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New approaches to cope with possible 
harms of low-dose 
environmental chemicals
Duk-Hee Lee,1,2 David R Jacobs Jr3

AbstrAct
Low-dose environmental chemicals including 
endocrine-disrupting chemicals can disturb 
endocrine, nervous and immune systems. 
Traditional chemical-focused approaches, 
strict regulation and avoidance of exposure 
sources, can help protect humans from 
individual or several chemicals in the high-
dose range, but their value in the low-dose 
range is questionable. First, exposure sources 
to problematic environmental chemicals are 
omnipresent, and many common pollutants 
present no safe level. In this situation, the 
value of any effort focusing on individual 
chemicals is very limited. Second, critical 
methodological issues, including the huge 
number of environmental chemicals, biological 
complexity of mixtures and non-linearity, 
make it difficult for risk assessment-based 
regulation to provide reliable permissible 
levels of individual chemicals. Third, the largest 
exposure source is already internal; human 
adipose tissue contains the most complex 
chemical mixtures. Thus, in the low-dose range, 
a paradigm shift is required from a chemical-
focused to a human-focused approach for 
health protection. Two key questions are (1) 
how to control toxicokinetics of chemical 
mixtures to decrease their burden in critical 
organs and (2) how to mitigate early harmful 
effects of chemical mixtures at cellular levels. 
Many lifestyles can be evaluated for these 
purposes. Although both the chemical-focused 
and human-focused approaches are needed 
to protect humans, the human-focused holistic 
approach must be the primary measure in the 
low-dose range of environmental chemicals.

INtroductIoN
Over several decades, evidence about 
possible harms of low-dose environmental 

chemicals has accumulated in various 
research fields. Environmental chemi-
cals can disturb hormone, nervous and 
immune systems through multiple mech-
anisms at low doses, thus contributing to 
the development of many diseases.1–4

Among them, the most studied chemi-
cals are ones which disrupt the endocrine 
system, called endocrine disrupting chem-
icals (EDCs).2 Hormone-disrupting effects 
of chemicals can act at low doses which 
are missed in traditional risk assessment,5 
Therefore, EDCs can have effects at doses 
that are assumed to be safe under the 
current risk assessment. How to protect 
humans from EDCs has been a major 
health challenge.

Conventional approaches to environ-
mental chemicals to protect humans are 
(1) avoidance of exposure sources and (2) 
strict regulation based on risk assessment. 
In the high-dose range, these methods 
are important to protect humans from 
harms of individual or several chemicals. 
However, it is becoming clear that these 
approaches cannot effectively protect 
humans from possible harms of low-dose 
environmental chemicals.

In this debate article, we discuss why 
the current approaches cannot work in 
the low-dose range and propose the neces-
sity of a new paradigm to protect humans. 
Also, we will argue for the importance of 
chronic exposure to environmental chem-
icals after birth, although exposure during 
critical developmental periods is currently 
the key concern. In this article, EDCs will 
be used as a typical example of environ-
mental chemicals to which humans are 
exposed daily. However, our arguments 
can be applied to other low-dose environ-
mental chemicals which are not formally 
classified as EDCs.

reAlIty of humAN exposure to 
edcs
tip of the iceberg
Humans are continuously exposed to 
a variety of EDCs through food, air, 
water and consumer products.6 The list 
of suspected EDCs is rapidly growing; 
the number in the Endocrine Disruption 
Exchange database was 881 in 2011, but 

1419 in 2017.7 Chemicals that are classi-
fied as EDCs have very dissimilar struc-
tures and diverse biochemical properties.8 
Even nanoparticles are reported to be 
EDCs in in-vitro and in-vivo studies.9

While there has been a great deal of 
research effort to identify EDCs and eval-
uate biological effects of EDCs over the 
past two decades, many uncertainties still 
remain. It is worthy of note that ‘the tip 
of the iceberg’ is the title of one section 
in the summary for decision-makers of 
the 2012 WHO/United Nations Envi-
ronment Programme (UNEP) report on 
EDCs, despite the long list of references.10 
Current EDC screening programmes 
assess the endocrine disrupting potential 
only focusing on oestrogen, androgen, 
thyroid or steroidogenesis systems, and 
target chemicals with high production 
volumes.11 However, there are many other 
hormones and chemicals can disrupt the 
endocrine system through other pathways 
besides direct agonists or antagonists for 
hormone receptors.12 Given the diverse 
and complex endocrine system, the 
current list of EDCs is highly likely to be 
only a small piece of the whole picture.

