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Abstract: The present paper reviews available background information for studying multiple stressor
effects of radon (222 Rn) and phthalates in children and provides insights on future directions.
In realistic situations, living organisms are collectively subjected to many environmental stressors,
with the resultant effects being referred to as multiple stressor effects. Radon is a naturally occurring
radioactive gas that can lead to lung cancers. On the other hand, phthalates are semi-volatile organic
compounds widely applied as plasticizers to provide flexibility to plastic in consumer products.
Links of phthalates to various health effects have been reported, including allergy and asthma. In the
present review, the focus on indoor contaminants was due to their higher concentrations and to the
higher indoor occupancy factor, while the focus on the pediatric population was due to their inherent
sensitivity and their spending more time close to the floor. Two main future directions in studying
multiple stressor effects of radon and phthalates in children were proposed. The first one was on
computational modeling and micro-dosimetric studies, and the second one was on biological studies.
In particular, dose-response relationship and effect-specific models for combined exposures to radon
and phthalates would be necessary. The ideas and methodology behind such proposed research work
are also applicable to studies on multiple stressor effects of collective exposures to other significant
airborne contaminants, and to population groups other than children.
Keywords: multiple stressor effects; radon; phthalates; children; dosimetric modeling

1. Introduction to Multiple Stressor Effect
In reality, it is inevitable that living organisms are subjected to various environmental stressors
collectively, with the resultant effects being referred to as multiple stressor effects, and the assessment
on the probability and seriousness of the resultant effects is referred to as cumulative risk assessment [1].
For realistic cumulative risk assessments, therefore, thorough understanding on the multiple stressor
effects is indispensable [2–8]. As such, when discussing the effects of airborne contaminants on human
beings, the effects from collective exposures to all significant airborne contaminants (e.g., ionizing
radiation, chemicals, cigarette smoke, heavy metals, etc.) would be relevant, as depicted in Figure 1.
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Figure 1. Multiple stressor effects on human beings caused by collective exposure to various significant
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significant airborne contaminants, e.g., radon progeny, phthalates, cigarette smoke, etc.
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The “responses” from multiple stressors and individual stressors are represented by the y-axis in
Figure 2. The dose regime corresponding to effects below the spontaneous level is referred to as the
hormetic zone. Since the “responses” from individual stressors as well as multiple stressors can now
be positive (within “hormetic zone”) or negative (outside “hormetic zone”) with respect to the control
level, it will be necessary to consider this “direction” in addition to the “magnitude” (absolute value) of
the responses with respect to the control level. Classification of the multiple stressor effect can become
complicated in presence of the biphasic hormetic response, but can be simplified if the “responses”
from both individual stressors are within the “hormetic zone” (as in Condition 1) or both are outside
the “hormetic zone” (as in Condition 2). Under such circumstances, the multiple stressor effect will be
synergistic, additive or antagonistic if the magnitude of its response is larger than, equal to or smaller
than the sum of magnitude of responses from the two individual stressors. As such, conditions 1 and 2
represent antagonistic and additive multiple stressor effects.
Figure 2. Multiple stressor effects from studies on combined effects of α-particles and depleted
uranium (DU) on zebrafish (Danio rerio) embryos [15,16]. Conditions 1 to 4: [IL] and [IH] refer to low
and high α-particle doses, respectively; [UL] and [UH] refer to low and high DU exposures,
respectively. Circles: effects from individual stressors; crosses: effects from multiple stressors.
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However, classification of the multiple stressor effect is more complicated if the “response” from
one individual stressor is within the “hormetic zone” (negative response) and the “response” from the
other individual stressor is outside the “hormetic zone” (positive response), as in conditions 3 and 4.
Under such circumstances, the multiple stressor effect is antagonistic when its response lies somewhere
between the responses from the individual stressors (referring to the y-axis in Figure 2), in such a way
that the value of the response is “less negative” than the negative value of one stressor, and at the same
time is “less positive” than the positive value of the other stressor, which is the case for Condition 3.
As regards Condition 4, the value of the response of the multiple stressor effect is “more positive” than
the positive value of one stressor (high DU exposure), and at the same time is “less negative” than the
negative value of the other stressor (low α-particle dose). In other words, the multiple stressor effect is
“synergistic” with reference to the high DU exposure, but it is “antagonistic” with reference to the low
α-particle dose. As such, we described the multiple stressor effect as “difficult to define”.
2. Background Information on Radon, Cancer Risk and Dosimetry
2.1. Radon and Its Progeny
Radon (222 Rn) is an inert gas which is a decay product of 238 U in the earth’s crust through the
intermediate radionuclide 226 Ra, and is thus ubiquitous in our environment (e.g., [18,19]). While most
of the radon gas inhaled will be exhaled, the short-lived decay products of radon gas (referred to as
radon progeny) including 218 Po, 214 Pb, 214 Bi and 214 Po, can deposit in the human respiratory tract
(HRT) (e.g., [20–29]).
Research interests on radon started from early 800 s in the last century [30], which were mainly due
to the enhanced indoor radon concentrations identified as a result of reduction in indoor ventilation
rates, which were in turn attributed to the global energy crisis in that period. While outdoor radon
concentrations were typically between 5 and 15 Bq/m3 , the world average indoor radon concentration
was estimated to be about 37 Bq/m3 , and indoor radon concentrations as high as several kBq/m3
were also detected [18,31]. In addition, people spent increasingly more time in indoor environments
including dwellings and offices, leading to large indoor occupancy factors, and were thus exposed to
radon more than previous generations. These are also the reasons why we will only focus on indoor
radon in the present review.
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The risk of residential radon exposure has become a matter of international concern [32]. It has
now been accepted that α-particles from shorted-lived radon progeny contribute the largest natural
radiation dose to mankind [29,33], and the radon progeny could account for more than 50% of the
total effective dose received from all natural radioactive sources [34,35]. In fact, radon has been widely
accepted as the second leading cause of lung cancers after cigarette smoke [36], although it should
also be remarked that the relationship between lung cancer risk and radon concentration is in fact
non-trivial (see Section 2.2 below).
2.2. Cancer Risk
Ionizing radiations emitted from the decay of these short-lived radon progeny, in particular
α-particles, will lead to lung tissue damages in the human body. Although most research on radon risk
focus on the α-particle dose, there should also be some risk contributed by the β-particles emitted
from radon progeny. For example, large β-particle doses from radionuclides inhaled by dogs were
found to increase their cancer risks [37,38]. Generally speaking, ionizing radiations can inflict damages
to molecules of deoxyribonucleic acid (DNA) in cells in our body, such as single-strand breaks (SSBs),
double-strand breaks (DSBs), and base damages [39,40], and the subsequent loss of genetic integrity
can lead to mutation and induce cancer. In particular, α-particles have high linear-energy-transfer (LET)
values and can deliver large doses locally to promote carcinogenesis in the bronchial and bronchiolar
epithelia (see Section 2.3 below) [29,39,41–43].
Extensive research has previously investigated the biological effects of radon progeny on humans
(e.g., [29,44]), which has revealed that airborne radon progeny could lead to health issues for humans,
particularly lung cancers [32,33,45–47]. This also explains why radon-induced lung cancer risk has
been found to be particularly high among underground uranium miners [48], who are used to work
in underground mines in which the radon concentrations are high. However, extrapolation of the
risks derived for miners to the general population was not straightforward, since the exposure groups
of people as well as the environmental conditions were very different. For example, the uranium
miners were mostly adult males who were often smokers, while the general population also included
children, women, and elderly people. Moreover, it was common that the atmospheric environments in
mines contained large amounts of dust particles, diesel products and other toxic substances, while
those in homes were relatively much cleaner. The aerosol-size distributions, which critically affected
the deposition or radon progeny in the HRT, were also different in mines and in homes. The much
higher radon concentrations in the mines compared to homes also made it dubious to extrapolate the
risks for miners to the general population. Despite all these differences, the dose conversion factor
(DCF) expressed in terms of the effective dose (mSv) per unit exposure (WLM) was estimated to be
~ 5 mSv/WLM [49].
Epidemiological studies have shown that exposures to relatively low residential radon
concentrations (as low as 100 Bq/m3 ) can already enhance the lung cancer risk [50]. A collaborative
analysis of individual data from 13 European case-control studies performed in 2005 showed that
residential radon was responsible for ~ 2% of all cancer deaths in Europe [32]. After stratifications for
age, sex, region of residence and smoking, the risk of lung cancer was found to increase by 8.4% per
100 Bq/m3 increase in the radon concentration [32]. The results were commensurate with a separate
combined analysis of seven North American case-control studies, in that a linear correlation between
radon exposure and lung cancer risk was also found [51]. In addition, a later case-controlled study in
Galicia (Spain), demonstrated a significant lung cancer risk even for exposures to radon concentrations
ranging from 37 to 55 Bq/m3 when compared to exposures to lower radon concentrations [52].
In relation, for the same absorbed dose the relationship between radon exposure and lung cancer
risk can be affected by factors such as the exposure, the age at exposure, the age at risk, gender, smoking
habits, the presence of other carcinogens and the occurrence of nonspecific inflammation of airways,
etc. [19].
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However, it is remarked that the excess lung cancer risk induced by low radon concentrations
was neither empirically detected nor theoretically demonstrated [53]. On the contrary, the opposite
conclusion was supported by various studies. For example, in 1995, Cohen identified a strong trend
showing a decrease in the lung cancer rates with increasing radon exposure, which disagreed with
the traditional linear-no threshold theory, with a discrepancy in the slope of about 20 standard
deviations [54]. In 2003, Becker reviewed the health effects of radon in Central Europe, and concluded
that the available data supported a nonlinear human response to low and medium-level radon
exposures [55]. In 2008, Thompson et al. carried out a case-control study of lung cancer risk from
residential radon exposure in Worcester County (MA, USA). The authors employed two different
models to compute adjusted odds ratios (AORs), and found AORs significantly less than 1.0 between 50
and 75 Bq/m3 and between approximately 85 and 123 Bq/m3 , respectively [56]. These studies or review
demonstrated that the lung cancer risk induced by low radon concentrations might not be adequately
predicted through linear extrapolation in the traditional linear-no threshold theory. In relation, the
biphasic hormetic response (hormesis) exhibiting a low-dose stimulation and a high-dose inhibition, as
depicted in Figure 2, could be a possible scenario resulting in opposite lung cancer risks by low and
high radon concentrations. The issue that different data sometimes led to opposite conclusions was
also noted and discussed [57].
Besides induction of lung cancers in human beings, radon gas can also dissolve in blood and
subsequently move through the blood circulatory system within the human body. However, lung-cancer
risk remains the principal health effect of radon in human beings.
2.3. Radon Dosimetry
The lung dose and the effective dose due to inhalation of short-lived radon progeny can be assessed
through computational modeling and micro-dosimetric studies, which are now most commonly
performed using the human respiratory tract model (HRTM) of the International Commission on
Radiological Protection (ICRP) (published in 1994, and referred to as the ICRP66 model in the
following) [21]. In particular, the model was developed to calculate doses for workers as well as
individuals of all ethnic groups, to derive limits on intakes, to be applicable to radioactive gases
and particles, and to take into account the influence of various respiratory tract diseases, smoking
habits and different air impurities. The ICRP66 model was a very comprehensive model which
summarized information in: Section 2.3.1 morphometry of the HRT, Section 2.3.2 respiratory physiology,
Section 2.3.3 radiation biology, Section 2.3.4 deposition of inhaled substances in different sections of
the HRT, Section 2.3.5 clearance of deposited substances from the HRT, and Section 2.3.6 radiation
dosimetry [21,29].
2.3.1. Morphometry
ICRP assigned four anatomical regions for the HRT, i.e.:
(i)
(ii)
(iii)
(iv)

extrathoracic (ET) region;
bronchial (BB) region which consisted of trachea and bronchi;
bronchiolar (bb) region which consisted of bronchioles and terminal bronchioles;
alveolar interstitial (AI) region which consisted of respiratory bronchioles, alveolar ducts and
sacs with their alveoli, and interstitial connective tissue.

