significant difference in the effect of LDIR on oxidative damage
among species and age classes in a meta-regression accounting for the
effects of other potentially confounding variables. In contrast, there
was a significant effect of species and matrix on the level of antioxidant
response. While some species showed a positive response for oxidative
damage, other species did not. This dichotomy and the significant het-
erogeneity among species are consistent with adaptation to LDIR al-
though alternative explanations may also account for such
heterogeneity (Lademann et al., 2015).

In conclusion, we have found generally strong effects on oxidative
status in response to low-dose ionizing radiation. We showed
significant heterogeneity among biological matrices, species and age
classes. These findings are consistent with some species apparently
being negatively impacted by ionizing radiation while others are not,
or even showing evidence consistent with adaptation to radiation by
having positive antioxidant responses at high levels of radiation.

The results of our meta-analysis have important implications for
studying the effects of LDIR in human populations and in the wild. For
example, over the last few decades exposure of the average American
to ionizing radiation has increased from 3.6 to 6.2 mSv/year (NCRP,
1987; NCRP, 2009). Generally, this low rate of exposure comes fromnat-
ural sources in air, soil, rocks and cosmic rays (accounting for 2–
2.5mSv/year), while the remainder is acquired fromman-made sources
such as medical procedures (periodic X-ray, CT scans and others) and
industrial activities such as those associatedwithmining andprocessing
of ores, minerals, nuclear fuels and oil. Such trends as those revealed in
the NCRP reports and elsewhere forecast an increase in exposure due to
such artificial sources (Fazel et al., 2009; Pandey et al., 2010). In addi-
tion, the advent of the “Atomic age” has ushered in several nuclear acci-
dents. Two of these, at Chernobyl NPP in 1986 and at Fukushima NPP in
2011, were classified at the highest level on the International Nuclear
and Radiological Event Scale (INES) scale of nuclear hazards leading to
global increases in radioactive contamination. Overall, man-made
sources of LDIR appear to increase radioactive intake,which, as our anal-
ysis suggests, might be reflected in the metabolic sensitivity to LDIR.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.01.027.

Declaration of interest

The authors state that they have no conflicts of interest.

Acknowledgments

The authors would like to thank the anonymous reviewers for their
insightful comments and suggestions. We also thank I. Kozeretska, the
Library of the University of Kyiv and National Library of Ukraine for
help in locating publications and finding scientific papers in the Ukrai-
nian and Russian scientific literature. We thank M. Owens for editorial
assistance. Funding was provided in part from the Samuel Freeman
Charitable Trust, the US Fulbright Program, the CNRS (France), the
American Council of Learned Societies, and the University of South Car-
olina College of Arts & Sciences.
References

Agostinho, P., Cunha, R.A., Oliveira, C., 2010. Neuroinflammation, Oxidative Stress and the
Pathogenesis of Alzheimer's Disease. Curr. Pharm. Des. 16, 2766–2778. http://dx.doi.
org/10.2174/138161210793176572.

Akimoto, S., 2014. Morphological abnormalities in gall-forming aphids in a radiation-
contaminated area near Fukushima Daiichi: selective impact of fallout? Ecol. Evol.
4, 355–369.

Alamri, O., Cundy, A., Di, Y., Jha, A., Rotchell, J., 2012. Ionizing radiation-induced DNA dam-
age response identified in marine mussels, Mytilus sp. Environ. Pollut. 168, 107–112.

Arnqvist, G., Wooster, D., 1995. Meta-analysis: synthesizing research findings in ecology
and evolution. Trends Ecol. Evol. 10, 236–240.

Azzam, E., Jay-Gerin, J.-P., Pain, D., 2011. Ionizing radiation-induced metabolic oxidative
stress and prolonged cell injury. Cancer Lett. 327, 48–60.

Barja, G., 2004. Free radicals and aging. Trends Neurosci. 27, 595–600. http://dx.doi.org/
10.1016/j.tins.2004.07.005.

Begg, C.B., Mazumdar, M., 1995. Operating characteristics of a rank correlation test for
publication bias. Biometrics 50, 1088–1101.

Belov, A.D., Lysenko, N.P., Fomicheva, N.A., 1997. Evaluating biological consequences for
cattle in the region of the Chernobyl accident. Radiats. Biol. Radioecol. 37, 629–639
(In Russian).

