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Abstract  

Much progress has happened in understanding developmental vulnerability to preventable 

environmental hazards. Along with the improved insight, the perspective has widened, and 

developmental toxicity now involves latent effects that can result in delayed adverse effects in 

adults or at old age and additional effects transgenerationally transferred to future generations. 

Although epidemiology and toxicology to an increasing degree are exploring the adverse effects 

from developmental exposures in humans, the improved documentation has resulted in little 

progress in protection, and few environmental chemicals are currently regulated to protect against 

developmental toxicity, whether it be neurotoxicity, endocrine disruption or other adverse 

outcomes. The desire to obtain a high degree of certainty and verification of the evidence used for 

decision-making must be weighed against the costs and necessary duration of research, as well as 

the long-term costs to human health because of delayed protection of vulnerable early-life stages of 

human development and, possibly, future generations. Although two-generation toxicology tests 

may be useful for initial test purposes, other rapidly emerging tools need to be seriously considered 

from computational chemistry and metabolomics to CLARITY-BPA- type designs, big data and 

population record linkage approaches that will allow efficient generation of new insight, while 

epigenetic mechanisms may necessitate a set of additional regulatory tests to reveal such effects. As 

reflected by the Prenatal Programming and Toxicity (PPTOX) VI conference, the current scientific 

understanding and the time scales involved require an intensified approach to protect against 

preventable adverse health effects that can harm the next generation and generations to come. 

While further research is needed, the main emphasis should be on research translation and timely 

public health intervention to void serious, irreversible and perhaps transgenerational harm.       

 

Life-long consequences of developmental toxicity 

When two Boston paediatricians tracked down twenty children who had allegedly recovered from 

lead poisoning in the 1940s, they discovered that the young patients had not at all recovered, but 

suffered from severe learning or behavioural problems and performed poorly in school [1]. Elevated 

early-life exposure to inorganic lead had long-term consequences that much later were found to 

include psychopathies, delinquency and increased risk of cardiovascular disease in adulthood [2-4]. 

In the late 1950s, a Japanese fishing town was plagued by a mysterious illness that was at first 

thought to be infectious. Of note, a pregnant woman who ate seafood heavily contaminated with 

methylmercury might be unscathed herself but would give birth to a poisoned child with spastic 

paresis and intellectual disability [5]. Again, the infants’ condition did not improve with time, and 
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patients with congenital mercury poisoning now show increased incapacitation as older adults [6]. A 

third remarkable event happened in France in the 1960s, where a paediatrician noted the 

preponderance of alcohol-dependent women among the mothers of mentally disabled children at 

an institution [7]. As with lead and mercury, the discovery, later named foetal alcohol syndrome, was 

at first met with scepticism and disbelief, but adverse effects were subsequently documented at 

much lower maternal alcohol intake levels, with additional problems, such as behavioural problems 

and delinquency, emerging at later ages [8]. 

While scientists characterised the long-term effects of early-life exposures to these 

neurotoxicants, other researchers in social medicine and epidemiology discovered, in the mid-1980s, 

that low birth weight was associated with excess risk of cardiovascular disease and mortality in 

adulthood [9, 10]. These findings led to the formation of a research field coined the ‘developmental 

origins of health and disease’ (DOHaD).  In parallel, environmental toxicologists and epidemiologists 

began to explore the mechanisms, the occurrence and the implications throughout the lifespan of 

toxicity incurred during early development [11]. The discovery of the multigenerational effects of 

diethylstilboestrol (DES) in offspring of males and females exposed in utero during the 1940s-70s 

[35] is a prime example, but it will not be known for decades if there will be transmittal of these 

effects to future generations. Also, the broader risk of developing non-communicable diseases, such 

as cardiovascular disease, diabetes, obesity and cancer, now seems to be affected by a variety of 

stressors during foetal or postnatal development [12]. Such early-life exposures can permanently 

change physiology, metabolism and/or functions of tissues and organs, as supported by 

epidemiological studies and animal experiments [13]. During the most recent decade, the number of 

research publications in this field has substantially increased (Fig. 1). 