The dimensions of the HRT were adjusted according to the standard functional residual capacity
(FRC). It is remarked here that more realistic lung morphometry such as bifurcation regions of the HRT
has been considered by researchers [20,27,28,58], which leads to more accurate results. Most recently,
Hofmann et al. further discovered that the doses due to inhaled radon progeny were higher in upper
lobes compared to the average bronchial dose for the whole lung, and doses were higher and lower in
the right upper lobe and left lower lobe, respectively [59].
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2.3.2. Respiratory Physiology
The relevant physiological parameters included total lung capacity (TLC), FRC, vital capacity (VC),
dead space (V d ), tidal volume (V T ), ventilation rates (V E ), breathing rate and breathing frequency (f R ).
The ICRP66 report gave reference values for Caucasian workers, as well as Caucasian non-workers,
including those for children of 3 months, 1, 5, 10 and 15 years old, and those for adults (both male and
female). ICRP also proposed directions for adaptation for other ethnic groups.
2.3.3. Radiation Biology
Based on radiobiological considerations, the ICRP66 report concluded that basal cells (present in
BB region only) and secretory cells (present in both BB and bb regions, but absent in the AI region)
should be included in dose calculations, while lymph tissue and lymph nodes were deemed insensitive
to ionizing radiations.
2.3.4. Deposition of Aerosols in Human Respiratory Tract
The ICRP66 model considered deposition in individual anatomical region of the HRT, which was
called regional deposition. Activity median aerodynamic diameters (AMADs) of 1 and 1.5 µm were
adopted for indoor or outdoor exposure of the general public, and for workplace exposure, respectively.
2.3.5. Clearance Model
The ICRP66 model suggested that materials deposited in the HRT were cleared: (i) into blood
through absorption, (ii) to the gastrointestinal tract, and (iii) to regional lymph nodes via lymphatic tubes.
2.3.6. Weighting the Doses
ICRP assumed: (i) equal sensitivity of basal and secretory cells in the BB region, i.e., the dose DBB
in the BB region was given by DBB = 0.5(DBB,bas + DBB,sec ), where DBB,bas and DBB,sec were the doses for
basal cells and secretory cells, respectively; (ii) equal sensitivities (risks) of the BB, bb and AI regions,
so the same weighting factor of 0.333 was assigned to all of these regions, with the remaining 0.001
assigned to lymphatic tissues. It is noted here that the first assumption, i.e., equal sensitivity of basal
and secretory cells in the BB region, might not be true since Nikezic and Yu revealed that basal cells
were more sensitive than secretory cells [60].
All the models described above were implemented in LUng Dose Evaluation Program (LUDEP) [61].
Sensitivity analysis was performed by Marsh and Birchall in such a way that all parameters were
varied in reasonable ranges around their best estimated values, while all other parameters were kept
constants [62]. The authors found that the depth of the sensitive cells and the thickness of tissues were
the most important target-cell parameters. This analysis showed that the dosimetric model produced a
DCF of ~15 mSv/WLM (which was larger than the value of 5 mSv/WLM derived from epidemiological
studies). Subsequently, one more report on lung dosimetry was published by ICRP as a practical guide
for application of ICRP66 [63].
Numerous reports and articles on radon exposure were further published since the ICRP
Publication 66 was published in 1994, which were surveyed in several reports. For example, the
BEIR VII Report (2006) stressed that radon played a main role in environmental exposure [64].
A comprehensive survey (more than 100 pages) on radon was given in the Annex E of Volume II of
the UNSCEAR 2006 Report [65]. In particular, epidemiological studies on both domestic and workers
(miners) were documented in detail in this report. Subsequently, in the UNSCEAR 2008 Report, the
annual average dose from radon was estimated as 1.26 mSv, with the typical range of individual
doses as 0.2–10 mSv ([66], p.4, Table 1 in the report). It was emphasized that the dose could be
much larger in some dwellings, and the dose would depend on many factors such as the radium
concentration in the soil underneath the house and in the construction material, the architectural style,
and habits of inhabitants etc. The radon issue was also considered in many places in the UNSCEAR
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2017 Report [67]. Here, different types of epidemiological studies were discussed (p. 21–23 in the
report). Shortcomings of some studies were also noted, e.g., medical doses were not considered in the
course of exposure estimation, which could lead to overestimation of radon risks.
2.4. Background for Focus in Present Review
In the present review, we will only focus on indoor radon, since indoor radon gas concentrations
are generally much higher than outdoor radon concentrations, e.g., reaching a factor of ~5 [18], mainly
due to the poor ventilation rate, and the much larger indoor occupancy factor than the outdoor
occupancy factor.
Studies on the effects of combined exposures to radon and cigarette smoke in adults have been
an interesting and important research direction. Exposures to cigarette smoke can lead to asthma
and allergic symptoms. Asthma is associated with chronic lung inflammation, where the airway is
reversibly narrowed, which can cause symptoms such as wheezing, cough and shortness of breath [68].
Moreover, chronic obstruction of lung can also affect the bronchial morphometry (see Section 5.1
below). Interestingly, smoking-induced asthma with the chronic obstruction in the lungs could affect
the deposition of radon progeny in the lungs to synergistically increase the radon-induced lung cancer
risk [69,70].
3. Background Information on Phthalates and Effects on Human Respiratory Health
As highlighted in the Introduction, when discussing the effects of airborne contaminants in realistic
indoor environments, the effects from collective exposures to all significant airborne contaminants
would be relevant, as depicted in Figure 1. Apart from exposures to radon progeny as detailed above in
Section 2, people are exposed to various toxic chemicals such as cigarette smoke and phthalates. In fact,
concerns have been raised about increased lung cancer risk due to indoor radon, which might have
combined health effects with other carcinogenic chemicals and aerosols such as cigarette smoke [71].
While exposures to cigarette smoke as well as phthalates are associated with asthma and allergic
symptoms, combined exposures to radon progeny and cigarette smoke are more likely to occur in
adult smokers, but not as likely in pediatrics. In fact, as explained below, combined exposures to radon
progeny and phthalates are more likely to occur in children. It has been well established that people
can be exposed to phthalates through inhalation, ingestion and dermal absorption [72]. Nevertheless,
the main objective of the present paper was to provide a review to readers interested in the multiple
stressor effects of airborne radon progeny and phthalates, so we would focus on the exposures to
phthalates through inhalation. However, it is noted in the outset that previous studies described in the
current section which linked phthalate exposure to asthma might not only be due to inhalation, but
could also be due to ingestion.
Phthalates are semi-volatile organic compounds which are widely applied as plasticizers into
polyvinyl chloride (PVC) in order to impart flexibility of plastic in consumer products such as toys,
flooring materials, wall paper, furniture, building materials, food containers as well as medical devices.
Ten widely used phthalates were summarized by Wang et al., including dimethyl phthalate (DMP),
diethyl phthalate (DEP), dibutyl phthalate (DBP), diisobutyl phthalate (DIBP), butyl benzyl phthalate
(BBzP), dicyclohexyl phthalate (DCHP), di(2-ethylhexyl) phthalate (DEHP), di-n-octyl phthalate
(DnOP), diisononyl phthalate (DINP), and diisodecyl phthalate (DIDP) [73]. Figure 3 shows the
structures of these phthalates. Phthalates are not covalently bound to the polymers so they can easily
migrate into the environment with time and use. Strong sources for phthalates have been found in
PVC flooring and furniture in home [74]. Furthermore, indoor phthalate concentrations are on average
about 10 times more than the outdoor concentrations [75]. In particular, DEHP, BBzP, DBP, DnOP, DEP
and DMP have been classified as priority environmental pollutants according to the United States
Environmental Protection Agency [76]. In relation, upper limits of 16 ppb and 8 ppb were set for DEHP
in surface water [77] and drinking water [78], respectively.
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Phthalate metabolites, which are the degradation products of parent phthalates, are commonly
used as biomarkers of phthalate exposures [73]. Previous human biomonitoring studies have measured
phthalates or their metabolites in human serum, urine, semen, blood and breast milk [79–81]. In fact,
both parent phthalates and their metabolites could have adverse effects on the human body. Phthalates
have been reported to link with endometriosis [82], reduced sperm count and quality [83], decreased
testosterone levels [84], metabolic diseases such as diabetes, obesity and breast cancer [85–87], as well
as allergy and asthma [88]. Braun et al. reviewed the health effect of early life phthalate exposure on
pediatrics, in terms of infant size of birth, physical growth, neurodevelopment, genital development as
well as childhood asthma and allergy [89]. Regulatory bodies have restricted and banned the use of
Int. J. Environ. Res. Public Health 2020, 17, x FOR PEER REVIEW
8 of 26
the phthalates due to their endocrine disrupting effects on human health.
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children who did not have such symptoms (1.24 vs. 0.86 mg/g dust), and a dose-response relationship
was also found between DEHP in dust and allergic symptoms [107]. In a separate study, susceptible
periods of development of asthma were identified using longitudinal data. The relationship between
PVC flooring in Swedish dwellings for 1- to 5-year-old children with development of asthma was
investigated, which was then supplemented with 5- and 10-year follow-up studies [101–103]. The 10-
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of children who did not have such symptoms (1.24 vs. 0.86 mg/g dust), and a dose-response
relationship was also found between DEHP in dust and allergic symptoms [107]. In a separate study,
susceptible periods of development of asthma were identified using longitudinal data. The relationship
between PVC flooring in Swedish dwellings for 1- to 5-year-old children with development of asthma
was investigated, which was then supplemented with 5- and 10-year follow-up studies [101–103].
The 10-year follow-up study showed that children who lived in homes with PVC flooring at 1–5 years
of age had larger chance of developing asthma when compared to children who lived in homes without
PVC flooring [103]. In another study, the relationships between phthalate exposure and the risk of
asthma in children and in adults were reported, where association was shown in adults while no
strong evidence was shown in 6- to 17-year-old children [88]. A subsequent study revealed stronger
correlations between phthalate concentration in dwellings and risk of asthma in children than in adults
in Japan, and proposed that children were more vulnerable to phthalate dust closer to the floor [105].
In relation, there was also a research reporting indoor phthalate exposures to infants and toddlers via
inhalation were 12-fold and 6-fold, respectively, larger than those of adults [113].
Phthalate toxicity was also studied through biomarkers and molecular biology. A study in 2012
examined 6- to 9-year-old schoolchildren in New York City and found significantly stronger correlation
between urinary phthalate-metabolite levels and fractional exhaled nitric oxide (FeNO; well-established
biomarker for airway inflammation) in children with wheeze [114]. In general, humans exposed
to environmental concentrations of DEHP have been related to DNA damages [115]. In an in vitro
study, induction of inflammatory response in the human lung epithelial cell line A549 by DEHP
was confirmed by upregulation of proinflammatory cytokines interleukin-6 (IL-6) and interleukin-8
(IL-8) [116]. A similar effect was observed in A549 cells treated with mono-2-ethylhexyl phthalate
(MEHP), which was a metabolite of DEHP [117]. A separate in vitro study showed that inhibition of
cell cycle progression, increased apoptotic cell as well as DNA demethylation were induced by DEHP
in human bronchial epithelial cells (16HBE cells) [118]. In relation, aberrant DNA methylation was
suggested as a mechanism for inactivation of certain tumor suppressor genes in lung cancers [119].
4. Lung Cancer Risk of Combined Exposure to Indoor Radon and Phthalates in Children
The present review focused on the potential lung cancer risk of combined exposure to indoor
radon and phthalates in children. The focus on indoor contaminants was due to that contaminants in
general had higher concentrations in indoor environments (e.g., dwellings, schools and offices) when
compared to those in outdoor environments, while at the same time people in general spent most of
their time in indoor environments and most of their time were spent in homes (58–69%) [120]. As such,
the indoor human health risk could be more significant [121].
On the other hand, the focus on the pediatric population was due to the inherent sensitivity
of children, and that children spent large fractions of their time at home, particularly for newborns
and preschool children. Children can be subjected to larger exposures under the same environmental
conditions due to their physiology and behavior, e.g., their larger body surface-to-volume ratios,
unmatured immune systems and hand-to-mouth actions, and as such, they are considered a vulnerable
population and prone to higher risks [122]. In addition, as described above, children who spent a much
longer time closer to the floor were more vulnerable to phthalate dust [105], and indoor phthalate
exposures to infants and toddlers via inhalation were 12-fold and 6-fold, respectively, larger than those
of adults [113].
As described in Sections 2 and 3 above, radon and phthalates are ubiquitous contaminants
in our ambient environment. From those discussions, it becomes apparent that people including
children will experience exposures to both α-particles (from radon progeny) and phthalates. While the
radon-induced lung cancer risk is relatively more studied, the potential risk of phthalate-induced lung
cancer is largely unexplored.
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5. Future Research Directions
5.1. Computational Modeling and Micro-Dosimetric Studies
It was suggested that the carcinogenic effects of radon should be taken into consideration together
with other inhaled substances rather than radiation alone [20]. As described in Section 2.3, the lung
dose and the effective dose due to inhalation of short-lived radon progeny can be assessed using the
ICRP66 model published in 1994 [21]. In particular, one important aspect of the model development
was to take into account the influence of various respiratory tract diseases, smoking habits and different
air impurities. As such, the model would be well suited to study the multiple stressor effects of radon
and phthalates.
As regards the sub-model in: Section 2.3.1 morphometry, it is understood that chronic obstruction
of lung can affect the bronchial morphometry as described in Section 2 above. The bronchial and
bronchiolar airway morphometry will control the equilibrium activities of radon progeny on the surface
of airway tubes in the HRT, which will in turn affect the probability of α- particles from the radon
progeny to hit basal-cell as well as the secretory-cell nuclei in the BB region as well as the bb region,
and finally determine the absorbed lung dose [60]. Furthermore, the absorbed fraction of α-particles
emitted from the 222 Rn chain, the distribution of specific energy, as well as the α-particle lineal energy
spectra in the sensitive cells of the HRT, and the DCFs will also change with the thickness of mucus
layer HRT, which in fact acts as a source of α-particle emitting radon progeny in the HRT [123–126].
Consideration of more details of lung morphometry such as bifurcation regions of the HRT can
provide even more realistic information [20,27,28,58]. For example, increased local accumulation of
radon progeny were shown in bifurcation zones particularly in carinal ridges compared to other sites
of tubular bronchial regions, which was a result of the concomitant effect of increased deposition and
decreased mucociliary clearance [58].The doses absorbed in the BB and bb regions of the HRT were also
found to have a redistribution with the use of the bifurcation model [27,28]. Through employing the
bifurcation model, the lung cancer risk was highest at tubular sections of the airway with a sufficiently
high radon exposure, while it was significantly higher in the bifurcation zone for a relatively low radon
exposure [20], the latter being more relevant to environmentally realistic radon exposures.
As regards the sub-model in Section 2.3.2 respiratory physiology, the relevant physiological
parameters included TLC, FRC, VC, V d , V T , V E and f R . Moreover, reference values were also provided
for children of 3 months, 1, 5, 10 and 15 years old. As such, the model would also be well suited to study
the multiple stressor effects of radon and phthalates in children. Interestingly, the association between
phthalate exposure and lower pulmonary function was confirmed with the measurements of forced vital
capacity (FVC), forced expiratory volume in 1 s (FEV1 ) and the peak expiratory flow (PEF) [127–131].
An inverse correlation between phthalate-metabolite levels and PEF was also reported [127,128].
In addition, the increased urinary phthalate-metabolite concentration was shown to reduce FEV1 and
FVC in adult [127], elderly [129,130] as well as in pediatric population [128,131]. Association was also
shown in phthalate-metabolite level and decrease in the FEV1 /FVC ratio [130,131]. It was noted that a
reduced FEV1 /FVC ratio was used as an indication of airway obstruction in spirometry [132]. It was
expected that VC and FVC values were similar for healthy individuals, but would be significantly
different for individuals with airway obstruction. It was also confirmed that pulmonary obstruction
pattern could cause changes in physiological parameters in the lung, showing positive correlations
with FRC, TLC, residual volume (RV) and RV/TLC, and negative correlations with VC, inspiratory
capacity (IC) and IC/TLC [132–137]. Figure 4 shows typical differences in those parameters between
the normal lung and the lung with obstruction [138]. Taken together, the lower pulmonary function
induced by phthalate exposure would affect the lung dose and effective dose due to inhalation of
short-lived radon progeny.
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As regards the sub-model in Section 2.3.4 deposition of inhaled substances, the breathing rate will
critically control the regional lung deposition for radon progeny and thus the DCFs [139]. The sensitivity
analysis performed by Marsh and Birchall mentioned in Section 2.3 above revealed that the breathing
rate was the most important subject-related parameter [62].
As regards the sub-model in Section 2.3.3 radiation biology, the main conclusions were that basal
cells and secretory cells should be included in dose calculations. Other phenomena in radiation biology
including dose responses (such as effect-specific responses) and non-targeted effects were not discussed
in detail. These topics will be discussed in Section 5.2 below. The sub-models in Section 2.3.5 clearance
of deposited substances and Section 2.3.6 radiation dosimetry were relatively less relevant for studies
on multiple stressor effects of radon and phthalates.
5.2. Biological Studies
5.2.1. Effect-Specific Micro-Dosimetric Studies
In many micro-dosimetric studies on the absorbed dose in the HRT due to inhaled radon progeny,
the survival or death of the target cells irradiated by α-particles was not taken into account. In reality,
some of these target cells would not survive [140–142], which should be excluded in the computations
of the average absorbed dose. Interestingly, consideration of probabilities for cell-killing by applying
the effect-specific track length model [140–142], which expressed the probability per unit track length
in the cell nucleus (chord length) for cell-killing as a function of the LET of the α-particles, would
significantly change this average absorbed dose [143]. As such, it is pertinent to perform more extensive
studies on such effect-specific micro-dosimetric models. Development of such models or revision
of existing models regarding the absorbed dose in the HRT due to inhaled radon progeny would
need more detailed information on radiobiological effects of α-particles, which will be discussed in
Section 5.2.2 below, as well as potential influence from non-targeted effects, which will be discussed in
Section 5.2.3 below.
To facilitate the investigation on multiple stressor effects of radon and phthalates, the ultimate
goals are to establish the dose-response relationship as well to develop effect-specific models for
combined exposures to radon and phthalates. The first step will be to study in details the biological
effects of phthalates, which will be discussed in Section 5.2.4 below. The final step is to derive a separate
effect-specific model for the multiple stressor effects of radon and phthalates, which will be discussed
in Section 5.2.5 below.
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5.2.2. Radiobiological Effects of α-Particles
It has been well established that ionizing radiations can produce biological effects in living
organisms initiated by induction of DNA damages in terms of SSBs, DSBs and base damages [40].
In response to those DNA damages, the corresponding cells may undergo repair or cell cycle arrest, or