Bonisoli-Alquati, A., Mousseau, T.A., Møller, A.P., Caprioli, M., Saino, N., 2010a. Increased
oxidative stress in barn swallows from the Chernobyl region. Comp. Biochem. Phys-
iol. A Mol. Integr. Physiol. 155, 205–210.

Bonisoli-Alquati, A., Voris, A., Mousseau, T.A., Møller, A.P., Saino, N., Wyatt, M.D., 2010b.
DNA damage in barn swallows (Hirundo rustica) from the Chernobyl region detected
by use of the comet assay. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 151,
271–277.

Bonisoli-Alquati, A., Møller, A.P., Rudolfsen, G., Saino, N., Caprioli, M., Ostermiller, S.,
Mousseau, T.A., 2011. The effects of radiation on sperm swimming behavior depend
on plasma oxidative status in the barn swallow (Hirundo rustica). Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 159, 105–112.

Cardis, E., Hatch, M., 2011. The Chernobyl accident— an epidemiological perspective. Clin.
Oncol. (R Coll. Radiol.) 23, 251–260.

Cohen, J., 1988. Statistical Power Analysis for the Behavioral Sciences. second ed. Law-
rence Erlbaum, Hillsdale.

Costantini, D., 2014. Oxidative Stress and Hormesis in Evolutionary Ecology and Physiol-
ogy. Springer-Verlag, Berlin, Germany 978-3-642-54663-1.

Costantini, D., Møller, A., 2009. Does immune response cause oxidative stress in birds? A
meta-analysis. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 153, 339–344.

Costantini, D., Marasco, V., Møller, A.P., 2011. A meta-analysis of glucocorticoids as mod-
ulators of oxidative stress in vertebrates. J. Comp. Physiol. B. 181, 447–456.

Demidchik, Y.E., Saenko, V.A., Yamashita, S., 2007. Childhood thyroid cancer in Belarus,
Russia, and Ukraine after Chernobyl and at present. Arq. Bras. Endocrinol. Metabol.
51, 748–762.

Drobinska, O.V., Moroz, G.Z., 1998. Peculiarities of lipid peroxidation and activity of main
antioxidative enzymes in duodenal ulcer patients, who took part in Chernobyl clean-
up operation. Lik Sprava 98, 7–8 (In Ukrainian).

Edwards, A., Voisin, P., Sorokine-Durm, I., Maznik, N., Vinnikov, V., Mikhalevich, L.,
Moquet, J., et al., 2004. Biological estimates of dose to inhabitants of Belarus and
Ukraine following the Chernobyl accident. Radiat. Prot. Dosim. 111, 211–219.

Ellegren, H., Lindgren, G., Primmer, C.R., Møller, A.P., 1997. Fitness loss and germline mu-
tations in barn swallows breeding in Chernobyl. Nature 389, 593–596.

Fazel, R., Krumholz, H.M., Wang, Y., Ross, J.S., Chen, J., Ting, H.H., Shah, N.D., et al., 2009.
Exposure to low-dose ionizing radiation from medical imaging procedures. N. Engl.
J. Med. 361, 849–857.

Galván, I., Mousseau, T.A., Møller, A.P., 2011. Bird population declines due to radiation ex-
posure at Chernobyl are stronger in species with pheomelanin-based coloration.
Oecologia 165, 827–835.

Galván, I., Bonisoli-Alquati, A., Jenkinson, S., Ghanem, G., Wakamatsu, K., Mousseau, T.,
Møller, A., 2014. Chronic exposure to low-dose radiation at Chernobyl favours adap-
tation to oxidative stress in birds. Funct. Ecol. 28, 1387–1403.

Grigorkina, E.B., Olenev, G.V., 2013. Migration of rodents in the Eastern Urals Radioactive
Trace zone (radiobiological aspect). Radiats. Biol. Radioecol. 53, 76–83.

Grigorkina, E.B., Pashnina, I.A., 2007. On the problem of radioadaptation in small mam-
mals (ecological specialization of species, radioresistance, hemopoiesis, immunity).
Radiats. Biol. Radioecol. 47, 371–378.