With time, science-informed regulatory efforts have resulted in a gradually tightened 

regulation for some chemicals that can cause developmental toxicity. Thus, many initial exposure 

limits later appeared too high for proper protection, and decreases have subsequently occurred in 

response to better information on health consequences of early-life exposures [14]. The delay in 

regulatory response owes in part to the lack of internationally accepted guidelines for testing of 

developmental toxicity. Still, a test guideline for developmental neurotoxicity is available [15], but it 

is seldom used. Also, such tests may be required only for chemicals produced at very high tonnages 

or when triggered by results from routine studies in adult laboratory animals. Thus, examination of 

developmental toxicity often is lacking and therefore cannot be considered in regulatory decisions 

[16]. Even the tightening of regulations for well understood agents, such as lead and methylmercury, 
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has been unable to keep pace with the increasing knowledge on low-level toxicity and the 

complexity of human exposures to environmental chemicals.  

Ten years after the Faroes statement [17], researchers again gathered at Torshavn, Faroe 

Islands, for the Prenatal Programming and Toxicity (PPTOX VI) conference. The unique location of 

the conference venue surrounded by the Atlantic Ocean was supported by on-the-spot 

measurements of ambient black carbon that showed an average of 0.17 µg/m³, which is lower than 

most background levels in the EU of about 1 µg/m³ (T. Nawrot, results to be published). The purpose 

of this MiniReview, written by researchers who participated in the conference, is to summarize new 

insight, lessons learned for research and the public health implications, now that the time scales 

involved in developmental toxicity have become more evident.  

 

Vulnerable development 

The prenatal vulnerability to environmental toxicants has recently been highlighted [18,19]. Thus, 

systematic reviews and meta-analyses have related maternal exposure during pregnancy to air 

pollution and specific toxicants to indicators of impaired foetal growth, such as low birth weight or 

small for gestational age [20-22]. The increased developmental vulnerability to toxicants during 

development may involve all organ systems, but is probably most evident regarding the nervous 

system. For example, experimentally reducing oxygen and nutrients to rabbits during the last third of 

gestation resulted in poorer neurobehavioral performance [23], an effect not seen in adults. In utero 

exposure to numerous neurotoxicants results in lasting brain deficits in children [24, 25], as also first 

shown for lead, methylmercury and ethanol. Prenatal exposure to air pollutants can result in white 

matter impairment, as seen in follow-up studies of children [26, 27], and school performance 

improved more slowly in children exposed to elevated levels of air pollution [28]. Other organ 

systems, such as the cardiovascular [29], the respiratory [30], the reproductive [31] and the immune 

systems [32] are also known to be affected by early-life exposures. 

 Puberty also may represent an additional vulnerable time window [33]. Moreover, 

adverse health outcomes may develop after a substantial delay, as has been hypothesized for early-

life exposures to certain pesticides that may trigger subsequent development of degenerative 

nervous system disease at a younger age than anticipated [34]. Similar observations refer to cancer 

development. For example, rats treated with aspartame at low doses from prenatal life have been 

reported to develop higher incidence of malignant tumours compared with rats first treated at 

maturity [35]. In agreement with the low-dose hypothesis of carcinogenesis [36], rats exposed to 
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50Hz magnetic fields during prenatal have been shown to later exhibit enhanced carcinogenic-

induced responses to formaldehyde and gamma radiation [37, 38]. These experimental examples 

demonstrate how early-life exposures may potentially impact disease risks in later life, sometimes 

after a substantial latency period. Parallel studies in humans are developing at a much slower rate 

that emphasises the importance of the time scale.  