if the damages are substantial, they may undergo programmed cell death through apoptosis. Failures
to perform correct repairs can cause gene mutation or chromosomal changes in the surviving progeny,
which may then lead to carcinogenesis [144]. In the present review, we only focus on indoor radon and
phthalates, and it has been widely accepted that the main health hazard induced by indoor radon can
be attributed to the α-particles emitted by the radon progeny. As such, in this section, we will focus on
the biological effects of α-particles on the human lung, including the possible pathways to initiate lung
cancer progression.
The effects of α-particles on the regulation of gene expression in lung tissues or cells were
reported [145,146]. In particular, in a study involving normal human lung fibroblast HFL-1 cells irradiated
with α-particle doses in the range from 0 to 1.5 Gy, 208 genes were observed to be dose-responsive,
among which 32% were upregulated while 68% were downregulated [145]. In a separate study involving
α-particle-irradiated A549 cells, 590 genes were distinctly expressed, and the genes were shown to be
dose-responsive, time-responsive as well as both dose- and time-responsive [146]. The gene expression
profile obtained in that research study also suggested that α-particle irradiation might inhibit DNA
synthesis and mitosis, which led to cell-cycle arrest [146].
There were also numerous studies on the effects of α-particles or radon on lung cells or lung
tissues. For examples, malignant transformation was reported in human bronchial epithelial BEP2D
cells irradiated by α-particles [147,148], through studying biological endpoints such as growth kinetics,
serum-induced terminal differentiation and tumorigenicity. The biological effect was demonstrated
even for a single α-particle dose as low as 30 cGy [148].
Lung oncogenesis was observed in rodents subjected to radon exposure through inhalation [45–47].
Collier et al. examined the effects of dose and dose rate from inhaled radon on lung carcinogenesis,
and the results indicated that the lung cancer risk was elevated with increasing exposure rate at low
cumulative exposures, while the lung cancer risk decreased with increasing exposure rate at higher
cumulative exposures (>50 WLM) [45]. Chameaud et al. confirmed lung carcinogenesis in rats exposed
to radon and its progeny through inhalation with different cumulative doses [46]. Morlier et al. found
elevated lung-cancer incidence in 3-month-old male rats exposed to domestic radon through inhalation,
and also revealed the association between lung-cancer incidence and the radon-exposure dose rate [47].
With respect to epigenetics, Huang et al. corroborated that aberrant DNA methylation played a critical
role in malignant transformation in human bronchial epithelial BEAS-2B cells exposed to radon [70].
As regards the dose-response relationships of α-particles, it has been a common practice for
radiation protection purposes to adopt the linear no-threshold (LNT) model, which has effectively
assumed that the risk is linearly proportional to the dose, and that there is no threshold dose for the
emergence of the risk. However, accumulating evidence has shown that these assumptions are not true.
A good example is the biphasic hormetic response (hormesis) which is characterized by the nonlinear
J-shaped or inverted U-shaped dose-response curve, i.e., opposite dose responses at high and low
doses [17]. The dose regime corresponding to effects below the spontaneous level was referred to as the
hormetic zone. A related phenomenon was the “triphasic” dose-response relationship discovered in
2004 by Hooker et al. in the spleen tissue of pKZ1 mice [149], although the ionizing radiation employed
in the study was X-ray photons instead of α-particles. The authors discovered an extra “subhormetic”
zone when compared to the biphasic hormetic dose-response curve, which corresponded to ultra-low
X-ray doses lower than the doses corresponding to the hormetic zone. Subsequently, Choi et al. also
uncovered the triphasic dose-response relationship in 2012 in zebrafish embryos [150], although the
ionizing radiation employed in the study was protons instead of α-particles. In a more recent study
in 2016, Kong et al. confirmed that the triphasic dose-response relationship could also be induced
in zebrafish embryos using X-ray photons, and remarked that the triphasic dose response could be
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a common phenomenon in living organisms irradiated by X-rays [151]. Interestingly, the authors
also discovered that the subhormetic zone could disappear and only a biphasic dose response was
displayed when X-ray photons with a different hardness were employed [151].
5.2.3. Potential Influence from Non-Targeted Effects
Non-targeted effects of ionizing radiation refer to phenomena where the radiobiological effects do
not occur only in the irradiated cells, and the non-targeted effects of ionizing radiation most relevant to
our discussion in the present review include the radiation-induced bystander effect (RIBE) and the
associated radiation-induced rescue effect (RIRE), as well as the adaptive response (AR).
RIBE described the observation that bystander unirradiated cells (non-targeted cells) responded as
if they were irradiated upon partnering with irradiated cells (targeted cells) or upon treatment with the
medium having previously conditioned the irradiated cells (targeted cells). A schematic diagram of RIBE
is shown in Figure 5a. RIBE was first discovered in in vitro experiments [152]. Interested readers are
referred to the many reviews on RIBE (e.g., [153–159]) for further information. As of today, two popular
mechanisms have been proposed to explain RIBE, i.e., (1) gap junction intercellular communication (GJIC)
when there are physical contacts between the irradiated and bystander cells; and (2) communication
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and activation of the nuclear factor-κB (NF-κB) pathway in the irradiated cells [177,178]. These
studies involved α-particle-induced RIRE and are thus directly relevant to our present review. Other
mechanisms proposed to explain RIRE included the involvement of NO [166,179–185], induction of
autophagy and IL-6 secretion in bystander cells [186] and poly (ADP-ribose) polymerase1 (PARP1)
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membrane signaling pathway from the bystander cells to the irradiated cells [176] and activation
of the nuclear factor-κB (NF-κB) pathway in the irradiated cells [177,178]. These studies involved
α-particle-induced RIRE and are thus directly relevant to our present review. Other mechanisms
proposed to explain RIRE included the involvement of NO [166,179–185], induction of autophagy and
IL-6 secretion in bystander cells [186] and poly (ADP-ribose) polymerase1 (PARP1) [187]. It is remarked
here that there was a different phenomenon (referred to as “Type 2 RIRE” in the review [175]) related to
but different from the RIRE first reported in 2011 [173], and was also induced by α-particle irradiation.
However, Kong et al. commented that the combination of irradiated/non-irradiated cell types to reveal
the “Type 2 RIRE” was different from those used in other studies that displayed traditional RIRE (the
one first reported in 2011 [174]) [186].
AR is the phenomenon that a low preceding priming dose of radiation or some chemicals in
cells or animals decreases the biological effectiveness of a subsequent high challenging dose [188].
AR in cells was first revealed by Olivieri et al. [189], who reported that peripheral blood lymphocytes
pre-irradiated with tritiated thymidine showed fewer chromosomal aberrations when they were
irradiated with 15 Gy of X-rays. The successful demonstration of AR had stimulated immense interests
in its relationship with radiosensitivity and cancer risk (see e.g., [190]). Upon exposure to a large
radiation dose, radioresistant individuals tend to respond in a more beneficial way as a result of
enhanced repair processes triggered by AR (see e.g., [191]). Preston reviewed studies on radiationand chemical-induced ARs as well as the underlying mechanisms, and highlighted the importance of
using appropriate mechanistic data in the estimation of the cancer risk from those exposures at low or
environmental levels, instead of extrapolating linearly from human tumor data alone [192].
Most traditional studies employed radiations with low LET, e.g., X-ray photons, to deliver the
priming dose to induce AR both in vitro and in vivo. In relation, there were reports that high LET
radiation could not induce AR in cell cultures [193,194]. Interestingly, our previous studies reported
that a priming dose delivered by α-particles which was a high LET radiation could induce AR against a
challenging dose also delivered by α-particles in zebrafish (Danio rerio) embryos [195–197]. These results
were particularly relevant to studies on the multiple stressor effect of radon (α- particles) and phthalates
in children, and the associated potential cancer risk. Induction of AR was also successfully demonstrated
using combinations of different ionizing radiations delivering the priming and challenging doses,
e.g., proton priming dose against X-ray challenging dose [198–201], or even combinations of different
stressors delivering the priming and challenging doses, e.g., cadmium priming dose against α-particle
challenging dose [13], in zebrafish (Danio rerio) embryos. Involvement of combinations of different
ionizing radiations or different stressors was directly relevant to studies on the multiple stressor effect
of radon and phthalates in children.
5.2.4. Biological Effects of Phthalates
Toxic and genotoxic effects of phthalates were reported. The genotoxicity of DEHP reported by
different in vitro and in vivo studies was reviewed by Caldwell, with human and animal data, in
terms of induction of DNA lesions, defective regulation of mitotic rate, apoptosis and cell proliferation,
increase of proliferation, tumor mobility, and invasiveness of tumor cell lines, and activation of
various nuclear receptors, which could contribute to cancer progression [115]. On the other hand,
the toxicity and mechanisms underlying carcinogenesis of DEHP in different targeted organs were
reviewed by Rusyn and Corton, with a focus on the liver [202]. These authors also suggested that
phthalate-induced multiple molecular signals and pathways rather than a single molecular event
contributed to carcinogenesis [202].
Besides DEHP or its metabolite MEHP, other phthalates such as BBzP, DBP and DIBP were
also found to be genotoxic, which could contribute to cancer progression. For examples, DBP and
DIBP were found to inflict DNA damages in two human epithelial cells [203]. BBzP, DBP as well as
DEHP exposure were found to suppress apoptosis in human breast cancer cells (MCF-7) [204]. At the
same time, DBP and DEHP (10 µM), and BBzP (100 µM) were shown to significantly enhance cell
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proliferation of MCF-7 cells [204].A separate study also showed that BBzP and DBP (10−8 –10−5 mol/l),
and DEHP (10–8 –10–6 mol/L) significantly enhance cell proliferation of MCF-7 cells [205].
There were also numerous reports on the toxic and genotoxic effects of phthalates specifically
on the lung cells or tissues, and on the associated carcinogenic effects. A significant increase in the
SCE frequency was found in hamster lung fibroblast V79 cells upon exposures to MEHP (25 and
50 µg/mL) for 24 h [206]. In the same paper, a similar study with a shorter exposure time (3 h) revealed
that significantly increased SCE frequency was only observed for larger concentrations of MEHP
(1500 µM) (no significant effects for concentrations of 750 and 1000 µM) [206]. In a separate study,
DEHP exposure was verified to alter cell proliferation, cell cycle progression and apoptosis on 16HBE
cells [118]. Ma et al. proposed that inhibition of cell proliferation in DEHP-exposed 16HBE cells might
result from disruption of cell cycle progression and accelerated apoptosis. In the same study, DEHP
was also found to reduce the degree of global DNA methylation levels, with confirmation of decreased
expression levels of DNA methyltransferases (DNMTs), which highlighted potential epigenetic effects
of DEHP [118].
On a separate note, invasion and migration of lung cancer cells were successfully demonstrated
in A549 and H1299 lung cancer cells with DEHP exposure [116,207] The viability of A549 cells was
significantly enhanced upon exposure to DEHP even as low as 5 µM [207]. A similar effect was observed
in DEHP-treated H1299 cells. Although no significant effects were found in A549 and H1299 cells with
lower DEHP exposures (<10−4 M), nanomolar DEHP had stimulated in vitro migration and invasion
of both lung cancer cells via upregulation of IL-6 mediated by the NF-κB signaling pathway [116].
There were also a limited number of studies on the toxicity of phthalates in the lungs of
rodents [95,96,208–210]. In a study involving 9-week-old Wister rats through inhalation exposure to
DEHP (aerosols) for 28 days, a statistically significant (16%) increase in the relative lung weight with
increased foam-cell proliferation and thickening of the alveolar septi in male rats in the largest-dose
group (230 mg/kg/day) was reported [208]. In a similar study involving F344 rats through dietary
feeding study to DEHP for 104 weeks, significantly higher mean relative lung weights were reported
in male rats treated with 2500 and 12,500 ppm DEHP [95]. David et al. further reported a similar
effect in male B6C3F1 mice through dietary DEHP exposure for 104 weeks in the largest-dose group
(6000 ppm) [96]. On the other hand, the toxicity of perinatal and postnatal exposure of phthalates were
also studied in rats [209,210]. Newborn rats received DEHP injection (750 mg/kg/day), and a significant
decrease in the radial alveolar count was found in 14-day-old rats but not in 7-day-old rats, which
suggested that prolonged-postnatal exposure of DEHP could lead to inhibition of lung alveolarization
and delayed lung development [209]. Perinatal exposure of DEHP to newborn rats caused postnatal
growth restriction, and a significantly increased lung interstitial tissue proportion was found for the
high-dose group (750 mg/ka/day), which indicated the reduction of gas-exchange space [210].
As regards the dose-response relationships of phthalates, the interesting “triphasic” dose-response
relationships discovered for ionizing radiations (X-ray photons and protons) [149–151] and described
above in Section 5.2.2 were also noted for phthalates. In 2006, Andrade et al. investigated the effects
of DEHP exposure on aromatase activity in Waster rats and reported dose-response relationships
compatible with triphasic dose-response relationships, although the data in the subhormetic zone
were not significantly different from the spontaneous levels [211]. In a most recent study in 2020,
Yuen et al. studied the effect of environmentally realistic concentration of DEHP (0–10 ppb) on 9-day
old Japanese medaka embryos and also reported dose-response relationships compatible with triphasic
dose-response relationships [212]. Specifically, significant mortality was observed in medaka embryos
exposed to ultralow dose (0.001 ppb) and high dose (10 ppb) of DEHP, while no significant mortality
was noticed in low to medium doses (0.01–1 ppb). The study also attributed chronic effects to short-term
low-level environmental DEHP exposures during early development of the Japanese medaka (from
4 h post-fertilization (hpf) to 21 days old) [212]. The authors also speculated that the high sensitivity
of medaka embryos to DEHP might be attributed to rapid development of their organs [212], which
rendered the results particular relevant when discussing the biological effects of phthalates in children.
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5.2.5. Multiple Stressor Effect of Radon (α-Particles) and Phthalates
Establishment of the dose-response relationship and development on effect-specific models for
combined exposures to radon and phthalates are indispensable for facilitating investigations on
multiple stressor effects of radon and phthalates, as outlined in Section 5.2.1 above.
As described in Section 1 above, Ng et al. examined the multiple stressor effects of α-particles
and depleted uranium on zebrafish embryos [15,16], and identified the presence of additive effect,
antagonistic effect as well as a “difficult-to-define” multiple stressor effect. The multiple stressor
effects were already sophisticated as shown in Figure 2, by taking into account the biphasic hormetic
dose-response relationship for both α-particle irradiation and depleted uranium exposure. In relation,
the authors also attempted to explain the multiple stressor effects in terms of promotion of early death
of cells predisposed to spontaneous transformation by α-particles and at the same time delay in cell
death caused by depleted uranium exposure.
Now that triphasic dose-response relationships have been discovered for both ionizing radiations
and phthalates, even more sophisticated dose-response relationships could be anticipated, and attempt
to explore the underlying explanations could be even more challenging. In the same research [15,16],
the authors stressed the importance of examining the multiple stressor effects from individual stressors
at both low and high doses in view of the biphasic characteristics of the dose-response relationships
(see Figure 2). With the advent of the triphasic dose-response relationships, it becomes apparent that
the multiple stressor effects should be determined from individual stressors at ultra-low, low as well as
high doses.
6. Summary and Discussion
The present paper has reviewed background information available for helping study multiple
stressor effects of radon and phthalates in children, and has provided insights on future directions
in this research area. In realistic situations, living organisms are subjected to various environmental
stressors collectively. The resultant effects are referred to as multiple stressor effects. Section 1 gave a
brief introduction to the multiple stressor effect.
Radon is an inert gas which is a decay product of 238 U in the Earth’s crust through the intermediate
radionuclide 226 Ra, and is thus ubiquitous in our environment. Radon has been widely accepted as the
second leading cause of lung cancers after cigarette smoke, although the relationship between lung
cancer risk and radon concentration is non-trivial (see Section 2.2). Section 2 reviewed basic properties
of radon and its progeny, radon-induced cancer risk and radon dosimetry. As regards radon dosimetry,
the comprehensive HRT model (HRTM) for Radiological Protection published by ICRP in 1994 as
their Publication 66 was reviewed. Information on: Section 2.3.1 HRT morphometry, Section 2.3.2
respiratory physiology, Section 2.3.3 radiation biology, Section 2.3.4 deposition of inhaled substances in
different HRT sections, Section 2.3.5 clearance of deposited substances from the HRT, and Section 2.3.6
radiation dosimetry was summarized.
Phthalates are semi-volatile organic compounds commonly employed as plasticizers to give
flexibility of plastic in consumer products, and are also ubiquitous contaminants in our ambient
environment. Phthalates have been confirmed to link with endometriosis, reduced sperm count and
quality, decreased testosterone levels, metabolic diseases such as diabetes, obesity and breast cancer, as
well as allergy and asthma. Section 3 reviews background information on phthalates and their effects
on human respiratory health.
Section 4 further provided the rationale behind the current focus on the risk of collective exposure
to indoor radon and phthalates in children. The focus on indoor contaminants was due to their higher
concentrations and the higher indoor occupancy factor, while the focus on the pediatric population
was due to their inherent sensitivity and the fact that they spent more time close to the floor.
Section 5 proposed two major potential future directions in studying multiple stressor effects of
radon and phthalates in children. The first one was on computational modeling and micro-dosimetric
studies, a major part of which would need the ICRP HRTM. For example, changes in the bronchial
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and bronchiolar airway morphometry, thickness of mucus layer and the breathing rate due to
phthalate-induced asthma can lead to changes in the deposition pattern of radon progeny in the
HRT, and will therefore affect radon-induced lung cancer risk. Lower pulmonary function induced
by phthalate exposure would also have a similar effect. Taking into account more details of the HRT
morphometry such as bifurcation regions can yield even more realistic information. The second proposed
major potential future direction is on biological studies. In particular, dose-response relationship as well as
effect-specific models for combined exposures to radon and phthalates would be necessary. Development
of such dose-response relationship and effect-specific models would need detailed information on
biological effects of α-particles and phthalates, potential influence from non-targeted effects such as
radiation-induced bystander effect and radiation-induced rescue effect.
Although the focus of the present review was on multiple stressor effects of radon and phthalates
in children, the ideas and methodology behind the proposed future research work outlined in Section 5
are also applicable to studies on multiple stressor effects of collective exposures to other significant
airborne contaminants, and also to population groups other than children.
Author Contributions: Conceptualization, W.S.K. and K.N.Y.; writing—original draft preparation, W.S.K., D.N.
and K.N.Y.; writing—review and editing, W.S.K., D.N., V.A.L.R. and K.N.Y.; visualization, W.S.K. and K.N.Y.;
supervision, K.N.Y. and V.A.L.R.; project administration, V.A.L.R.; funding acquisition, V.A.L.R. All authors have
read and agreed to the published version of the manuscript.
Funding: This research was funded by Innovation and Technology Fund from HKSAR (grant number UIM/371),
and by the State Key Laboratory in Marine Pollution of the City University of Hong Kong (grant number IRF/0024).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.