Halliwell, B., Gutteridge, J., 2007. Free Radicals in Biology andMedicine. Oxford University
Press, Oxford, UK.

Hedges, L.V., Olkin, I., 1985. Statistical Methods for Meta-analysis. Academic Press, New
York, NY.

Hinton, T.G., Alexakhin, R., Balonov, M., Gentner, N., Hendry, J., Prister, B., Strand, P., et al.,
2007. Radiation-induced effects on plants and animals: findings of the United Nations
Chernobyl Forum. Health Phys. 93, 427–440.

Hiyama, A., Nohara, C., Kinjo, S., Taira, W., Gima, S., Tanahara, A., Otaki, J.M., 2012. The bi-
ological impacts of the Fukushima nuclear accident on the pale grass blue butterfly.
Sci. Rep. 2, 570.

Hiyama, A., Nohara, C., Taira, W., Kinjo, S., Iwata, M., Otaki, J.M., 2013. The Fukushima nu-
clear accident and the pale grass blue butterfly: evaluating biological effects of long-
term low-dose exposures. BMC Evol. Biol. 13, 168.

Ivannikov, A.I., Zhumadilov, Z.H., Gusev, B.I., Miyazawa, C.H., Jiao, L., Skvortsov, V.G.,
Stepanenko, V.F., et al., 2002. Individual dose reconstruction among residents living
in the vicinity of the Semipalatinsk nuclear test site using EPR spectroscopy of
tooth enamel. Health Phys. 83, 183–196.

Jennions, M.D., Møller, A.P., 2002. Relationships fade with time: ameta-analysis of tempo-
ral trends in publication in ecology and evolution. Proc. Biol. Sci. 269, 43–48.

http://dx.doi.org/10.1016/j.scitotenv.2016.01.027
http://dx.doi.org/10.1016/j.scitotenv.2016.01.027
http://dx.doi.org/10.2174/138161210793176572
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0005
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0005
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0005
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0010
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0010
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0015
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0015
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0020
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0020
http://dx.doi.org/10.1016/j.tins.2004.07.005
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0025
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0025
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9300
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9300
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9300
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0030
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0030
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0030
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0035
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0035
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0035
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0040
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0040
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0040
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0045
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0045
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0050
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0050
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0055
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0055
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0060
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0060
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0065
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0065
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0070
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0070
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0070
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9400
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9400
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9400
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0075
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0075
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0080
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0080
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0085
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0085
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0090
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0090
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0090
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0095
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0095
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0100
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0100
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0105
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0105
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0105
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0110
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0110
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0115
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0115
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0120
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0120
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0125
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0125
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0125
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0130
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0130
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0130
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0135
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0135
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0135
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0140
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0140


471D. Einor et al. / Science of the Total Environment 548–549 (2016) 463–471
Johnson, E.J., Vishwanathan, R., Johnson, M.A., et al., 2013. Relationship between serum
and brain carotenoids,α-tocopherol, and retinol concentrations and cognitive perfor-
mance in the oldest old from the Georgia Centenarian Study. J. Aging Res. http://dx.
doi.org/10.1155/2013/951786.

Jones, D.P., 2006. Redefining oxidative stress. Antioxid. Redox Signal. 8, 1865–1879.
Kam, W.W., Banati, R.B., 2014. Effects of ionizing radiation on mitochondria. Free Radic.

Biol. Med. 65, 607–619.
Koricheva, J., Gurevitch, J., Mengersen, K., 2013. Handbook of Meta-analysis in Ecology

and Evolution. Princeton University Press, Princeton, NJ.
Lademann, H., Gerber, B., Olbertz, D.M., Darvin, M.E., Stauf, L., Ueberholz, K., Heinrich, V.,

Lademann, J., Briese, V., 2015. Non-invasive spectroscopic determination of the anti-
oxidative status of gravidae and neonates. Skin Pharmacol. Physiol. 28, 189–195.

Lawenda, B.D., Kelly, K.M., Ladas, E.J., Sagar, S.M., Vickers, A., Blumberg, J.B., 2008. Should
supplemental antioxidant administration be avoided during chemotherapy and radi-
ation therapy? J. Natl. Cancer Inst. 100, 773–783. http://dx.doi.org/10.1093/jnci/
djn148.