 

Mechanistic insights 

Early-life cues can induce metabolic and other phenotypic modifications of the offspring that aim to 

shape the progeny according to the anticipated environment [9]. This developmental plasticity may, 

however, be maladaptive and lead to the development of an inappropriate phenotype with 

increased susceptibility to disease [39]. The placenta, a largely understudied organ, may mediate 

some of these phenotype modifications [40]. Thus, impaired placental function can disrupt foetal 

growth, which in turn may affect, e.g., neurodevelopment in animals and neurobehavioral 

development in children [41]. Thus, in a study that included several birth cohorts, exposure to air 

pollution was associated with changes in placental mitochondrial DNA (mtDNA) content that 

mediated the association between prenatal air pollution exposure and foetal growth [42]. Toxicant 

effects on the placenta can also result in sex-dimorphic functional changes in the offspring [43].  

 Epigenetics is a potential mechanism through which the environment can influence 

development of the organism. Thus, patterns of epigenetic markers, such as DNA methylation, 

histone modification and non-coding RNAs, which ultimately regulate chromatin structure or gene 

activity, can be influenced by a variety of exposures including environmental toxicants [44]. 

Epigenetic marks, by design, undergo profound changes during development with the establishment 

of the different cell lineages, and this phenomenon may account for the high vulnerability to insults 

in this developmental period.  

There is increasing evidence that environmental stressors as well as other chemicals can 

modify epigenetic patterns [12]. Among examples mentioned in the introduction, there is now 

strong evidence for the involvement of epigenetic regulation in the long-term toxicity of lead [45] as 

well as in the toxicity related to the foetal alcohol syndrome [46]. Epigenetic markers can be the 

targets of individual stressors or reflect interactions between multiple stressors.  

Telomere length is considered a biomarker of biological ageing and has been associated with 

age-related diseases and premature mortality [47. While telomere lengths in newborns are highly 

variable, mothers exposed to higher levels of air pollution within EU limits gave birth to newborns 
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with shorter telomere length [48]. The implications of changes in telomere lengths for long-term 

health deserve further scrutiny.   

Growing evidence suggests that effects of environmental contaminants are not limited to 

the exposed individual but may persist in unexposed descendants [49]. These effects are possible 

only if exposure-induced changes are transmitted through the germline, making it essential to 

understand how and when exposures impact the developing germline in males and females. By now, 

considerable documentation is available for such transgenerational effects in mammals (i.e., effects 

seen in subsequent generations that had no direct exposure) [50]. Experimental studies in non-

mammalian systems are providing crucial mechanistic insight [51]. Thus, a recent study, presented at 

PPTOX VI, showed that transgenerational inheritance of obesity was observed from perinatal 

tributyltin exposure, apparently mediated through altered higher-order chromatin organisation [52]. 

Reorganised chromatin, transmissible through meiosis and mitosis, can in turn influence DNA 

methylation at accessible sites that modified transcription, suggesting that this is a proximal event. 

These new mechanistic insights indicate that a revision of research paradigms and interpretation is 

required.  

In order to rationally implicate particular mechanisms in developmental toxicity, it is critical 

to satisfy appropriate causal criteria. These would include a detailed characterization of the 

stressors, the determination of the window of exposure with highest vulnerability, the 

determination of the target tissue and the function that is altered in that tissue, the specificity of the 

changes, and the biological plausibility of the linkage between those changes and health outcomes 

[49]. While this research is crucial, the need to avoid substantial delays in prudent interventions 

suggests that appropriate changes in prevention policies should be considered already when 

existence of developmental toxicity has been demonstrated. 

 

The role of reserve capacity 

Because early-life toxicity may prevent optimal organ development and thereby result in a latent 

deficiency, deficits or disease progression may later be unmasked by ageing or by toxicant exposure 

later in life [53]. A structural reserve must exist for pulmonary, renal and cognitive function, as well 

as for bone mass. Initial exposures, whether from tobacco smoking or cadmium contamination, may 

pave the way for subsequent exposures to cause disease in vulnerable organs with diminished 

remaining capacity [54]. On the other hand, an optimal reserve capacity may counteract age-related 

cell loss and acute disease sequelae, as is known from studies of pancreatic beta cells [55], 
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dopaminergic cells of the brain [56] and the cells that determine the so-called renal functional 

reserve [57]. This reserve capacity may, in part, be determined by the extent of the stem cells 

remaining in the target organs [58].  