5.

6.
7.
8.

9.
10.
11.

Sexton, K.; Hattis, D. Assessing cumulative health risks from exposure to environmental mixtures—Three
fundamental questions. Environ. Health Perspect. 2007, 115, 825–832. [CrossRef]
Salbu, B.; Rosseland, B.O.; Oughton, D.H. Multiple stressors—A challenge for the future. J. Environ. Monit.
2005, 7, 539.
Salbu, B.; Denbeigh, J.; Smith, R.W.; Heier, L.S.; Teien, H.C.; Rosseland, B.O.; Oughton, D.; Seymour, C.B.;
Mothersill, C. Environmentally relevant mixed exposures to radiation and heavy metals induce measurable
stress responses in Atlantic salmon. Environ. Sci. Technol. 2008, 42, 3441–3446. [CrossRef] [PubMed]
Mothersill, C.; Salbu, B.; Heier, L.S.; Teien, H.C.; Denbeigh, J.; Oughton, D.; Rosseland, B.O.; Seymour, C.B.
Multiple stressor effects of radiation and metals in salmon (Salmo salar). J. Environ. Radioact. 2007, 96, 20–31.
[CrossRef] [PubMed]
Mothersill, C.; Smith, R.W.; Heier, L.S.; Teien, H.C.; Land, O.C.; Seymour, C.B.; Oughton, D.; Salbu, B.
Radiation-induced bystander effects in the Atlantic salmon (Salmo salar L.) following mixed exposure to
copper and aluminum combined with low-dose gamma radiation. Radiat. Environ. Biophys. 2014, 53, 103–114.
[CrossRef] [PubMed]
Olsvik, P.A.; Heier, L.S.; Rosseland, B.O.; Teien, H.C.; Salbu, B. Effects of combined γ-irradiation and metal
(Al + Cd) exposures in Atlantic salmon (Salmo salar). J. Environ. Radioact. 2010, 101, 230–236. [CrossRef]
Vanhoudt, N.; Vandenhove, H.; Real, A.; Bradshaw, C.; Stark, K. A review of multiple stressor studies that
include ionising radiation. Environ. Pollut. 2012, 168, 177–192. [CrossRef]
Heier, L.S.; Teien, H.C.; Oughton, D.; Tollefsen, K.E.; Olsvik, P.A.; Posseland, B.O.; Lind, O.C.; Farmen, E.;
Skipperud, L.; Salbu, B. Sublethal effects in Atlantic salmon (Salmo salar) exposed to mixtures of copper,
aluminium and gamma radiation. J. Environ. Radioact. 2013, 121, 33–42. [CrossRef]
Carpenter, D.O.; Arcaro, K.; Spink, D.C. Understanding the human health effects of chemical mixtures.
Environ. Health Perspect. 2002, 110, 25–42. [CrossRef]
Hertzberg, R.C.; Teuschler, L.K. Evaluating quantitative formulas for dose-response assessment of chemical
mixtures. Environ. Health Perspect. 2002, 110, 965–970. [CrossRef]
U.S. Environmental Protection Agency (US EPA). Framework for Cumulative Risk Assessment, EPA/600/P02/001F;
US EPA: Washington, DC, USA, 2003.

Int. J. Environ. Res. Public Health 2020, 17, 2898

12.

13.
14.

15.

16.

17.
18.
19.
20.

21.
22.
23.
24.
25.
26.

27.
28.
29.
30.
31.
32.

33.
34.