unpredictability of edc mixtures
Humans live with simultaneous exposure 
to a tremendous number of EDCs, but 
most laboratory research about EDCs 
deal with individual EDCs. As strong 
synergic effects of several similarly acting 
EDCs were reported in in-vitro studies,13 
researchers tend to assume that biological 
effects of EDC mixtures would be synergic 
or at least additive.14 However, net effects 
of real-world mixture of EDCs may be 
closer to unpredictable because they exist 
as a mixture of ‘agonists’ and ‘antagonists’ 
to various hormones which cross-talk with 
each other.15 Supporting this argument, 
experimental studies demonstrated that 
combination effects of only a few EDCs 
with different endocrine disrupting prop-
erties (eg, estrogenic plus antiandrogenic) 
were unpredictable.16–18

Researchers now consider the expo-
some, the measure of all life-time envi-
ronmental exposures as assessed using 
biomarkers, personal sensors and omics 
technologies, as a new methodology to 
solve uncertainty around human studies 
of EDC mixtures.19 However, biological 
unpredictability cannot be overcome with 
sophisticated methodology. Besides the 
issue about EDC mixtures, human studies 
of EDCs suffer from insurmountable 
methodological limitations which render 
the value of human studies on EDCs 
dubious. They include low reliability of 
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exposure assessment of common EDCs, 
non-linearity, non-existence of an unex-
posed group and complicated interactions 
with diet and obesity.20 Blind optimism 
about the utility of the exposome needs to 
be reconsidered before too much resource 
is invested in this field.

edc mixtures in human adipose tissue
One neglected, but important aspect 
of the human exposure to EDCs is that 
adipose tissue plays a role as the most 
important exposure source to EDCs in 
modern society.21 Although a countless 
number of exposure sources of EDCs 
exist around us, contemporary human 
adipose tissue contains the most complex 
EDC mixtures because many EDCs are 
lipophilic and humans are at the top of 
food chain.21 The most common EDCs in 
adipose tissue are strong lipophilic chem-
icals such as persistent organic pollutants 
(POPs).22 Less lipophilic chemicals such as 
bisphenol A, polyaromatic hydrocarbons, 
synthetic musk compounds, triclosan and 
nonylphenol, are also widely detected in 
human adipose tissue.23 24 Accumulation of 
EDC mixtures in adipose tissue canreflect 
the history of exposure to environmental 
chemicals during the whole lifetime.

EDCs in adipose tissue are slowly 
and continuously released to circulation 
during lipolysis.21 If EDCs in adipose 
tissue are released to circulation at more 
than the usual rate and/or if they are not 
properly metabolised and eliminated, their 
chance to reach critical organs increases. 
As increased uncontrolled lipolysis is a 

feature of hypertrophic dysfunctional 
adipocytes,21 the release of EDC mixtures 
to circulation can be more serious in obese 
persons than lean persons.

Why coNveNtIoNAl 
recommeNdAtIoN oN 
eNvIroNmeNtAl chemIcAls cANNot 
protect humANs IN the loW-dose 
rANge
Although both avoidance of exposure 
sources and stricter regulations are 
commonly recommended, the effective-
ness of these approaches is generally 
restricted to prevention of high-dose 
toxicity of individual chemicals. Under-
standing why these conventional 
approaches cannot work to protect 
human from possible harms of low-dose 
environmental chemicals is important for 
researchers, policy-makers and public.

can avoidance of edc exposure be 
effective?
Certain lifestyles such as living without 
plastic can decrease exposure levels of 
several well-known EDCs.25 However, 
the decreased exposure to several indi-
vidual EDCs cannot ensure less harm 
from EDCs. First, there is still exposure 
to a huge number of EDCs from both the 
external environment and the internal 
adipose tissue. Second, the non-mono-
tonic dose–response relationship observed 
with EDCs literally means that lowering 
the exposure levels cannot assure less 
harm or can even be more harmful. Third, 

under the omnipresence of EDCs, a life-
style trying to avoid EDC exposures may 
induce chronic anxiety and mental stress 
which itself is related to various diseases.26

can strict regulation be effective?
In the face of difficulties in avoiding expo-
sure source of EDCs, as the next solu-
tion, preventing exposures through more 
effective regulation on EDCs is recom-
mended.27 As processes leading to regu-
lation are extremely slow due to conflicts 
among stakeholders,28 this issue is often 
discussed from a political perspective. 
However, this issue should be discussed 
from a scientific viewpoint as well.

First and foremost, if the value of a life-
style that tries to avoid exposure to several 
individual compounds in the world of EDC 
mixtures is questionable as we discussed 
above, how can strict regulation on several 
EDCs be valuable? In addition, many 
common environmental chemicals such as 
lead, air pollution and POPs have shown 
no safe level with  non-linear dose-re-
sponse relationships.29–32 Researchers may 
think of policies to reduce exposure levels 
to a minimum. However, the lower the 
existing level for any chemical, the harder 
it is to further reduce through regulation 
due to diverse, often vague, sources of 
exposure and food-chain contamination.