As a consequence, early-life effects on organ development may, in combination with the 

impact of subsequent exposures to toxicants and normal aging result in an increased risk of later life 

disease. Thus, these exposures that occur later in life may also unmask a decreased reserve capacity 

of vulnerable organ systems. Such findings have led to the two-hit hypothesis, i.e., that prenatal 

insults increase the vulnerability to impacts of later life exposures [53]. 

Accordingly, early-life toxicity that generates or leads to later-life organ dysfunction, disease 

or vulnerability to other insults, may be subtle and hard to detect in the individual seemingly healthy 

child [53]. These effects may appear to be silent, as they may barely affect standardized, routine 

clinical health measures, and changes in function may be too subtle or may change too slowly to be 

detected in prospective studies. Nonetheless, we are facing massive pandemics of non-

communicable diseases and many other signs of ill health likely due in part to preventable 

developmental insults that may affect functional reserve capacities. Accordingly, research in this 

field is crucial, though fraught with difficulties. Due to the implications of reduced reserve capacity, 

any changes that, at the beginning, remain within the reference range should not necessarily be 

considered innocuous. 

 

Research approaches 

Prospective studies in humans, best when relying on birth cohorts, are crucial for understanding the 

impact of developmental stressors. There are limits to the duration of most research projects, 

however, given the time span of most research grants, perhaps also exacerbated by the ageing of 

the researchers themselves. Accordingly, only in the very long term will such epidemiology research 

be able to document the full lifespan impacts of developmental exposure stressors.  

 Most studies in this field are observational, because experimental studies are rarely 

possible. However, dietary or other interventions to reduce exposures may be possible, thereby in 

part compensating for the lack of an unexposed control population. For example, changing from 

conventional to organic foods will substantially decrease pesticide exposures [59], and such studies 

have found a reduction in the risk of eczema at two years of age [60] and preeclampsia [61] in 

mother-child cohorts. Similar interventions are possible regarding marine food intake by avoiding 
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high-mercury species [62] and for plastics additives by avoiding certain food contact materials [63, 

64]. This research approach needs to be promoted in the future.  

 Cross-sectional epidemiological studies are faster and cheaper to conduct but more 

limited in terms of causal inference. Residual confounding and other uncertainties are frequently 

raised as major concerns, but available evidence [14] suggests that their impact is often 

exaggerated, and reverse confounding often is neglected [65]. Reaching formal statistical 

significance usually requires large study groups and wide ranges of exposures. Accurate and valid 

estimates of exposures may be difficult to obtain [66, 67], especially if they are meant to reflect the 

exposure during a vulnerable life stage. Also, many birth cohorts are relatively small and concentrate 

on only a few outcome measures or chemicals. The possibility of joining studies of thousands of 

mother-child pairs with potential for the same types of exposure and outcome assessments would 

be crucial for expanding our knowledge base on developmental toxicity. In a more general sense, 

cord blood should be routinely collected and stored for future research purposes whenever possible 

[17]. 

 Attention to newer test approaches to examine chemicals for developmental toxicity 

is needed. Although the standard two-generation test sometimes is used, developmental 

neurotoxicity and endocrine disruption may be easily missed. Development in methods that can 

identify epigenetic mechanism, molecular ‘omics’ technologies and computational chemistry 

approaches should be exploited and will necessitate the development of and acceptance by 

regulatory entities of criteria for such additional regulatory tests that can reliably reveal or predict 

relevant mechanisms of toxicity.  

