Brain drain: the cost of neglected responsibilities
in evaluating cumulative effects of environmental
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ABSTRACT

Developmental disabilities affect millions of people and
have a great impact on their lives, their families and the
societies where they live. The prevalence of disorders
such as autism, attention deficit hyperactivity disorder as
well as subclinical decrements in brain function cannot
be explained solely as genetic diseases. Exposures to
environmental chemicals, especially during prenatal and
early postnatal life, are one likely explanation for some
of the decrements. The current chemical risk assessment
approach is typically based on the toxicity caused by a
single chemical on a variety of organs without
acknowledging additional exposures to other chemicals
also affecting the same organ or system. We identified
more than 300 chemicals allowed in food that may have
potential harmful effects on the developing brain. Each
individual chemical may or may not have a harmful
effect if it were the only one present, but we know next
to nothing about their cumulative biological effects on
the brain. An expanded cumulative risk assessment
approach is needed, and it should focus on health
outcomes, like developmental disabilities, arising from
the accumulation of effects of multiple chemicals on the
brain. The laws regulating the safety of additives already
require that regulators in Europe and the USA consider
cumulative effects; so far, they seem to have neglected
the mandate. We must move beyond treating chemical
exposures as isolated incidents and look at their
cumulative biological effects on organs and their role in
the onset of chronic diseases. The time has come to
overhaul chemical risk assessment.

According to the WHO, non-communicable dis-
eases underlie almost two-thirds of all global
deaths,' and its incidence has increased over the
past 40 years, in part due to environmental chem-
ical exposures.” For instance, in the USA, an esti-
mated 10 million children have a developmental
disability. This represents 15% of all children aged
3-17 years with the prevalence on the rise. Autism
increased by 290% and attention-deficit hyperactiv-
ity disorder (ADHD) increased by 33% between
1997 and 2008.°> The increases in autism and
ADHD reflect worldwide trends.* These measures,
however, do not capture subclinical decrements in
brain function that may be even more common.’ In
this commentary, we use brain development and
developmental disabilities as a case study for
reforming chemical risk assessment methods.
Grandjean and Landrigan aptly noted that devel-
opmental disabilities “can have severe conse-
quences—they diminish quality of life, reduce

academic achievement, and disturb behaviour, with
profound consequences for the welfare and prod-
uctivity of entire societies.”” Bellinger estimated the
total number of full-scale IQ (FSIQ) point losses in
more than 25 million American children between
the ages of 0 and 5years. A loss of almost
40 million FSIQ was associated with environmental
chemical exposures to lead, methylmercury and
organophosphate pesticides. Two recent articles
also estimated the economic impact of chronic chil-
dren’s diseases attributable to environmental expo-
sures. Bartlett and Trasande” estimated that the cost
of childhood lead and mercury exposures and
developmental disabilities could reach almost
70 billion dollars in the European Union. Trasande
and Liu® performed a similar analysis for environ-
mentally mediated diseases in American children
with comparable results.

With genetic factors appearing to account for no
more than 40% of all cases of neurodevelopmental
disorders, environmental exposures must be signifi-
cant contributors to this global pandemic’® and thus
must be given serious consideration. Unfortunately,
a combination of scientific and regulatory inertia,
together with insufficient funding for innovative
environmental health research, has delayed in
recognising the role that environmental chemicals
—including those used in food—play.

Equally important is the continued and signifi-
cant lack of connection between the bookends of
environmental health: the healthcare professionals
and the risk assessors. The former are confronted
with a health outcome, that is, a disease, syndrome
or disorder, and attempt to identify the causes,
whether environmental or otherwise. The latter
start with the chemical exposure and are respon-
sible for identifying associated toxicity to organs,
whether it be the brain, the thyroid, the kidneys,
the liver or any other part.

This great divide is bridged when the neurotox-
icity evidence is compelling such as in the cases of
lead and mercury exposures. Starting in 2006,
Grandjean and Landrigan’ made significant pro-
gress in strengthening this bridge when they con-
ducted a systematic review and identified industrial
chemicals that were clearly linked to neurobeha-
vioural adverse outcomes. At that time, 6 industrial
chemicals were ‘reliably classified as developmental
neurotoxicants’, 201 chemicals were reported to
cause harm in adult human nervous systems and
1000 more were reported to be neurotoxic in
laboratory animal studies.