With the recognition of importance of 
chemical mixtures, regulatory agencies 
have begun to develop new methodologies 
on risk assessment of chemical mixtures. 
For example, an integrated approach 
of in-vivo studies, in-vitro studies and 
in-silico quantitative analysis of large 
networks of molecular and functional 
changes, together with systematic reviews 
or meta-analysis of high-quality epidemi-
ological studies, is suggested to provide a 
stronger basis for regulatory decisions.33 
However, the possibility of unpredict-
ability of EDC mixtures does not seem 
to be seriously recognised by laboratory 
researchers in the field of risk assessment 
of chemical mixtures. Also, often over-
looked is that there are overwhelming 
methodological issues with human studies 
on EDC which make reliable human 
evidence about harms of EDC mixtures 
unobtainable.20

recoNsIderAtIoN of chroNIc 
exposure to edcs
At present, early-life exposure to EDCs 
is considered the main concern due to 
the powerful Developmental Origin of 
Health and Disease (DOHaD) theory and 
multigenerational effects.34 Meanwhile, 
EDC exposure during non-critical periods 

figure 1 Suggestion of shifting paradigm from a chemical-focused to a human-focused 
approach in the low-dose range of chemical mixtures. Traditional approaches such as strict 
regulation or avoidance of exposure sources are effective to protect humans from harms of 
individual or several chemicals in the high-dose range. In the low-dose range, methods to control 
or fight against them in the human body should be investigated. Exercise and healthy diet (high 
dietary fibre, high phytochemicals, calorie restriction and intermittent fasting) can be considered 
for these purposes.
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has not gained attention as much as EDC 
exposure during critical periods. Although 
there is no question that the develop-
mental stage is the most susceptible period 
to toxicity of environmental chemicals, 
there are other aspects of EDC exposure 
during critical and non-critical periods 
which need an attention from researchers.

evolutionary aspects of epigenetic 
programming due to edcs during critical 
periods
Irreversible epigenetic programming due 
to the exposure to EDCs during crit-
ical periods is considered to be harmful 
because of increasing susceptibility to 
disease later in life and transgenerational 
effects.35 However, an evolutionary 
aspect of epigenetic programming trig-
gered by various environmental stressors 
has largely been dismissed in the field of 
EDCs. In fact, epigenetic programming 
during critical periods is a key mecha-
nism for a developing organism to buffer 
itself from an ever-changing environ-
ment.36 37 Epigenetic changes adapt faster 
than genetic changes to various environ-
mental stimuli.38

If offspring have to live under condi-
tions after birth similar to the in-utero 
condition, their overall survival can be 
enhanced by virtue of the epigenetic 
programming.39 However, a mismatch 
with the predicted environment could lead 
to adverse health and fitness effects. The 
degree of mismatch between the prenatal 
and postnatal environment is suggested to 
be a major determinant of risk of future 
disease which is called the ‘predictive 
adaptive response’ (PAR) hypothesis.40

Although many short-lived species 
provide clear evidence for predictive 
developmental adaptation,40 there is a 
question whether the PAR hypothesis can 
be applied to humans, given their long life 
span.41 However, the comparison of those 
exposed to the Dutch Hunger Winter with 
babies born after the siege of Leningrad 
suggests that humans may not be excep-
tional in this respect. In the Dutch famine 
birth cohort, study of which gave rise to 
the DOHaD theory,42 nutritional defi-
cits during fetal development and conse-
quent low birth weight were connected 
to increased risks for obesity, diabetes 
and cardiovascular disease.43 However, 
a similar famine in Leningrad failed to 
replicate the findings from the Nether-
lands.44 One difference between these 
two countries was nutritional status after 
birth. In the Netherlands, many starved 
fetuses were promptly well-nourished in 
postnatal life, but the Leningrad cohort 

experienced similar poor nutritional status 
even after birth.44

The PAR hypothesis would not be 
confined only to nutrition. EDCs also 
require investigation from the viewpoint 
of the PAR hypothesis. Diethylstilbestrol 
(DES), the first synthetic oestrogen used 
to reduce the risk of premature delivery 
and pregnancy complications, is a repre-
sentative of delayed adverse effects of 
exposure to an oestrogenic chemical 
during development.45 Increased risk of a 
rare reproductive tract cancer, infertility, 
reproductive complications and obesity 
were reported among adult offspring born 
to mothers prescribed DES.45 However, 
DES can be also seen as an example of 
mismatch because EDCs were exposed 
only during in-utero period.