Prominent environmental toxicants have attracted the most attention, and during the first 

decade of this millennium, the top ten substances covered in public health journals were all metals 

[68]. An important reason for such inertia – both in science and in science-informed decision-making 

– relates to the tradition of requiring replication and verification as justification for reliable 

conclusions. Thus, funding agencies [69] and journals [70] have announced their intention of 

increasing reproducibility of research. Although the credibility and accuracy of research must be 

emphasized [71], emphasis on replication can also have untoward effects, as certain environmental 

chemicals already trigger over 1,000 publications per year [68], while emerging chemicals have 

attracted much less attention. Accordingly, despite the increasing number of publications in the field 

(Fig. 1) and the growing insight into the impact of developmental exposures to toxicants on 

subsequent health, the trend of innovation may be difficult to maintain, unless a sustained balance 

is achieved between innovation and replication. These findings suggest that choices of research 
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plans and research topics need to be less conservative, more explorative and less risk averse, as also 

recommended in a recent report from the National Research Council [72]. The field of 

developmental toxicology would clearly benefit from more visionary and innovative science. 

The Consortium Linking Academic and Regulatory Insights on Bisphenol A Toxicity (CLARITY-

BPA) model, highlighted separately in this issue [73], illustrates a new approach to address 

uncertainties in experimental research. To resolve current controversies on BPA safety, U.S. federal 

agencies established the project in which all NCTR-Sprague-Dawley rats were centrally treated by 

gavage with BPA over a 10,000-fold dose range during the developmental period or throughout life. 

The Food and Drug Administration performed standard toxicology analysis and also distributed the 

treated target organs/cells in a coded manner to 14 academic laboratories for detailed analysis. The 

Core studies have been completed by now and are available in a draft report [74]. This coordinated 

effort has identified the disruption of several outcomes across different organ systems, with a 

majority of positive findings identified in the low-dose range (<250 µg/kg-BW/day). Responses were 

frequently non-monotonic, as may be expected for an endocrine disruptor. The CLARITY-BPA 

coordinated approach between independent laboratories and regulatory agencies provide a useful 

model for future toxicology studies.  

 

Research translation 

The present report is by itself a product of research translation, i.e., a document that lays out the 

societal implications of the research documentation. Developmental toxicity information must also 

target prospective parents. Although policy-makers may take decades to enact legislation to 

reduce toxic pollutants in the environment, men and women planning pregnancies often ask 

their physicians if there are any precautions they should consider today. The history of such 

well-established hazards as prenatal exposure to lead, mercury and second-hand smoke 

shows many years of epidemiological and laboratory research before the weight of the 

evidence compels a consensus. While the evidence is accumulating, what should a 

prospective parent do? Prudently avoid exposure after the first published study suggesting 

problems? At what point should the physician advocate a specific action? There are no easy 

answers to these questions. Issues of value, scientific understanding and cost are involved. 

Each hazardous exposure must be considered in the context of other problems facing the 

prospective parents and the financial, emotional and intellectual resources available to 
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surmount them. An environmental exposure history, taken at a pre-conception visit, can 

help to identify exposures of potential concern.  Although professional societies [75, 76] 

recommend taking an environmental history, it is rarely undertaken [77]. Nonetheless, 

reproductive health care providers and paediatricians can play an essential role in helping 

parents to understand the importance of avoiding pre-conception and prenatal exposures 

to toxic chemicals, whether from parental work, environmental pollution or otherwise [78-

80].  

 

Public health consequences  

Public health intervention first focused on environmental hazards such as lead as acute exposures. 

The time scale has changed, so that now the main focus is on the toxic imprinting during early 

development that may be latent and only reveals itself later in life. The science needed to identify 

and document critical environmental hazards has its own pace for each field, and the research on 

lead, mercury and ethanol shows that it may take decades to generate evidence that was considered 

sufficient to justify action. Thus far, a single experimental study has explored the consequences of 

successive generations of exposure showing and that effects of the exposure may intensify with 

repeated generations of exposure [81]. Because these findings have potentially severe implications 

that may affect future generations, procedures must be generated to allow appropriate responses 

regarding the consequences for research planning and for prudent decisions on related policy 

decisions. 

A major obstacle in translating research evidence was addressed several years ago by a U.S. 