18 of 27

Yu, K.N.; Tung, M.M.T.; Choi, V.W.Y.; Cheng, S.H. Alpha radiation exposure decreases apoptotic cells in
Zebrafish embryos subsequently exposed to the chemical stressor, Cd. Environ. Sci. Pollut. Res. 2012, 19,
3831–3839. [CrossRef] [PubMed]
Choi, V.W.Y.; Ng, C.Y.P.; Kong, M.K.Y.; Cheng, S.H.; Yu, K.N. Adaptive response to ionizing radiation induced
by cadmium in zebrafish embryos. J. Radiol. Prot. 2013, 33, 101–112. [CrossRef] [PubMed]
Ng, C.Y.P.; Choi, V.W.Y.; Lam, A.C.L.; Cheng, S.H.; Yu, K.N. Multiple stressor effect in Zebrafish embryos from
simultaneous exposures to ionizing radiation and cadmium. J. Radiol. Prot. 2013, 33, 113–121. [CrossRef]
[PubMed]
Ng, C.Y.P.; Pereira, S.; Cheng, S.H.; Adam-Guillermin, C.; Garnier-Laplace, J.; Yu, K.N. Combined effects of
depleted uranium and ionising radiation on Zebrafish embryos. Radiat. Prot. Dosim. 2015, 167, 311–315.
[CrossRef]
Ng, C.Y.P.; Pereira, S.; Cheng, S.H.; Adam-Guillermin, C.; Garnier-Laplace, J.; Yu, K.N. Combined effects of
alpha particles and depleted uranium on Zebrafish (Danio rerio) embryos. J. Radiat. Res. 2016, 57, 343–355.
[CrossRef]
Calabrese, E.J.; Baldwin, L.A. Defining hormesis. Hum. Exp. Toxicol. 2001, 21, 91–97. [CrossRef]
Yu, K.N.; Guan, Z.J.; Stokes, M.J.; Young, E.C.M. The assessment of natural radiation dose committed to the
Hong Kong people. J. Environ. Radioact. 1992, 17, 31–48. [CrossRef]
National Research Council. Health Effects of Exposure to Radon: BEIR VI; The National Academies Press:
Washington, DC, USA, 1999. [CrossRef]
Hofmann, W.; Crawford-Brown, D.J.; Ménache, M.G.; Martonen, T.B. Carcinogenic risk of non-uniform alpha
particle irradiation in the lungs: Radon progeny effects at bronchial bifurcations. Radiat. Prot. Dosim. 1991,
38, 91–97. [CrossRef]
International Commission on Radiological Protection (ICRP). Human Respiratory Tract Model for Radiological
Protection. ICRP Publication 66. Ann. of ICRP 24 (1–3); Pergamon Press: Oxford, UK, 1994.
Zock, C.; Porstendörfer, J.; Reineking, A. The influence of biological and aerosol parameters of inhaled
short-lived radon decay products on human lung dose. Radiat. Prot. Dosim. 1996, 63, 197–206. [CrossRef]
Porstendörfer, J. Radon: Measurements related to dose. Environ. Int. 1996, 22, 563–583. [CrossRef]
Harley, N.H.; Cohen, B.S.; Robins, E.S. The variability in radon decay product bronchial dose. Environ. Int.
1996, 22, 959–964. [CrossRef]
Hofmann, W.; Mainelis, G.; Mohamed, A.; Balásházy, I.; Vaupotic, J.; Kobal, I. Comparison of different
modeling approaches in current lung dosimetry models. Environ. Int. 1996, 22, 965–976. [CrossRef]
Nikezic, D.; Yu, K.N.; Cheung, T.T.K.; Haque, A.K.M.M.; Vucic, D. Effects of different lung morphometry
models on the calculated dose conversion factor from Rn progeny. J. Environ. Radioac. 2000, 47, 263–277.
[CrossRef]
Nikezic, D.; Yu, K.N. Absorbed fraction of alpha particles emitted in bifurcation regions of the human
tracheo-bronchial tree. Radiat. Environ. Biophys. 2003, 42, 49–53. [CrossRef]
Nikezic, D.; Novakovic, B.; Yu, K.N. Absorbed fraction of radon progeny in human bronchial airways with
bifurcation geometry. Int. J. Radiat. Biol. 2003, 79, 175–180. [CrossRef] [PubMed]
Yu, K.N.; Lau, B.M.F.; Nikezic, D. Assessment of environmental radon hazard using human respiratory tract
models. J. Hazard. Mater. 2006, 132, 98–110. [CrossRef] [PubMed]
Sinnaeve, J.; Clemente, G.; O’Riordan, M. The emergence of natural radiation. Radiat. Prot. Dosim. 1984, 7,
15–17. [CrossRef]
World Health Organization (WHO). Radon and Health. Available online: https://www.who.int/news-room/
fact-sheets/detail/radon-and-health (accessed on 26 February 2020).
Darby, S.; Hill, D.; Auvinen, A.; Baysson, H.; Bochicchio, F.; Deo, H.; Falk, F.; Forastiere, F.; Hakama, M.;
Heid, I.; et al. Radon in homes and risk of lung cancer: Collaborative analysis of individual data from
13 European case-control studies. BMJ 2005, 330. [CrossRef]
Atather, J.W. Dosimetric and epidemiological approaches to accessing radon doses—Can the differences be
reconciled? Radiat. Prot. Dosim. 2004, 112, 487–492. [CrossRef]
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR). Sources and Effects of
Ionizing Radiation, United Nations Scientific Committee on the Effects of Atomic Radiation, UNSCEAR 1993 Report
to the General Assembly with Scientific Annexes; United Nations: New York, NY, USA, 1993.

Int. J. Environ. Res. Public Health 2020, 17, 2898

35.

36.
37.

38.
39.
40.

41.
42.
43.
44.
45.

46.

47.

48.
49.
50.
51.

52.

53.

54.
55.
56.

19 of 27

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR). Sources and Effects of
Ionizing Radiation, United Nations Scientific Committee on the Effects of Atomic Radiation, UNSCEAR 2000 Report
to the General Assembly with Scientific Annexes; United Nations: New York, NY, USA, 2000.
Sethi, T.K.; El-Ghamry, M.N.; Kloecker, G.H. Radon and lung cancer. Clin. Adv. Hematol. Oncol. 2012, 10,
157–164.
Brooks, A.L.; Eberlein, P.E.; Couch, L.A.; Boecker, B.B. The role of dose-rate on risk from internally-deposited
radionuclides and the potential need to separate dose-rate effectiveness factor (DREF) from the dose and
dose-rate effectiveness factor (DDREF). Health Phys. 2009, 97, 458–469. [CrossRef] [PubMed]
Cuttler, J.M.; Feinendegen, L.E. Commentary on inhaled 239 PuO2 in dogs—A prophylaxis against lung
cancer? Dose-Response 2015, 13. [CrossRef]
Hall, E.J.; Giaccia, A.J. Radiobiology for the Radiologist, 8th ed.; Lippincott Williams & Wilkins: Philadelphia,
PA, USA, 2018.
Han, W.; Yu, K.N. Ionizing radiation, DNA double strand break and mutation. In Advances in Genetics
Research Volume 4; Urbano, K.V., Ed.; Nova Science Publishers: New York, NY, 5USA, 2010; Chapter 7;
pp. 197–210.
Ttuta-Popa, L.A.; Hofmann, W.; Cosma, C. Prediction of lung cancer risk for radon exposures based on
cellular alpha particle hits. Radiat. Prot. Dosim. 2011, 145, 218–223. [CrossRef]
National Research Council. Cells of origin for lung cancer. In Comparative Dosimetry of Radon in Mines and
Homes; The National Academies Press: Washington, DC, USA, 1991; pp. 166–193.
Sutherland, K.D.; Berns, A. Cell of origin of lung cancer. Mol. Oncolo. 2010, 4, 397–403. [CrossRef] [PubMed]
Neuberger, J.S.; Gesell, T.F. Childhood cancer, radon and gamma radiation. Lancet 2002, 360, 1437–1438.
[CrossRef]
Collier, C.G.; Strong, J.C.; Humphreys, J.A.; Timpson, N.; Baker, S.T.; Eldred, T.; Cobb, L.; Papworth, D.;
Haylock, R. Carcinogenicity of radon/radon decay product inhalation in rats—Effect of dose, dose rate and
unattached fraction. Int. J. Radiat. Biol. 2005, 81, 631–647. [CrossRef] [PubMed]
Chameaud, J.; Perraud, R.; LaFuma, J.; Masse, R.; Pradel, J. Lesions and lung cancers induced in rats by
inhaled radon 222 at various equilibriums with radon daughters. In Experimental Lung Cancer Carcinogenesis
and Bioassays, 1st ed.; Karde, E., Park, J., Eds.; Springer-Verlag: Berlin, Germany, 1974; pp. 411–421.
Morlier, J.P.; Morin, M.; Monchaux, G.; Fritsch, P.; Pineau, J.F.; Chameaud, J.; Lafuma, J.; Masse, R. Lung cancer
incidence after exposure of rats to low doses of radon: Influence of dose rate. Radiat. Prot. Dosim. 1994, 56,
93–97. [CrossRef]
Archer, V.E.; Wagoner, J.K.; Lundin, F.E. Lung cancer among uranium miners in the United States. Health Phys.
1973, 25, 351. [CrossRef]
International Commission on Radiological Protection (ICRP). Protection Against Radon-222 at Home and at
Work, ICRP Publication 65, Ann. ICRP 23(2); Pergamon Press: Oxford, UK, 1993.
Lázár, I.; Tóth, E.; Marx, G.; Cziegler, I.; Köteles, G.J. Effects of residential radon on cancer incidence.
J. Radioanal. Nucl. Chem. 2003, 258, 519–524. [CrossRef]
Krewski, D.; Lubin, J.H.; Zielinski, J.M.; Alavanja, M.; Catalan, V.S.; Field, R.W.; Klotz, J.B.; Letourneau, E.G.;
Lynch, C.F.; Lyon, J.I.; et al. Residential radon and risk of lung cancer: A combined analysis of 7 North
American case-control studies. Epidemiology 2005, 16, 137–145. [CrossRef]
Barros-Dios, J.M.; Ruano-Ravina, A.; Pérez-Ríos, M.; Castro-Bernárdez, M.; Abal-Arca, J.; Tojo-Castro, M.
Residential radon exposure, histologic types, and lung cancer risk. A case-control study in Galicia, Spain.
Cancer Epidem. Biomar. 2012, 21, 951–958. [CrossRef] [PubMed]
Fornalski, K.W.; Adams, R.; Allison, W.; Corrice, L.E.; Cuttler, J.M.; Davey, C.; Dorbrzynski, L.; Esposito, V.J.;
Feinendegen, L.E.; Gomez, L.S.; et al. The assumption of radon-induced cancer risk. Cancer Causes Control
2015, 26, 1517–1518. [CrossRef] [PubMed]
Cohen, B.L. Test of the linear no-threshold theory of radiation carcinogenesis for inhaled radon decay
products. Health Phys. 1995, 68, 157–174. [CrossRef] [PubMed]
Becker, K. Health effects of high radon environments in Central Europe: Another test for the LNT hypothesis?
Nonlinearity Biol. Toxicol. Med. 2003, 1, 3–35. [CrossRef]
Thompson, R.E.; Nelson, D.F.; Popkin, J.H.; Popkin, Z. Case-control study of lung cancer risk from residential
radon exposure in Worcester County, Massachusetts. Health Phys. 2008, 94, 228–241. [CrossRef]

Int. J. Environ. Res. Public Health 2020, 17, 2898

57.
58.
59.
60.
61.
62.
63.

64.
65.

66.

67.

68.
69.
70.

71.
72.
73.
74.

75.
76.

77.