Grandjean and Landrigan’s® 2014 update of
their 2006 publication doubled the number of
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chemicals known to cause developmental neurotoxicity in
humans to 12 based on epidemiological and clinical evidence.
This number seems small compared to the magnitude of the
health problem, yet the authors recognised that there may be
many more where the evidence is less certain.

This type of strict systematic review is useful to identify a
causal relationship between chemical exposure and human
health problems, which eventually may result in preventative
measures. However, (1) few chemicals are ever subject to a clin-
ical study, especially one involving pregnant women or children,
and the harm is already widespread when epidemiological evi-
dence is established and (2) the review aims at connecting a
single chemical with a health problem when in reality we are
exposed to multiple chemicals that can have cumulative bio-
logical effects on the same organ or system. For instance, in a
July 2014 personal communication, Dr Grandjean stated that
“[t]he reason that we did not list BPA [bisphenol A] or phtha-
lates [as developmental neurotoxicants] is that the exposure
information is uncertain and the human evidence therefore, in
our judgment, was not sufficient to consider them developmen-
tal neurotoxicants. While thyroid toxicity [due to perchlorate
exposure] is certainly a concern in regard to brain development,
we did not consider it sufficient grounds for classifying a sub-
stance as a developmental neurotoxicant.” It is worth noting
that the US Environmental Protection Agency (EPA) Science
Advisory Board took a different approach on perchlorate con-
cluding that “[a]lthough adverse neurodevelopmental effects of
perchlorate in infants and children have not been reported in
the literature, the risk of adverse effects can be reasonably
inferred from perchlorate’s mode of action and the known role
of thyroid hormone on human brain.”*°

Like epidemiological and clinical data, information from
animal studies is also limited even for common chemicals like
food additives. In 2013, we demonstrated that fewer than 50%
of US Food and Drug Administration (FDA)-regulated additives
allowed to be added directly to food (not including those
migrating into food from packaging or during food processing)
were the subject of a published animal feeding study."’ Among
environmental exposures, food is a constant source that most
people are unaware of. Exposure to chemicals in food is
ongoing, and occurs throughout all life stages including the
highly susceptible period of prenatal development. Therefore,
their potential to impact the brain and other organs’ develop-
ment should be considered a priority. Unfortunately, we found
that more than 1000 chemicals in FDA’s food additive toxicol-
ogy database lacked the reproductive and developmental studies
recommended by the agency.!!

If we really want to protect children’s brains from chemicals
and prevent developmental disabilities, we first need to recog-
nise and deal with the massive dearth of basic hazard and expos-
ure information and therefore our incomplete knowledge of the
risks posed by environmental chemicals. Second, scientists and
risk assessors must develop different mechanisms to identify and
evaluate chemicals based on their cumulative biological effects
on organs, as well as new methods to truly assess whether these
compounds pose any harm to human health.

Are these goals unreasonable? The law says they are not only
reasonable but essential. For food additives, the European
Union and the USA already demand that the industry and regu-
lators consider cumulative biological effects and limited safety
information. Specifically the following:

» In 1958, the US Congress required the FDA and industry to
consider the cumulative effect of pharmacologically related
substances in the diet when considering the safety of any

new chemical or chemical use in food (21 U.S.C. 348(c)(5)).

In this context, safety means “there is a reasonable certainty

in the minds of competent scientists that the substance is not

harmful under the intended conditions of use.” (21 CFR
170.3 (i)

» In 2002, the European Parliament required that food law
rely on risk assessments undertaken in an independent,
objective and transparent manner that uses the available sci-
entific evidence. However, it recognised that data were often
incomplete and required that provisional risk management
measures be used “where, following an assessment of avail-
able information, the possibility of harmful effects on health
is identified but scientific uncertainty persists” (Regulation
No 178/2002, Chapter II, Section 1, Articles 6(2) and 7(1)).
Regarding food safety requirements, the law states that ‘the
probable cumulative toxic effects’ shall be taken into consid-
eration in determining whether any food is injurious to
health (Regulation No 178/2002, Chapter II, Section 4,
Article 14 (4)(b)). These measures were deemed necessary to
ensure the high level of health protection chosen for the
European Community. According to the European law,
‘food’ (or ‘foodstuff’) means “any substance or product,
whether processed, partially processed or unprocessed,
intended to be, or reasonably expected to be ingested by
humans. ‘Food’ includes drink, chewing gum and any sub-
stance, including water, intentionally incorporated into the
food during its manufacture, preparation or treatment”
(Regulation No 178/2002, Chapter 1, Article 2). Therefore,
it is reasonable to interpret the food safety requirements so
as to include food additives.