National Research Council committee, which highlighted the erroneous inference that chemicals can 

be considered inert or safe, unless proven otherwise [82]. Thus, inconclusive studies have 

sometimes been labelled as “negative” or were thought to represent “no risk” rather than 

“uncertain information” [83]. Accordingly, translation into public policy can be delayed, even by 

decades, as illustrated in Fig. 2.  

One defensive strategy, initially used by the tobacco industry, is to argue, “Doubt is our 

product” to compete with the ‘body of scientific facts’ developed by more impartial researchers and 

to create “a controversy” about the scientific issues [84]. This strategy has been widely adopted by 

other industries whose products are threatened by legal action to protect the health of children and 
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others [85]. Often strong opposition has succeeded, challenging the science, undermining political 

will by legislators and public health personnel, as well as possibly confusing the wider public.  

Another public relations strategy is to argue that before legal action can occur, there must 

be “ideal evidence,” including human studies with large samples, corroborated by animal data at 

exposures to which children and others are exposed, and further supported by mechanistic data that 

explain the biological connection between exposures and diseases [86]. Although appropriate for 

some purposes, this is quite excessive for protecting the public, but can appear persuasive. If such 

broad and diverse data were required before any public health protections could be initiated, few 

would be implemented because each would need to be developed appropriate to the highest 

internal quality standards of each field, which would take considerable time and money, further 

failing to protect the public. Both of these strategies have created a need to verify, replicate and 

confirm toxicity documentation, thus generating substantial inertia also in research, with a 

preference for repeated studies, rather than exploration of new aspects of toxicity.  

Developmental vulnerability should give social and legal institutions greater urgency to 

protect this susceptible subpopulation due to the long-term consequences, but social and legal 

responses have been quite sluggish. For fifty years, powerful economic interests resisted restrictions 

to the use of lead additives in gasoline, insisting that documentation did not exist that lead pollution 

was dangerous [87]. For other toxicants, research results obtained by the private sector were not 

shared with the public, thereby resulting in necessary risk assessment being delayed by decades 

[88], not because of lack of effort by public health agencies, but because the opponents of 

regulation have found ways to slow the process [89].   

The legal environment in which potentially toxic substances are assessed is another concern. 

The REACH legislation in the EU requires some toxicological information before chemicals and 

products can be marketed, while chemicals in the USA are mostly subject to post-market evaluation 

of any risks, unless there is evidence that a substance poses an unreasonable threat to health or the 

environment. Consequently, the overwhelming number of substances in commerce have not been 

tested for their toxicity to humans, not to speak about developmental toxicity. Even when tests have 

been carried out, this is not a safeguard that the product is safe. Epigenetic mechanisms necessitate 

a set of additional regulatory tests to reveal epigenetic mechanisms of toxicity. An improved battery 

of tests should also include testing for such effects as developmental neurotoxicity and endocrine 

disruption.  
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A new strategy 

As already emphasised by the Faroes statement [17] and subsequent recommendations [12, 90, 91], 

a greater attention to research is warranted regarding prenatal and early postnatal exposures to 

environmental hazards and their consequences. Although new findings of adverse effects of 

developmental origin would need to be replicated and confirmed, the unique timescale issue 

regarding long-term implications demands that a desire for more detailed documentation should not 

inappropriately delay prudent action that can benefit the health of the youngest generation, or 

future generations. In this field, and given the current status of the documentation, the emphasis 

needs to be on translation and intervention, not just on research expansion.  

This fundamental approach contrasts with a previous interpretation of developmental 

toxicity that was summarized about 25 years ago as follows: “Differences in sensitivity between 

children and adults are chemical-specific and must be studied and evaluated on a case-by-case 

basis” [92]. However, the National Research Council (NRC) report on pesticide residues in the food of 

infants and children [93] challenged that view and recommended the use of a 10-fold safety factor 

to protect the health of this vulnerable subpopulation. Still, this precautionary approach has not 

been generally applied, and indeed not internationally. Current evidence suggests that the NRC 

conclusion needs to be revived and extended. Thus, in the absence of convincing evidence one way 

or another, it is vital to address the supplementary question whether it is responsible to expose the 

next generation to potential toxicants, in particular when effects can be irreversible and transferred 

to future generations. 