20 of 27

Dobrzynski, L.; Fornalski, K.W.; Reszcynska, J. Meta-analysis of thirty-two case-control and two ecological
radon studies of lung cancer. J. Radiat. Res. 2018, 59, 149–163. [CrossRef]
Hofmann, W.; Heistracher, T.; Balásházy, I. Deposition patterns of inhaled radon decay products in human
bronchial airway bifurcations. Environ. Int. 1996, 22, S935–S940. [CrossRef]
Hofmann, W.; Winkler-Heil, R. Cellular dose distributions of inhaled radon progeny among different lobes
of the human lung. Radiat. Prot. Dosimetry 2020, ncz 304. [CrossRef]
Nikezic, D.; Yu, K.N. Alpha hit frequency due to radon decay products in human lung cells. Int. J. Radiat. Biol.
2001, 77, 559–565.
Birchall, A.; Bailey, M.R.; James, A.C. LUDEP: A lung dose evaluation program. Radiat. Prot. Dosim. 1991, 38,
167–174. [CrossRef]
Marsh, J.W.; Birchall, A. Sensitivity analysis of the weighted equivalent lung dose per unit exposure from
radon progeny. Radiat. Prot. Dosim. 2000, 87, 167–178. [CrossRef]
International Commission on Radiological Protection (ICRP). Guide for the Practical Application of the ICRP
Human Respiratory Tract Model, ICRP Supporting Guidance 3. Ann. of ICRP 32 (1–2); Pergamon Press:
Oxford, UK, 2002.
National Research Council. Health Risks from Exposure to Low Levels of Ionizing Radiation: BEIR VII Phase 2;
The National Academies Press: Washington, DC, USA, 2006. [CrossRef]
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR). Effects of Ionizing
Radiation, United Nations Scientific Committee on the Effects of Atomic Radiation, UNSCEAR 2006 Report
to the General Assembly with Scientific Annexes, Volume II Scientific Annexes C, D and E; United Nations:
New York, NY, USA, 2009.
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR). Sources and Effects of
Ionizing Radiation, United Nations Scientific Committee on the Effects of Atomic Radiation, UNSCEAR 2008 Report
to the General Assembly with Scientific Annexes, Volume I Scientific Annexes A and B; United Nations: New York,
NY, USA, 2010.
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR). Sources, Effects and
Risks of Ionizing Radiation, United Nations Scientific Committee on the Effects of Atomic Radiation, UNSCEAR 2017
Report to the General Assembly with Scientific Annexes; United Nations: New York, NY, USA, 2018.
Mims, J.W. Asthma: Definitions and pathophysiology. Int. Forum Allergy Rhinol. 2015, 5, 52–56. [CrossRef]
[PubMed]
Lee, U.; Kim, E. Combined effect of alpha particles and cigarette smoke on human lung epithelial cells
in vitro. Int. Radiat. Biol. 2019, 95, 1276–1286. [CrossRef] [PubMed]
Huang, H.; Ji, Y.; Su, Z.; Liu, M.; Tong, J.; Ge, C.; Chen, T.; Li, J. Aberrant DNA methylation in radon and or
cigarette smoke induced malignant transformation in BEAS 2B human lung cell line. J. Toxicol. Env. Heal.
2017, 80, 1321–1330. [CrossRef]
Axelson, O. Occupational and environmental exposures to radon: Cancer risks. Annu. Rev. Publ. Health
1991, 12, 235–255. [CrossRef]
Kamrin, M.A. Phthalate risks, phthalate regulation, and public health: A review. J. Toxicol. Environ. Health B
2009, 12, 157–174. [CrossRef]
Wang, Y.; Zhu, H.; Kannan, K. A review of biomonitoring of phthalate exposures. Toxics 2019, 7, 21. [CrossRef]
Bornehag, C.; Lundgren, B.; Weschler, C.J.; Sigsgaard, T.; Hagerhed-Engman, L.; Sundell, J. Phthalates in
Indoor Dust and Their Association with Building Characteristics. Environ. Health Perspect. 2005, 113,
1399–1404. [CrossRef]
Miao, Y.M.; Wang, R.; Lu, C.; Zhao, J.; Deng, Q. Lifetime cancer risk assessment for inhalation exposure to
di(2-ethylhexyl) phthalate (DEHP). Environ. Sci. Pollut. Res. 2017, 24, 312–320. [CrossRef]
United States Environmental Protection Agency (US EPA). Priority Pollutant List. Available online:
https://www.epa.gov/sites/production/files/2015-09/documents/priority-pollutant-list-epa.pdf (accessed on
18 February 2020).
Canadian Council of Ministers of the Environment (CCME). Canadian Water Quality Guidelines for the
Protection of Aquatic Life: Summary Table. Available online: https://www.ccme.ca/en/resources/canadian_
environmental_quality_guidelines/ (accessed on 26 February 2020).

Int. J. Environ. Res. Public Health 2020, 17, 2898

78.
79.

80.
81.

82.
83.
84.

85.

86.

87.

88.

89.
90.
91.

92.
93.

94.
95.
96.
97.
98.

21 of 27

World Health Organization (WHO). WHO Guidelines for Drinking-water Quality, 3th ed.; WHO:
Geneva, Switzerland, 2004; Volume 1.
Högberg, J.; Hanberg, A.; Berglund, M.; Skerfving, S.; Remberger, M.; Calafat, A.M.; Filipsson, A.F.; Jansson, B.;
Johansson, N.; Appelgren, M.; et al. Phthalate diesters and their metabolites in human breast milk, blood or
serum, and urine as biomarkers of exposure in vulnerable populations. Environ. Health Perspect. 2008, 116,
334–339. [CrossRef]
Silva, M.J.; Samandar, E.; Preau, J.L., Jr.; Reidy, J.A.; Needham, L.L.; Calafat, A.M. Quantification of
22 phthalate metabolites in human urine. J. Chromatogr. B 2007, 806, 106–112. [CrossRef] [PubMed]
Guo, Y.; Alomirah, H.; Cho, H.S.; Minh, T.B.; Mohd, M.A.; Nakata, H.; Kannan, K. Occurrence of phthalate
metabolites in human urine from several Asian countries. Environ. Sci. Technol. 2011, 45, 3138–3144.
[CrossRef] [PubMed]
Reddy, B.S.; Rozati, R.; Reddy, B.V.; Raman, N. General gynaecology: Association of phthalate esters with
endometriosis in Indian women. Int. J. Gynaecol. Obstet. 2006, 113, 515–520. [CrossRef] [PubMed]
Duty, S.M.; Silva, M.J.; Barr, D.B.; Brock, J.W.; Ryan, L.; Chen, Z.; Herrick, R.F.; Christiani, D.C.; Hauser, R.
Phthalate exposure and human semen parameters. Epidemiology 2003, 14, 269–277. [CrossRef]
Joensen, U.N.; Frederiksen, H.; Jesen, M.B.; Lauritsen, M.P.; Olesen, I.A.; Lassen, T.H.; Andersson, A.M.;
Jørgensen, N. Phthalate excretion pattern and testicular function: A study of 881 healthy Danish men.
Environ. Health Perspect. 2012, 120, 1397–1403. [CrossRef]
James-Todd, T.; Stahlhut, R.; Meeker, J.D.; Powell, S.G.; Hauser, R.; Huang, T.; Rich-Edwards, J.
Urinary phthalate metabolite concentrations and diabetes among women in the national health and nutrition
examination survey (NHANES) 2001–2008. Environ. Health Perspect. 2012, 120, 1307–1313. [CrossRef]
Yaghjyan, L.; Sites, S.; Ruan, Y.; Chang, S.H. Associations of urinary phthalates with body mass index, waist
circumference and serum lipids among females: National health and nutrient examination survey 1999–2004.
In. J. Obes. 2015, 39, 994–1000. [CrossRef]
López-Carrillo, L.; Hernández-Ramírez, R.U.; Calafat, A.M.; Torres-Sánchez, L.; Galván-Portillo, M.;
Needham, L.L.; Ruiz-Ramos, R.; Cebrián, M.E. Exposure to phthalates and breast cancer risk in Northern
Mexico. Environ. Health Perspect. 2010, 118, 539–544. [CrossRef]
Hoppin, J.A.; Jaramillo, R.; London, S.J.; Bertrlsen, R.J.; Salo, P.M.; Sandler, D.P.; Zeldin, D.C. Phthalate exposure
and allergy in the U.S. population: Results from NHANES 2005–2006. Environ. Health Perspect. 2013, 121,
1129–1134. [CrossRef]
Braun, J.M.; Sathyanarayana, S.; Hauser, R. Phthalate exposure and children’s health. Curr. Opin. Pediatr.
2013, 25, 247–254. [CrossRef]
European Union (EU). Commission Regulation (EU) 2018/2005. Available online: https://eur-lex.europa.eu/
legal-content/EN/TXT/?uri=CELEX%3A32018R2005 (accessed on 18 February 2020).
United States Consumer Product Safety Commission (US CPSC). Consumer Product Safety Improvement Act
of 2008. Available online: https://www.govinfo.gov/content/pkg/PLAW-110publ314/pdf/PLAW-110publ314.
pdf (accessed on 18 February 2020).
Canada Consumer Product Safety Act (CCPSA). Phthalate Regulations (SOR/2016–188). Available online:
https://laws-lois.justice.gc.ca/eng/regulations/SOR-2016-188/page-1.html (accessed on 18 February 2020).
International Agency for Research on Cancer (IARC). IARC Monographs on the Identification of Carcinogenic
Hazards to Humans. Available online: https://monographs.iarc.fr/agents-classified-by-the-iarc/ (accessed on
19 February 2020).
Soto, A.M.; Sonnenschein, C. Environmental causes of cancer: Endocrine disruptors as carcinogens.
Nat. Rev. Endocrinol. 2010, 6, 363–370. [CrossRef] [PubMed]
David, R.M.; Moore, R.E.; Finney, D.C.; Guest, D. Chronic toxicity of di (2-ethylhexyl) phthalate in rats.
Toxicol. Sci. 2000, 55, 433–443. [CrossRef] [PubMed]
David, R.M.; Moore, R.E.; Finney, D.C.; Guest, D. Chronic toxicity of di (2-ethylhexyl) phthalate in mice.
Toxicol. Sci. 2000, 58, 377–385. [CrossRef] [PubMed]
Voss, C.; Zerban, H.; Bannasch, P.; Berger, M.R. Lifelong exposure to di (2-ethylhexyl) phthalate induces
tumors in liver and testes of Sprague-Dawley rats. Toxicology 2005, 206, 359–371. [CrossRef] [PubMed]
Jaakkola, J.J.K.; Oie, L.; Nafstad, P.; Botten, G.; Samuelsen, S.O.; Magnus, P. Interior surface materials in the
home and the development of bronchial obstruction in young children in Oslo, Norway. Am. J. Public Health
1999, 89, 188–192. [CrossRef]

Int. J. Environ. Res. Public Health 2020, 17, 2898

99.
100.
101.

102.

103.
104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

22 of 27

Oie, L.; Botten, G.; Magnus, P.; Jaakkola, J.J.K. Ventilation in homes and bronchial obstruction in young
children. Epidemiology 1999, 10, 294–299. [CrossRef]
Jaakkola, J.J.K.; Verkasalo, P.K.; Jaakkola, N. Plastic wall materials in the home and respiratory health in
young children. Am. J. Public Health 2000, 90, 797–799.
Bornehag, C.G.; Sundell, J.; Hagerhed-Engmman, L.; Sigsggard, T.; Jason, S.; Aberg, N.; DBH Study Group.
Dampness at home and its association with airway, nose, and skin symptoms among 10,851 preschool
children in Sweden a cross- sectional study. Indoor Air 2005, 15, 48–55. [CrossRef]
Larsson, M.; Hägerhed-Engman, L.; James, P.; Lundin, F.; Janson, S.; Sumdell, J.; Bornehag, C.G. PVC—As
flooring material—And its association with incident asthma in a Swedish child cohort study. Indoor Air 2010,
20, 494–501. [CrossRef]
Shu, H.; Jönsson, B.A.; Nånberg, E.; Bornehag, C.G. PVC flooring at home and development of asthma
among young children in Sweden, a 10-year follow-up. Indoor Air 2014, 24, 227–235. [CrossRef]
Jaakkola, J.J.K.; Parise, H.; Kislitsin, V.; Lebedava, N.I.; Spengier, J.D. Asthma, wheezing, and allergies in
Russian schoolchildren in relation to new surface materials in the home. Am. J. Public Health 2004, 94,
560–562. [CrossRef] [PubMed]
Bamai, Y.A.; Shibata, E.; Araki, A.; Kanazawa, A.; Morimoto, K.; Nakayama, K.; Tanaka, M.; Takigawa, T.;
Yoshimura, T.; Chikara, H.; et al. Exposure to house dust phthalates in relation to asthma and allergies in
both children and adults. Sci. Total Environ. 2014, 485–486, 153–163. [CrossRef] [PubMed]
Bornehag, C.G.; Sundell, J.; Weschler, C.J.; Sigsgaard, T.; Kundgren, B.; Hasselgren, M.; Hägerhed-Engman, L.
The association between asthma and allergic symptoms in children and phthalates in house dust—A nested
case-control study. Environ. Health Perspect. 2004, 112, 1393–1397. [CrossRef]
Kolarik, B.; Naydenov, K.; Larsson, M.; Bornehag, C.G.; Sundell, J. The association between phthalates in
dust and allergic diseases among Bulgarian children. Environ. Health Perspect. 2008, 116, 98–103. [CrossRef]
[PubMed]
Callesen, M.; Bekö, G.; Weschler, C.J.; Sigsgaard, T.; Jensen, T.K.; Clausen, G.; Toftum, J.; Norberg, L.A.;
Host, A. Associations between selected allergens, phthalates, nicotine, polycyclic aromatic hydrocarbons,
and bedroom ventilation and clinically confirmed asthma, rhino conjunctivitis, and atopic dermatitis in
preschool children. Indoor Air 2014, 24, 136–147. [CrossRef] [PubMed]
Bertelsen, R.J.; Carlsen, K.C.L.; Calafat, A.M.; Hoppin, J.A.; Håland, G.; Mowinckel, P.; Caelsen, K.H.; Løvik, M.
Urinary biomarkers for phthalates associated with asthma in Norwegian children. Environ. Health Perspect.
2013, 121, 251–256. [CrossRef]
Callesen, M.; Bekö, G.; Weschler, C.J.; Langer, S.; Brive, L.; Clausen, G.; Toftum, J.; Sigsgaard, T.; Høst, A.;
Jensen, T.K. Phthalate metabolites in urine and asthma, allergic rhinoconjunctivitis and atopic dermatitis in
preschool children. Int. J. Hygie. Environ. Health 2014, 217, 645–652. [CrossRef]
Jaakkola, J.J.K.; Knight, T.L. The role of exposure to phthalates from polyvinyl chloride products in the
development of asthma and allergies: A systematic review and meta-analysis. Environ. Health Perspect. 2008,
116, 845–853. [CrossRef]
Hsu, N.Y.; Lee, C.C.; Wang, J.Y.; Li, Y.C.; Chang, H.W.; Chen, C.Y.; Bornehag, C.G.; Wu, P.C.; Sundell, J.;
Su, H.J. Predicted risk of childhood allergy, asthma, and reported symptoms using measured phthalate
exposure in dust and urine. Indoor Air 2012, 22, 186–199. [CrossRef]
Tran, T.M.; Kannan, K. Occurrence of phthalate diesters in particulate and vapor phases in indoor air and
implication for human exposure in Albany, New York, USA. Arch. Environ. Contam Toxicol. 2015, 68, 489–499.
[CrossRef]
Just, A.C.; Whyatt, R.M.; Miller, R.L.; Rundle, A.G.; Chen, Q.; Calafat, A.M.; Divjan, A.; Rossa, M.J.; Zhang, H.;
Perera, F.P.; et al. Children’s urinary phthalate metabolites and fractional exhaled nitric oxide in an urban
cohort. Am. J. Respir. Crit. Care Med. 2012, 186, 830–837. [CrossRef] [PubMed]
Caldwell, J.C. DEHP: Genotoxicity and potential carcinogenic mechanisms—A review. Mutat. Res. 2012,
82–157. [CrossRef] [PubMed]
Wang, Y.; Zhao, M.; Liu, J.; Ni, J.; Jiao, Y.; Bai, C. Up regulation of IL-6 is involved in di (2-ethylhexyl) phthalate
(DEHP) induced migration and invasion of non small cell lung cancer (NSCLC) cells. Biomed. Pharmacother.
2017, 89, 1037–1044. [CrossRef] [PubMed]