Are these legal requirements also scientifically defensible? Yes,
although a fundamental change in current practice must occur
to fulfil them. Scientists from academia, government, regulated
community and public interest organisations must come
together to reform the current approach. The usual risk assess-
ment performed for a single chemical should then be expanded
to evaluate the chemical’s contribution to a health outcome
arising from the cumulative biological effects of multiple chemi-
cals on the same organ, for example, the developing brain.
Figure 1 is a schematic representation of the current risk assess-
ment approach and figure 2 represents an example of an
expanded analysis with a focus on health outcomes. This
expanded chemical safety approach would meet the legal
requirement already established in the US and EU food laws.
Once either a quantitative or qualitative risk assessment is per-
formed, it is the risk manager’s job to base regulatory policy on
the available data or, when information is lacking, on the uncer-
tainty of causation of the health effect.

The European Food Safety Authority (EFSA) recently pro-
vided a thoughtful approach to deal with the issue of cumulative
biological effects aiming at better protection of children’s
brains.'® EFSA tasked a panel of experts with designing a meth-
odology to identify pesticides with similar toxicity effects so
that they could be evaluated as a group during the cumulative
effect assessment. One of the biological systems the panel of
experts focused on was the nervous system. It also included the
thyroid system because of its impact on fetal and children’s
neurological development.'?

Briefly, EFSA’s panel grouped pesticides by adverse effects
based on: (1) a decrease in circulating levels of the thyroid
hormone; (2) a decrease in the thyroid hormone action in the
body; (3) neurochemical and neuropathological effects; (4)
effects on the motor, sensory and autonomic divisions and (5)
developmental neurotoxicity and cognitive end points when
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Current risk assessment approach: chemical-centric
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Figure 1 Schematic representation of the current risk assessment
approach of a single chemical.

available. The experts reasoned that these alterations in normal
physiological functions may lead to health problems, including
impairment of brain development. This broad approach to
cumulative risk assessment focused on health outcomes is con-
sistent with the recommendations by the US National Academy
of Sciences '* ' and is in stark contrast to EPA’s approach to
cumulative risk assessment of pesticides. EPA has already
reviewed five groups of pesticides based on a common mechan-
ism of toxicity, defined as “two or more chemicals or other sub-
stances that cause a common toxic effect(s) by the same, or
essentially the same, sequence of major biochemical events (ie,
interpreted as mode of action)”.'® Online supplementary table
S1 provides a list of more than 100 pesticides EFSA’s panel
identified that need to be evaluated for cumulative effects on
the thyroid or nervous system.'®

Since we could not find a similar analysis for food additives,
we took EFSA’s approach to pesticide grouping and applied it to
chemicals added to food. We used FDAs Priority-based
Assessment of Food Additives (PAFA) database!! to find chemi-
cals that the agency had already identified as having adverse
effects on the brain, the hypothalamus or the thyroid gland in
animal studies.'” Online supplementary table S2 provides a list
of 44 additives that our analysis indicates should be evaluated
for their cumulative biological effect on brain development. We

Expanded cumulative risk assessment: health outcome-centric

Health Outcome:
Developmental disabilities

Brain Thyroid
—
development function

|

EFSA 36 pesticides 16 pesticides 50 pesticides
12 flavours 4 flavours 7 flavours
FDA 1 preservative 2 preservatives
1 sweetener 1 sweetener
FDA 39 flavours

9 preservatives

Figure 2 Representation of an expanded risk assessment based on
the selected case study. The chemicals are examples taken from online
supplementary tables S1-S3. Orange boxes represent pesticides
grouped by European Food Safety Authority (EFSA); purple boxes
represent chemicals approved by the Food and Drug Administration
(FDA) that it identified as having an adverse effect on the brain, the
thyroid gland or both in animal studies; yellow boxes represent
chemicals approved by the FDA that reacted with the thyroid hormone
receptor in the Tox21 assay.

have found no indication that FDA or food manufacturers con-

ducted such a cumulative effect assessment before approving the

use of these additives, seemingly neglecting the legal require-
ment to do so.