 An improved public health strategy should take into consideration that the present 

epidemiological dimension of chronic diseases in older adults regards people born in the 1970s or 

before, when the toxic developmental exposure was different and less complicated than today. 

Thus, current epidemiological evidence on early-life impacts on degenerative disease and cancer 

later on most likely underestimates the real impact of developmental stressors [94,95]. Multi- and 

transgenerational effects make it clear that the consequences of exposure cannot be understood by 

merely assessing exposure and outcomes in the exposed individual. Thus, as part of the time scale 

concern, when new and more convincing research emerges over the coming years or decades, 

developmental toxicity will have adversely affected many more children and perhaps even additional 

generations. Given the uncertainties in research, the delays in decision-making, and the time scale 

for lifespan consequences of developmental stressor exposures, we recommend that this field of 

study and its public health implications be given high priority, as follows: 
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 Research strategies and support should include developmental toxicity as a priority 

field, especially regarding the long-term consequences for human health. Follow-up of child or birth 

cohorts is crucial. Collaboration between birth cohorts, as done by the Environment and Child Health 

International Birth Cohort Group [82] and in the Environmental influences on Child Health Outcomes 

(ECHO) program of the U.S. National Institutes of Health, should be extended. Meta analyses should 

be facilitated and supported.  

 Support for generating a clearing house for developmental toxicity research is 

needed, as has already been proposed for developmental neurotoxicity [24]. This function would 

entail systematic compilation of evidence, as successfully done at the International Agency for 

Research on Cancer, with evaluation of the weight of the evidence to derive science-based 

conclusions that can facilitate translation into policy development to control preventable 

environmental hazards that cause developmental toxicity. 

 The United Nations Sustainable Development Goals have important implications for 

human health and environmental protection. The goals require better research support, as outlined 

in a recent report [96]. However, the UN goals do not specifically mention adverse impacts on future 

generations, and neither does the research report specify the need for research on developmental 

toxicity. The present recommendations serve to support the research needed for fulfilment of the 

UN sustainable development goals. 

 

Conclusions 

Progress in understanding developmental vulnerability to environmental hazards has resulted in a 

widening perspective, in which developmental toxicity now involves latent effects that can result in 

delayed adverse effects in adults or the elderly and effects that are transferred to future 

generations. Although epidemiology to an increasing degree is documenting the harmful effects of 

developmental exposures in humans, the improved evidence and the widened perspective have 

resulted in little progress in protection, and few environmental chemicals are currently explicitly 

regulated to protect against developmental toxicity, whether neurotoxicity, endocrine disruption, or 

other adverse outcomes. The desire to obtain a high degree of certainty and verification of the 

evidence must be weighed against the costs of research and the time delay, as evidenced by the 

expensive and multi-year CLARITY-BPA project, and against the costs to human health due to 

delayed protection of vulnerable early-life stages of human development and, possibly, future 

generations.  
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Fig. 1. Number of publications retrieved from the PubMed literature data base from 2007, where the 

first PPTOX conference was held, and the following ten years. Dark grey columns reflect the total 

number of journal articles identified under the Medical Subject Heading “prenatal exposure delayed 

effects”, while pale grey shows the articles within this category classified as epidemiology. Although 

the total number seems to have levelled off in recent years, the proportion of epidemiology reports 

has doubled from 21% in 2007 to 42% in 2017. 
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Fig. 2. The time scale for developmental toxicity involves delayed lifespan consequences and 

transgenerational transfer of dysfunctions and disease risks. In addition, delays occur in research 

documentation and subsequently in decision-making, both of which will have long-term 

consequences that will call for a precautionary approach to prudent intervention.  
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