Int. J. Environ. Res. Public Health 2020, 17, 2898

23 of 27

117. Jepsen, K.F.; Abildtrup, A.; Larsan, S.T. Monophthalates promote IL-6 and IL-8 production in the human
epithelial cell line A549. Toxicol. In Vitro. 2004, 18, 265–269. [CrossRef]
118. Ma, Y.; Guo, Y.; Wu, S.; Lv, Z.; Zhang, Q.; Xie, X.; Ke, Y. Analysis of toxicity effects of Di-(2-ethylhexyl)
phthalate exposure on human bronchial epithelial 16HBE cells. Cytotechnology 2018, 70, 119–128. [CrossRef]
119. Zöchbauer-Müller, S.; Minna, J.D.; Gazdar, A.F. Aberrant DNA methylation in lung cancer biological and
clinical implications. Oncologist 2002, 7, 451–457. [CrossRef]
120. Rivas, I.; Fussell, J.C.; Kelly, F.J.; Querol, X. Indoor sources of air pollutants. In Indoor Air Pollution, 1st ed.;
Harrison, R.M., Hester, R.E., Eds.; Royal Society of Chemistry: Croydon, UK, 2019.
121. Hartley, M.; Sasser, E. Indoor Pollution: Types, Risks, and Federal Policies; (Air, Water and Soil Pollution Science
and Technology Series); Nova Science: New York, NY, USA, 2019.
122. Moya, J.; bearer, C.F.; Etzel, R.A. Children’s behavior and physiology and how it affects exposure to
environmental contaminants. Pediatrics 2004, 113, 996–1006.
123. Nikezic, D.; Yu, K.N.; Vucic, D. Absorbed fraction and dose conversion coefficients of alpha particles for
radon dosimetry. Phys. Med. Biol. 2001, 46, 1963–1974. [CrossRef]
124. Nikezic, D.; Yu, K.N. Distributions of specific energy in sensitive layers of human respiratory tract. Radiat. Res.
2002, 157, 92–98. [CrossRef]
125. Nikezic, D.; Haque, A.K.M.M.; Yu, K.N. Absorbed dose delivered by alpha particles calculated in cylindrical
geometry. J. Environ. Radioact. 2002, 60, 293–305. [CrossRef]
126. Nikezic, D.; Yu, K.N. Alpha particle lineal energy spectra for the human lung. Int. J. Radiat. Biol. 2002, 78,
605–609. [CrossRef] [PubMed]
127. Hoppin, J.A.; Ulmer, R.; London, S.J. Phthalate exposure and pulmonary function. Environ. Health Perspect.
2004, 112, 571–574. [CrossRef] [PubMed]
128. Lin, L.Y.; Tsai, M.S.; Chen, M.H.; Ng, S.; Hsieh, C.J.; Lin, C.C.; Lu, F.L.; Hsieh, W.S.; Chen, P.C.
Children exposure to phthalates and pulmonary function. Sci. Total Environ. 2017, 615, 1282–1289.
[CrossRef]
129. Kim, K.N.; Lee, M.R.; Choi, Y.H.; Lee, B.E.; Hong, Y.C. Association between phthalate exposure and lower
lung function in an urban elderly population: A reported-measures longitudinal study. Environ. Int. 2018,
113, 177–183. [CrossRef] [PubMed]
130. Park, H.Y.; Kim, J.H.; Lim, Y.H.; Bae, S.; Hong, T.C. Influence of genetic polymorphisms on the association
between phthalate exposure and pulmonary function in the elderly. Environ. Res. 2013, 122, 18–24. [CrossRef]
131. Cakmak, S.; Dales, R.E.; Hebbern, C.; Saravanabhavan, G. The association between urinary phthalates and
lung function. J. Occup. Environ. Med. 2014, 56, 376–381. [CrossRef]
132. Ranu, H.; Wilde, M.; Madden, B. Pulmonary function tests. Ulster. Med. J. 2011, 80, 84–90.
133. Dykstra, B.J.; Scanlon, P.D.; Kester, M.M.; Beck, K.C.; Enright, P.L. Lung volumes in 4774 patients with
obstructive lung disease. Chest 1999, 115, 68–74. [CrossRef]
134. Shin, T.R.; Oh, Y.M.; Park, J.H.; Lee, K.S.; Oh, S.; Kang, D.R.; Sheen, S.; Seo, J.B.; Yoo, K.H.; Lee, J.H.; et al.
The prognostic value of residual volume/total lung capacity in patients with chronic obstructive pulmonary
disease. J. Korean Med. Sci. 2015, 30, 1459–1465. [CrossRef]
135. Ruppel, G.L. What is the clinical value of lung volumes? Respir. Care 2012, 57, 26–38. [CrossRef]
136. Zaman, M.; Mahmood, S.; Altayeh, A. Low inspiratory capacity to total lung capacity ratio is a risk factor
for chronic obstructive pulmonary disease exacerbation. Am. J. Med. Sci. 2010, 339, 411–414. [CrossRef]
[PubMed]
137. Celli, B.R.; Decramer, M.; Lystig, T.; Kesten, S.; Tashkin, D.P. Longitudinal inspiratory capacity changes in
chronic obstructive pulmonary disease. Respir. Res. 2012, 13. [CrossRef] [PubMed]
138. Lutfi, M.F. The physiological basis and clinical significance of lung volume. Multidiscip. Respir. Med. 2017, 12.
[CrossRef] [PubMed]
139. Nikezic, D.; Haque, A.K.M.M.; Yu, K.N. Effects of different deposition models on the calculated dose
conversion factors from 222Rn progeny. J. Environ. Radioact. 2002, 61, 305–318. [CrossRef]
140. Crawford-Brown, D.J.; Hofmann, W. An effect-specific track length model for radiations of intermediate to
high LET. Radiat. Res. 1991, 126, 162–170. [CrossRef] [PubMed]
141. Hofmann, W.; Menache, M.G.; Crawford-Brown, D.J.; Caswell, R.S.; Karam, L.R. Modeling energy deposition
and cellular radiation effects in human bronchial epithelium by radon progeny alpha particles. Health Phys.
2000, 78, 377–393. [CrossRef]

Int. J. Environ. Res. Public Health 2020, 17, 2898

24 of 27

142. Crawford-Brown, D.J.; Hofmann, W. Correlated hit probability and cell transformation in an effect-specific
length model applied to in vitro alpha irradiation. Radiat. Environ. Biophys. 2001, 40, 317–323. [CrossRef]
143. Lau, B.M.F.; Nikezic, D.; Yu, K.N. Killing of target cells due to radon progeny in the human lung.
Radiat. Protect. Dosim. 2006, 122, 534–536. [CrossRef]
144. Lehnert, S. Biomolecular Action of Ionizing Radiation; Taylor and Francis: New York, NY, USA, 2007.
145. Chauhen, V.; Howland, M. Gene expression responses in human lung fibroblasts exposed to alpha particle
radiation. Toxicol. In Vitro 2014, 28, 1222–1229. [CrossRef]
146. Chauhan, V.; Howland, M.; Mendenhall, A.; O’Hara, S.; Stocki, T.J.; McNamee, J.P.; Wilkins, R.C. Effects of
alpha particle radiation on gene expression in human pulmonary epithelial cells. Int. J. Hyg. Envir. Heal.
2012, 215, 522–535. [CrossRef]
147. Lou, T.; Xiang, X.; Wu, D. Transformation of human bronchial epithelial cells BEP2D induced by 238 Pu
α-particles. Chin. J. Lung Cancer 2000, 3, 428–431.
148. Hei, T.K.; Piao, C.Q.; Willey, J.C.; Thomas, S.; Hall, E.J. Malignant transformation of human bronchial
epithelial cells by radon-simulated α-particle. Carcinogenesis 1994, 15, 431–437. [CrossRef] [PubMed]
149. Hooker, A.M.; Bhat, M.; Day, T.K.; Lane, J.M.; Swinburne, S.J.; Morley, A.A.; Sykes, P.J. The linear no threshold
model does not hold for low-dose ionizing radiation. Radiat. Res. 2004, 162, 447–452. [CrossRef] [PubMed]
150. Choi, V.W.Y.; Yum, E.H.W.; Konishi, T.; Oikawa, M.; Cheng, S.H.; Yu, K.N. Triphasic low-dose response in
zebrafish embryos irradiated by microbeam protons. J. Radiat. Res. 2012, 53, 475–481. [CrossRef]
151. Kong, E.Y.; Cheng, S.H.; Yu, K.N. Biphasic and triphasic dose responses in zebrafish embryos to low-dose
150 kV X-rays with different hardness. J. Radiat. Res. 2016, 57, 363–369. [CrossRef]
152. Nagasawa, H.; Little, J.B. Induction of sister chromatid exchanges by extremely low doses of alpha-particles.
Cancer Res. 1992, 52, 6394–6396.
153. Mothersill, C.; Seymour, C. Radiation induced bystander effects: Past history and future directions. Radiat. Res.
2001, 155, 759–767. [CrossRef]
154. Mothersill, C.; Seymour, C. Radiation induced bystander effects—Implications for cancer. Nat. Rev. 2004, 4,
158–164.
155. Goldberg, Z.; Lehnert, B.E. Radiation induced effects in unirradiated cells: A review and implications in
cancer. Int. J. Oncol. 2002, 21, 337–349. [CrossRef]
156. Little, J.B. Cellular radiation effects and the bystander response. Mutat. Res. 2006, 597, 113–118. [CrossRef]
157. Morgan, W.F.; Sowa, M.B. Non-targeted bystander effects induced by ionizing radiation. Mutat. Res. 2007,
616, 159–164. [CrossRef] [PubMed]
158. Hei, T.K.; Zhou, H.; Ivanov, V.N.; Hong, M.; Lieberman, H.B.; Brenner, D.J.; Amundson, S.A.; Geard, C.R.
Mechanism of radiation induced bystander effects: A unifying model. J. Pharm. Pharmacol. 2008, 60, 943–950.
[CrossRef] [PubMed]
159. Wang, H.; Yu, K.N.; Hou, J.; Liu, Q.; Han, W. Radiation-induced bystander effect: Early process and rapid
assessment. Cancer Lett. 2015, 356, 137–144. [CrossRef] [PubMed]
160. Shareef, M.M.; Cui, N.; Burikhanov, R.; Gupta, S.; Satishkumar, S.; Shajahan, S.; Mohiuddin, M.;
Rangnekar, V.M.; Ahmed, M.M. Role of tumor necrosis factor-alpha and TRAIL in high-dose radiation-induced
bystander signaling in lung adenocarcinoma. Cancer Res. 2007, 67, 11811–11820. [CrossRef] [PubMed]
161. Iyer, R.; Lehnert, B.E.; Svensson, R. Factors underlying the cell growth-related bystander responses to alpha
particles. Cancer Res. 2000, 60, 1290–1298.
162. Chou, C.H.; Chen, P.J.; Lee, P.H.; Cheng, A.L.; Hsu, H.C.; Cheng, J.C. Radiation-induced hepatitis B virus
reactivation in liver mediated by the bystander effect from irradiated endothelial cells. Clin. Cancer Res. 2007,
13, 851–857. [CrossRef]
163. Facoetti, A.; Ballarini, F.; Cherubini, R.; Gerardi, S.; Nano, R.; Ottolenghi, A.; Prise, K.M.; Trott, K.R.; Zilio, C.
Gamma ray-induced bystander effect in tumour glioblastoma cells: A specific study on cell survival, cytokine
release and cytokine receptors. Radiat. Prot. Dosim. 2006, 122, 271–274. [CrossRef]
164. Han, W.; Wu, L.; Chen, S.; Bao, L.; Zhang, L.; Jiang, E.; Zhao, Y.; Xu, A.; Hei, T.K.; Yu, Z. Constitutive nitric
oxide acting as a possible intercellular signaling molecule in the initiation of radiation-induced DNA double
strand breaks in non-irradiated bystander cells. Oncogene 2007, 26, 2330–2339. [CrossRef]
165. Shao, C.; Folkard, M.; Prise, K.M. Role of TGF-β1 and nitric oxide in the bystander response of irradiated
glioma cells. Oncogene 2008, 27, 434–440. [CrossRef]