Light, L.R., Pillemer, D.B., 1984. Summing Up: The scirence of Reviewing Research. Har-
vard University Press, Cambridge, MA.

Liu, J.C., Lerou, P.H., Lahat, G., 2014. Stem cells: balancing resistance and sensititivy to DNA
damage. Trends Cell Biol. 24, 268–274. http://dx.doi.org/10.1016/j.tcb.2014.03.002.

Loseva, O., Shubbar, E., Haghdoost, S., Evers, B., Helleday, T., Harms-Ringdahl, M., 2014.
Chronic low dose rate ionizing radiation exposure induces premature senescence in
human fibroblasts that correlates with up regulation of proteins involved in protec-
tion against oxidative stress. Proteomes 2, 341–362.

Lu, T., Finkel, T., 2008. Free radicals and senescence. Exp. Cell Res. 314, 1918–1922. http://
dx.doi.org/10.1016/j.yexcr.2008.01.011.

Lushnikova, E.L., Molodykh, O.P., Nepomniashchikh, L.M., 1997. Morphological study of
the liver of mice-like rodents from areas of the Altai region exposed to radioactive
pollution. Radiats. Biol. Radioecol. 37, 860–869.

Lyashenko, L.A., Drobinskaya, L.V., Darchuk, L.A., Paladich, N.A., 2000. On the significance
of some markers of radiation damage in delineating groups at risk of
oncohematological diseases. Onkologiya 2, 87–90 (In Russian).

Mirzoev, E.B., Kobyalko, V.O., Shevchenko, T.S., 1999. Study of the lipid peroxidation and
membrane Ca2+-permeability in the cattle red blood cells under continuous alloca-
tion in the radioactively contaminated territories. Radiats. Biol. Radioecol. 39,
609–612 (In Russian).

Møller, A.P., Jennions, M.D., 2001. Testing and adjusting for publication bias. Trends Ecol.
Evol. 16, 580–586.

Møller, A., Jennions, M.D., 2002. How much variance can be explained by ecologists and
evolutionary biologists? Oecologia 132, 492–500.

Møller, A.P., Mousseau, T.A., 2007a. Determinants of interspecific variation in population
declines of birds after exposure to radiation at Chernobyl. J. Appl. Ecol. 44, 909–919.

Møller, A.P., Mousseau, T.A., 2007b. Species richness and abundance of forest birds in re-
lation to radiation at Chernobyl. Biol. Lett. 3, 483–486.

Møller, A., Mousseau, T., 2009. Reduced abundance of insects and spiders linked to radi-
ation at Chernobyl 20 years after the accident. Biol. Lett. 5, 356–359.

Møller, A., Mousseau, T., 2013. The effects of natural variation in background radioactivity
on humans, animals and other organisms. Biol. Rev. 88, 226–254.

Møller, A., Mousseau, T., 2015. Strong effects of ionizing radiation from Chernobyl on mu-
tation rates. Sci. Rep. 5. http://dx.doi.org/10.1038/srep08363.

Møller, A.P., Surai, P., Mousseau, T.A., 2005. Antioxidants, radiation and mutation as re-
vealed by sperm abnormality in barn swallows from Chernobyl. Proc. Biol. Sci. 272,
247–253.

Møller, A.P., Mousseau, T.A., de Lope, F., Saino, N., 2007. Elevated frequency of abnormal-
ities in barn swallows from Chernobyl. Biol. Lett. 3, 414–417.

Møller, A.P., Hagiwara, A., Matsui, S., Kasahara, S., Kawatsu, K., Nishiumi, I., Suzuki, H., et
al., 2012. Abundance of birds in Fukushima as judged from Chernobyl. Environ. Pollut.
164, 36–39.

Møller, A.P., Bonisoli-Alquati, A., Mousseau, T.A., 2013. High frequency of albinism and tu-
mours in free-living birds around Chernobyl. Mutat. Res. 757, 52–59.

Moysich, K.B., Menezes, R.J., Michalek, A.M., 2002. Chernobyl-related ionising radiation
exposure and cancer risk: an epidemiological review. Lancet Oncol. 3, 269–279.