At present, these two well-known cases 
of DOHaD in humans, the Dutch famine 
birth cohort and DES, fit the theory of 
mismatch between the prenatal and post-
natal environment. It is surprising to 
notice that many laboratory studies of 
prenatal or perinatal exposure to EDCs 
treat these chemicals only during specific 
periods of development.46 Thus, this 
experimental design artificially creates a 
mismatch between the prenatal and post-
natal environment. However, the reality is 
that the exposure to most EDCs is contin-
uous from conception to death in all living 
organisms.

Importance of chronic exposure to edcs 
during non-critical periods
Continuous exposure to EDCs can 
be harmful to humans by disturbing 
homeostasis of the endocrine system.47 
The longer the period of disturbance, 
the higher the risk of hormone-related 
diseases is. Recent human studies linking 
POPs to metabolic diseases including type 
2 diabetes have been performed among 
adults, focusing on the chronic exposure 
during non-critical periods.48 49 Impor-
tantly, unlike the early-life exposure to 
EDCs which produces irreversible epigen-
etic programming, epigenetic modulation 
from the exposure during non-critical 
period can be reversible if the insult is 
removed.2 50 These points offer a potential 
opportunity for interventions to reverse 
possible harms due to the chronic expo-
sure to EDCs during non-critical periods.

suggestion of a new paradigm
If low-dose EDC mixtures play a role in the 
development of many diseases in humans, 
but traditional approaches to chemicals 
and innovative scientific approaches do 
not work, what can we do?

As a consequence of all the problems 
we discussed above, a paradigm shift is 
required from a chemical-focused to a 
human-focused (holistic) approach in the 
low-dose range (figure 1). The starting 
point is to recognise that the key is EDC 
mixtures, not several individual EDCs. 
The next point is that the most important 
source of EDC mixtures is already inside 
us, not outside us. In this situation, how 
to efficiently control EDC mixtures which 
are released from adipose tissue to circula-
tion through lipolysis is critical. The third 
point is that all living organisms have 
the ability to excrete xenobiotics51 and 
possess innate repair and self-recovery 
mechanisms such as autophagy and DNA 
repair.52 53

Therefore, the human-focused approach 
can be seen as methods (1) to decrease 
body burden of chemicals by increasing 
the excretion of chemical mixtures from 
the body and (2) to mitigate early harmful 
effects of chemical mixtures at cellular 
levels by the activation of repair and 
self-recovery systems.

Interestingly, many lifestyles can be 
used for these purposes. For example, 
chronic physical activity can increase the 
metabolism and elimination of chemical 
mixtures by increasing biotransforma-
tion enzyme activity in the liver54 and/or 
increasing biliary clearance.55 High intake 
of dietary fibre can increase the excre-
tion of strong lipophilic chemicals  in 
faeces.56 In addition, diets high in anti-in-
flammatory bioactive food components 
can modulate the toxicity of environ-
mental pollutants.57 Furthermore, more 
comprehensively, evolutionarily adapted 
health behaviours such as exercise, calorie 
restriction, intermittent fasting, cognitive 
stimulation and phytochemicals can be 
used to mitigate harms of low-dose chem-
ical mixtures at the cellular level.58 These 
mild stress-inducing health behaviours can 
augment cellular innate defence, mainte-
nance and repair system by the activation 
of mitohormesis or xenohormesis.59–63 
Future studies are needed to estimate 
the quantitative impact of the human-fo-
cused approach. Also, researches on more 
specific methods which can promote the 
excretion of chemical mixtures or active 
the repair and self-recovery system are 
desirable.

In fact, these lifestyles are gener-
ally considered as healthy without any 
consideration of environmental chemi-
cals. However, it is highly plausible that 
the link with environmental chemicals 
can be an additional beneficial mecha-
nism. Studies of mechanisms and inter-
vention studies on this topic would be 
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worthwhile. Also, further research on 
possible methods which can more effec-
tively modulate the excretion and biolog-
ical effects of chemical mixtures should 
be performed

coNclusIoN
The current prevailing individual chemi-
cal-focused reductionism-based approach 
is insufficient because life without expo-
sure to EDCs is no longer possible, and 
the value of regulation is also limited. 
Additionally, the human-focused holistic 
approach can be deliberated as a practical 
way against EDCs based on the fact that 
the most significant exposure source of 
EDC mixtures is human adipose tissue. 
Also, evolutionary aspects of epigen-
etic programming during critical periods 
should be investigated. Harms due to 
chronic exposure to EDCs should receive 
more attention because they can be miti-
gated by adopting a human-focused 
approach.
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