Int. J. Environ. Res. Public Health 2020, 17, 2898

25 of 27

166. Matsumoto, H.; Hayashi, S.; Hatashita, M.; Ohnishi, K.; Shioura, H.; Ohtsubo, T.; Kitai, R.; Ohnishi, T.;
Kano, E. Induction of radioresistance by a nitric oxide-mediated bystander effect. Radiat. Res. 2001, 155,
387–396. [CrossRef]
167. Shao, C.; Furusawa, Y.; Kobayashi, Y.; Funayama, T.; Wada, S. Bystander effect induced by counted high-LET
particles in confluent human fibroblasts: A mechanistic study. FASEB J. 2003, 17, 1422–1427. [CrossRef]
[PubMed]
168. Deshpande, A.; Goodwin, E.H.; Bailey, S.M.; Marrone, B.L.; Lehnert, B.E. Alpha-particle-induced sister
chromatid exchange in normal human lung fibroblasts: Evidence for an extranuclear target. Radiat. Res.
1996, 145, 260–267. [CrossRef] [PubMed]
169. Belyakov, O.V.; Malcolmson, A.M.; Folkard, M.; Prise, K.M.; Michael, B.D. Direct evidence for a bystander
effect of ionizing radiation in primary human fibroblasts. Br. J. Cancer 2001, 84, 674–679. [CrossRef] [PubMed]
170. Azzam, E.I.; Toledo, D.S.M.; Dooding, T.; Little, J.B. Intercellular communication is involved in the bystander
regulation of gene expression in human cells exposed to very low fluences of alpha particles. Cancer Res.
1998, 150, 497–504. [CrossRef]
171. Hickman, A.W.; Jaramillo, R.J.; Lechner, J.F.; Johnson, N.F. α-particle-induced p53 protein expression in a rat
lung eptthelial cell strain. Cancer Res. 1994, 54, 5797–5800.
172. Brenner, D.J.; Sachs, R.K. Domestic radon risks may be dominated by bystander effects—But the risks are
unlikely to be greater than we thought. Health Phys. 2003, 85, 103–108. [CrossRef]
173. Chen, S.; Zhao, Y.; Han, W.; Chiu, S.K.; Zhu, L.; Wu, L.; Yu, K.N. Rescue effects in radiobiology:
Unirradiated bystander cells assist irradiated cells through intercellular signal feedback. Mutat. Res.
2011, 706, 59–64. [CrossRef]
174. Lam, R.K.K.; Fung, Y.K.; Han, W.; Yu, K.N. Rescue effects: Irradiated cells helped by unirradiated bystander
cells. Int. J. Mol. Sci. 2015, 16, 2591–2609. [CrossRef]
175. Yu, K.N. Radiation-induced rescue effect. J. Radiat. Res. 2019, 60, 163–170. [CrossRef]
176. He, M.; Dong, C.; Xie, Y.; Li, J.; Yuan, D.; Bai, Y.; Shao, C. Reciprocal bystander effect between α-irradiated
macrophage and hepatocyte is mediated by cAMP through a membrane signaling pathway. Mutat. Res.
2014, 763–764, 1–9. [CrossRef]
177. Lam, R.K.K.; Fung, Y.K.; Han, W.; Li, L.; Chiu, S.K.; Cheng, S.H.; Yu, K.N. Modulation of NF-κB in rescued
irradiated cells. Radiat. Prot. Dosimetry 2015, 167, 37–43. [CrossRef] [PubMed]
178. Lam, R.K.K.; Han, W.; Yu, K.N. Unirradiated cells rescue cells exposed to ionizing radiation: Activation of
NF-κB pathway in irradiated cells. Mutat. Res. 2015, 782, 23–33. [CrossRef] [PubMed]
179. Matsumoto, H.; Hayashi, S.; Hatashita, M.; Shioura, H.; Ohtsubo, T.; Kitai, R.; Ohnishi, T.; Yukawa, O.;
Furusawa, Y.; Kano, E. Induction of radioresistance to accelerated carbon-ion beams in recipient cells by nitric
oxide excreted from irradiated donor cells of human glioblastoma. Int. J. Radiat. Biol. 2000, 76, 1649–1657.
[CrossRef] [PubMed]
180. Shao, C.; Furusawa, Y.; Aoki, M.; Matsumoto, H.; Ando, K. Nitric oxide-mediated bystander effect induced by
heavy-ions in human salivary gland tumour cells. Int. J. Radiat. Biol. 2002, 78, 837–844. [CrossRef] [PubMed]
181. Matsumoto, H.; Hamada, N.; Takahashi, A.; Kobayashi, Y.; Ohnishi, T. Vanguards of paradigm shift in
radiation biology: Radiation-induced adaptive and bystander responses. J. Radiat. Res. 2007, 48, 97–106.
[CrossRef]
182. Matsumoto, H.; Tomita, M.; Otsuka, K.; Hatashita, M. A new paradigm in radioadaptive response developing
from microbeam research. J. Radiat. Res. 2009, 50, 67–79. [CrossRef]
183. Matsumoto, H.; Tomita, M.; Otsuka, K.; Hatashita, M.; Hamada, N. Nitric oxide is a key molecule serving
as a bridge between radiation-induced bystander and adaptive responses. Curr. Mol. Pharmacol. 2011, 4,
126–134. [CrossRef]
184. Tomita, M.; Maeda, M.; Kobayashi, K.; Matsumoto, H. Dose response of soft X-Ray-induced bystander cell
killing affected by p53 status. Radiat. Res. 2013, 179, 200–207. [CrossRef]
185. Maeda, M.; Kobayashi, K.; Matsumoto, H.; Usami, N.; Tomita, M. X-ray-induced bystander responses reduce
spontaneous mutations in V79 cells. J. Radiat. Res. 2013, 54, 1043–1049. [CrossRef]
186. Kong, E.Y.; Cheng, S.H.; Yu, K.N. Induction of autophagy and interleukin 6 secretion in bystander cells:
Metabolic cooperation for radiation-induced rescue effect? J. Radiat. Res. 2018, 59, 129–140. [CrossRef]

Int. J. Environ. Res. Public Health 2020, 17, 2898

26 of 27

187. Pathikonda, S.; Cheng, S.H.; Yu, K.N. Role of PARP1 regulation in radiation-induced rescue effect.
J. Radiat. Res. 2020. [CrossRef]
188. Mothersill, C.; Seymour, C. Radiation-induced bystander effects and adaptive responses—The Yin and Yang
of low dose radiobiology? Mutat. Res. 2004, 568, 121–128. [CrossRef]
189. Olivieri, G.; Bodycote, J.; Wolf, S. Adaptive response of human lymphocytes to low concentrations of
radioactive thymidine. Science 1984, 223, 594–597. [CrossRef] [PubMed]
190. Wolff, S. The adaptive response in radiobiology: Evolving insights and implications. Environ. Health Perspect.
1998, 106, 277–283. [PubMed]
191. Fornalski, K.W. Radiation adaptive response and cancer: From the statistical physics point of view. Phys. Rev. E
2019, 99. [CrossRef] [PubMed]
192. Preston, R.J. Bystander effects, genomic instability, adaptive response, and cancer risk assessment for
radiation and chemical exposures. Toxicol. Appl. Pharmacol. 2005, 207, 550–556. [CrossRef] [PubMed]
193. Ko, M.; Lao, X.Y.; Kapadia, R.; Elmore, E.; Redpath, J.L. Neoplastic transformation in vitro by low doses of
ionizing radiation: Role of adaptive response and bystander effects. Mutat. Res. 2006, 597, 11–17. [CrossRef]
194. Schwartz, J.L. Variability: The common factor linking low dose-induced genomic instability, adaption and
bystander effects. Mutat. Res. 2007, 616, 196–200. [CrossRef]
195. Choi, V.W.Y.; Lam, R.K.K.; Chong, E.Y.W.; Cheng, S.H.; Yu, K.N. Designing experimental setup and procedures
for studying alpha-particle-induced adaptive response in zebrafish embryos in vivo. Nucl. Instrum. Meth. B
2010, 268, 651–656. [CrossRef]
196. Choi, V.W.Y.; Cheng, S.H.; Yu, K.N. Radioadaptive response induced by alpha-particle-induced stress
communicated in vivo between zebrafish Embryos. Environ. Sci. Technol. 2010, 44, 8829–8834. [CrossRef]
197. Choi, V.W.Y.; Wong, M.Y.P.; Cheng, S.H.; Yu, K.N. Dosimetric study of radioadaptive response of zebrafish
embryos using PADC-film substrates. Radiat. Meas. 2011, 46, 1795–1798. [CrossRef]
198. Choi, V.W.Y.; Konishi, T.; Oikawa, M.; Iso, H.; Cheng, S.H.; Yu, K.N. Adaptive response in zebrafish embryos
induced using microbeam protons as priming dose and X-ray photons as challenging dose. J. Radiat. Res.
2010, 51, 657–664. [CrossRef] [PubMed]
199. Choi, V.W.Y.; Konishi, T.; Oikawa, M.; Cheng, S.H.; Yu, K.N. The threshold number of protons to induce an
adaptive response in zebrafish embryos. J. Radiol. Prot. 2013, 33, 91–100. [CrossRef] [PubMed]
200. Choi, V.W.Y.; Ng, C.Y.P.; Kobayashi, A.; Konishi, T.; Oikawa, M.; Cheng, S.H.; Yu, P.K.N. Roles of nitric oxide
in adaptive response induced in zebrafish embryos in vivo by microbeam protons. J. Radiat. Res. 2014, 55, 114.
[CrossRef]
201. Choi, V.W.Y.; Ng, C.Y.P.; Kobayashi, A.; Konishi, T.; Oikawa, M.; Cheng, S.H.; Yu, P.K.N. Exogenous carbon
monoxide suppresses adaptive response induced in zebrafish embryos in vivo by microbeam protons.
J. Radiat. Res. 2014, 55, 115. [CrossRef]
202. Rusyn, I.; Corton, J.C. Mechanistic considerations for human relevance of cancer hazard of di (2-ethylhexyl)
phthalate. Mutat. Res. 2012, 750, 141–158. [CrossRef]
203. Kleinsasser, N.H.; Kastenbauer, E.R.; Weissacher, H.; Muenzenrieder, R.K.; Harréus, U.A. Phthalates demonstrate
genotoxicity on human mucosa of the upper aerodigestive tract. Environ. Mol. Mutagen. 2000, 35, 9–12. [CrossRef]
204. Kim, I.Y.; Han, S.Y.; Moon, A. Phthalate inhibit tamoxifen-induced apoptosis in MCF-7 human breast cancer
cells. J. Toxicol. Environ. Health 2004, 67, 2025–2035. [CrossRef]
205. Chen, F.P.; Chien, M.H. Lower concentrations of phthalates induce proliferation in human breast cancer cells.
Climacteric 2014, 17, 377–384. [CrossRef]
206. Tomita, I.; Nakamura, Y.; Aoki, N.; Inui, N. Mutagenic/carcinogenic potential of DEHP and MEHP.
Environ. Health Perspect. 1982, 45, 119–125. [CrossRef]
207. Kim, J.H. Di (2-ethylhexyl) phthalate promotes lung cancer cell line A549 progression via Wnt/β-catenin
signalling. J. Toxicol. Sci. 2019, 44, 237–244. [CrossRef] [PubMed]
208. Klimisch, H.J.; Gamer, A.O.; Hellwig, J.; Kaufmann, W.; Jäckh, R. Di (2-ethylhexyl) phthalate: A short-term
repeated inhalation toxicity study including fertility assessment. Food Chem. Toxicol. 1992, 30, 915–919.
[CrossRef]
209. Liang, Z.J.; Wu, Q.P.; Chen, B.T.; Lin, Z.; Lin, J.; Chen, S.Q. Postnatal hyperoxia or DEHP exposure leads
to growth restriction and delayed lung development in newborn rats. Pediatr. Neontol. 2018, 59, 24–30.
[CrossRef] [PubMed]

Int. J. Environ. Res. Public Health 2020, 17, 2898

27 of 27

210. Chen, S.Q.; Chen, J.N.; Cai, X.H.; Chen, G.R.; Gao, Y.; Ge, R.S.; Wu, H.S.; Lin, Z.L.; Lin, J. Perinatal exposure
to di-(2-ethylhexyl) phthalate leads to restricted growth and delayed lung maturation in newborn rats.
J. Perinat. Med. 2010, 38, 515–521. [CrossRef]
211. Andrade, J.; Grande, S.W.; Talsness, C.E.; Grote, K. A dose-response study following in utero and lactational
exposure to di-(2-ethylhexyl)-phthalate (DEHP): Non-monotonic dose-response and low dose effects on rat
brain aromatase activity. Toxicology 2006, 227, 185–192. [CrossRef] [PubMed]
212. Yuen, B.B.H.; Qiu, A.B.; Chen, B.H. Transient exposure to environmentally realistic concentrations
of di-(2-ethylhexyl)-phthalate during sensitive windows of development impaired larval survival and
reproduction success in Japan medaka. Toxicol. Rep. 2020, 7, 200–208. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