We also took advantage of additional data provided by high-
throughput in vitro screening tests developed under the Tox21
program. This program uses high-throughput in vitro testing
and robotic equipment to run large numbers of chemicals across
a wide range of concentrations and cell types to rapidly screen
them for potential toxicity. Tox21 is partnership between FDA,
the National Toxicology Program(NIEHS/NTP), the NIH
Chemical Genomics Center (NHGRI/NCGC), and the EPA’s
Office of Research and Development (EPA/ORD).'® We looked
at how many food additives reacted with the thyroid hormone
receptor,'’ a relevant assay for brain development pathways. We
found 66 additives that reacted with the thyroid receptor in the
Tox21 assays: 59 of them inhibited the function of the receptor
(see online supplementary table S3). In addition to these chem-
ical used directly in foods, we also identified 107 chemicals
used as food contact substances (these are chemicals that can
enter food through the manufacturing process or leaching from
packaging material) and 86 pesticides that also react with the
thyroid receptor (data not shown).

Using information available to us through (1) Freedom of
Information Act request to FDA and (2) additional data found
in the public domain, we have identified more than 300 chemi-
cals that could be present in any diet in any combination that
may have potential harmful effects on the developing brain.
Some of them were synthetic (eg, FD&C Red 3) and some were
occurring naturally (eg, vitamin D3). Chemicals added to food
should not be judged a priori as hazardous or safe based on
their origin; that determination should be the result of a thor-
ough risk assessment. Furthermore, each individual chemical
may or may not have a harmful effect on its own, but the reality
is that we know next to nothing about their cumulative bio-
logical effects either directly on the brain or indirectly on
thyroid hormone levels and therefore their real impact on the
healthy development of a child’s brain.

Our rather simplistic analysis and the stricter systematic
review by Grandjean and Landrigan have begun to uncover a
large number of environmental chemicals that public health
agencies neglected to identify, group and evaluate for cumulative
biological effects and risk to human health; these chemicals
deserve to be reviewed accordingly. We suggest that public
health agencies such as FDA, EPA and EFSA consider using a
health outcome-based risk assessment similar to EFSA’s pesticide
model to group chemicals with similar toxicity as a first step in
conducting a cumulative risk assessment. These efforts need to
be combined with:

» Faster and more efficient screening methods complementing
those developed in the USA (eg, Tox21 and ToxCast) that
provide much-needed information for thousands of environ-
mental chemicals with limited or no toxicity data. For chemi-
cals used in food, we know that exposure occurs.

» Improved design of animal toxicology studies to include end
points of public health concern such as diabetes, neurobeha-
vioural disorders and obesity, and development of end points
for emerging diseases and disorders (eg, autism).>°

» Improved design of epidemiological studies to unravel the
role of environmental chemicals in the onset of non-
communicable chronic diseases. For instance, consider imple-
menting some of the actions put forth by a multidisciplinary
group of experts and supported by the National Cancer
Institute aiming at modernising cancer epidemiology. They
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include: expanding cohort studies across the life course
including multiple health-related end points; increasing
access and sharing of protocols to foster collaboration; ensur-
ing reproducibility and replication and accelerate translation;
and expanding knowledge integration to drive research,
policy and practice.”' **

Scientists have demonstrated that the risk of disease or dys-
function increases when the normal development of organs and
systems, either during gestation or the early years of life, is
altered by nutritional deficiencies and chemical exposures.?2? If
we are to address developmental disabilities—or other similarly
rising chronic diseases like childhood asthma, diabetes or
obesity—we must move beyond treating chemical exposures as
isolated incidents and look at their cumulative biological effects
on organs and their role in the onset of chronic diseases.

The impact of chemicals on brain development and the well-
being of future generations is too important to wait. Scientists
should put aside what Foss Hansen and Gee®* aptly described as
collective hubris, a priori assertions of safety and myopia about
potential hazards. The time has come to overhaul chemical risk
assessment using modern methods based on advanced scientific
knowledge to fulfil the current legal requirements and truly
improve public health.

Key messages

» For the most part, the assessment of cumulative biological
effects of chemicals allowed food has been ignored by risk
assessors and regulatory agencies in charge of protecting
public health.

» The current chemical risk assessment approach is deficient.
It should be reviewed and expanded to more adequately
estimate the true impact that the accumulation of effects of
many chemicals on the same organ or system has on both
the health of a person and the health of the population.
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