Mozolin, E.M., Geras'kin, S.A., Minkenova, K.S., 2008. Radiobiological effects on plants and
animals within Semipalatinsk Test Site (Kazakhstan). Radiats. Biol. Radioecol. 48,
422–431.

Murphy, M., Holmgren, A., Larsson, N.-G., Halliwell, B., Chang, C., Kalyanaraman, B., Rhee,
S., et al., 2011. Unraveling the biological roles of reactive oxygen species. Cell Metab.
13, 361–366.
NCRP (National Council on Radiation Protection andMeasurements), 1987m. Exposure of
the Population of the United States and Canada from Natural Background Radiation
(Report No. 94). National Council on Radiation Protection and Measurements, Be-
thesda, Maryland.

NCRP (National Council on Radiation Protection andMeasurements), 2009m. Ionizing Ra-
diation Exposure of the Population of the United States (Report No. 160). National
Council on Radiation Protection and Measurements, Bethesda, Maryland.

Neyfakh, E.A., Alimbekova, A.I., Ivanenko, G.F., 1998. Vitamin E and A deficiencies in chil-
dren correlate with Chernobyl radiation loads of their mothers. Biochem. Moscow 63,
1339–1344.

Ovsyannikova, L.M., Homazyuk, I.M., Nastina, O.M., Alyokhina, S.M., 2010. Long-term state
of lipid peroxidation and antioxidant protection in participants of Chornobyl accident
clean-up with chronic coronary artery disease. Ukr. Radiol. J. 18, 432–438.

Pandey, B., Kumar, A., Tiwari, P., Mishra, K., 2010. Radiobiological basis in management of
accidental radiation exposure. Int. J. Radiat. Biol. 86, 613–635.

Paranich, A.V., Karpenko, N.A., Alesina, M.Y., Marishina, T.A., 1998. The investigation of
POL peculiarities after the “Chernobyl’s”- complex factors action. Radiats. Biol.
Radioecol. 38, 384–388 (In Russian).

Raudenbush, S.W., 1994. Random effect models. In: Cooper, H., Hedges, L.V. (Eds.), The
Handbook of Research Synthesis. Russell Sage Foundation, New York, NY.

Rosenberg, M.S., Adams, D.C., Gurevitch, J., 2000. MetaWin: Statistical Software for Meta-
analysis. Version 2.1Sinauer Associates, Sunderland, MA.

Rosenthal, R., 1994. Parametric measures of effect size. In: Cooper, H., Hedges, L.V. (Eds.),
The Handbook of Research Synthesis. Russell Sage Foundation, New York,
pp. 231–244.

Ryan, J., 2012. Ionizing radiation: the good, the bad, and the ugly. J. Investig. Dermatol.
132, 985–993.

Sakata, R., Grant, E.J., Ozasa, K., 2012. Long-term follow-up of atomic bomb survivors.
Maturitas 72, 99–103.

SAS Institute Inc., 2012. JMP. Cary, NC.
Serdiuk, A., Bebeshko, V., Bazyka, D., Yamashita, S., 2011. Health Effects of the Chornobyl

Accident: A Quarter of Century Aftermath. DIA, Kiev, Ukraine.
Sevan'kaev, A.V., Lloyd, D.C., Edwards, A.A., Khvostunov, I.K., Mikhailova, G.F., Golub, E.V.,

Shepel, N.N., et al., 2005. A cytogenetic follow-up of some highly irradiated victims of
the Chernobyl accident. Radiat. Prot. Dosim. 113, 152–161.

Shishkina, L.N., Kudyasheva, A.G., Zagorskaya, N.G., Shevchenko, O.G., 2005. The parame-
ters of antioxidant status of tissues in the progeny of tundra vole (Microtus
oeconomus Pall.) inhabiting areas with increased natural radioactivity. Radiats. Biol.
Radioecol. 45, 474–479 (In Russian).

Shoikhet, Y.N., Kiselev, V.I., Zaitsev, E.V., Kolyado, I.B., Konovalov, B.Y., Bauer, S., Grosche,
B., et al., 1999. A registry for exposure and population health in the Altai region af-
fected by fallout from the Semipalatinsk nuclear test site. Radiat. Environ. Biophys.
38, 207–210.

Smith, J.T., Willey, N.J., Hancock, J.T., 2012. Low dose ionizing radiation produces too few
reactive oxygen species to directly affect antioxidant concentrations in cells. Biol. Lett.
8, 594–597.

Souchkevitch, G., Lyasko, L., 1997. Investigation of the impact of radiation dose on hor-
mones, biologically active metabolites and immunoglobulins in Chernobyl accident
recovery workers. Stem Cells 15, 151–154.

Spitz, D., Azzam, E., Li, J., Gius, D., 2004. Metabolic oxidation/reduction reactions and cel-
lular responses to ionizing radiation: a unifying concept in stress response biology.
Cancer Metastasis Rev. 23, 311–322.

Surai, P., 2002. Natural Antioxidants in Avian Nutrition and Reproduction. Nottingham
University Press, Nottingham.

Thaul, S., O'Maonaigh, H., 1999. Potential radiation exposure in military operations:
protecting the soldier before, during, and after. Washington (DC): National Acade-
mies Press (US); Fundamentals of Radiation Safety and Protection. Committee on
Battlefield Radiation Exposure Criteria, Institute of Medicine (US). http://www.ncbi.
nlm.nih.gov/books/NBK224057.

Verhoglyad, I.N., Tsudzevitch, B.A., Kudryashov, Yu. B., 1991. Report 7. Content of some
lipid peroxidation products and free fatty acids, and catalase activity in some rat or-
gans and tissues. Radiobiologia 31, 629–637 (In Russian).

Weinberg, H.S., Korol, A.B., Kirzhner, V.M., Avivi, A., Fahima, T., Nevo, E., Shapiro, S., et al.,
2001. Very high mutation rate in offspring of Chernobyl accident liquidators. Proc. R.
Soc. B Biol. Sci. 268, 1001–1005.

Yablokov, A.V., Nesterenko, V.B., Nesterenko, A.V., 2009. Chernobyl: Consequences of the
catastrophe for people and nature. New York Academy of Sciences, New York, NY.

http://dx.doi.org/10.1155/2013/951786
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0150
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0155
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0155
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0165
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0165
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0175
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0175
http://dx.doi.org/10.1093/jnci/djn148
http://dx.doi.org/10.1093/jnci/djn148
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0185
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0185
http://dx.doi.org/10.1016/j.tcb.2014.03.002
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0195
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0195
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0195
http://dx.doi.org/10.1016/j.yexcr.2008.01.011
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0205
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0205
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0205
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9500
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9500
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9500
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9600
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9600
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9600
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9600
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0210
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0210
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0215
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0215
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0220
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0220
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0225
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0225
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0230
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0230
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0235
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0235
http://dx.doi.org/10.1038/srep08363
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0245
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0245
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0245
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0250
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0250
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0255
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0255
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0260
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0260
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0275
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0275
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0280
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0280
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0280
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0285
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0285
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0290
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0290
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0290
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0290
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0295
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0295
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0295
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9700
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9700
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9700
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9800
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9800
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9800
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0300
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0300
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9900
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9900
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf9900
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0305
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0305
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0310
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0310
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0315
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0315
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0315
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0320
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0320
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0325
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0325
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0330
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0335
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0335
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0340
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0340
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8100
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8100
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8100
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8100
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0345
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0345
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0345
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0350
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0350
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0350
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8200
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8200
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8200
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0355
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0355
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0355
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0360
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0360
http://www.ncbi.nlm.nih.gov/books/NBK224057
http://www.ncbi.nlm.nih.gov/books/NBK224057
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8300
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8300
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8300
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0370
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf0370
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8400
http://refhub.elsevier.com/S0048-9697(16)30027-4/rf8400

	Ionizing radiation, antioxidant response and oxidative damage: A meta-�analysis
	1. Introduction
	2. Materials and methods
	2.1. Literature search and data sets
	2.2. Method of meta-analyses

	3. Results
	3.1. Markers of response to LDIR: response in antioxidants and oxidative metabolism
	3.2. Variation in effects between relatively high and low doses acquired by humans
	3.3. Summary statistics, mean effect sizes and evidence for publication bias
	3.4. Predictors of effect size

	4. Discussion
	Declaration of interest
	Acknowledgments
	References


