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ABSTRACT

Dental development is a complex adaptive system influenced by genetic-epigenetic-environmental factors.
The mature dentition is a paradigm for general development and is an accessible, permanent record of interac-
tions affecting development from 6 weeks in-utero to 20 years of age. Published research on the dentition of
a large group of Romano-Britons has indicated that three major environmental insults acting throughout the
developmental period are associated with high frequencies of dental variations. Based on those studies and
the literature, the aetiological network incorporates the effects of excessive lead ingestion, poor nutrition and
infections on the endocrine and immune systems, epigenome and gene expression. The environmental insults
act independently and synergistically on both the endocrine and immune systems, which in turn have recip-
rocal interactions with each other, as well as on the epigenome. Thus, a complex subnetwork influences the
epigenome and modifies one or more of three mechanisms by which it controls gene expression, that is, DNA
methylation, post-translational histone modification and microRNA expression. The environmental-epigenetic-
genetic interactions behave as a complex adaptive system that can be illustrated in a network diagram. The
epigenetic modifications can have long-term health effects in the individual and some may also be heritable.
Keywords: complex adaptive system, dental development, environmental stress, epigenetics, gene expression,
general development, Romano-Britons.

1 INTRODUCTION
Environmental stress is associated with significant health problems. In this paper, we explore its
impact on the development of dentition which is a valuable paradigm for general development. The
aim is to advance previous work by exploring further the actions of the environmental factors identi-
fied as having major impact in a group of Romano-Britons, and to model a complex network
involving the interactions between environmental factors, body systems, epigenetic mechanisms and
gene expression.

1.1 Complex adaptive system

Dental development is a complex adaptive system (CAS), and is characterised by dynamic behav-
iours that arise from non-linear spatial-temporal interactions among multiple component systems at
different levels of organisation [1]. The ecosystem, social networks and financial systems are other
examples of complex systems.

The exploration of dental development as a complex adaptive system began with Brook & Brook-
O’Donnell [2]. Then, Brook et al. [3] demonstrated that the CAS characteristics of self-organisation,
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bottom-up emergence, multitasking, self-adaptation, variation, tipping points, critical phases and
robustness are present in the development of dental tissues to form an integrated functional system.
The interactions among multiple agents at lower molecular and cellular levels, which result in the
emergence of the dentition at a higher level, are initiated by genetic, epigenetic and environmental
factors. The dentition is able to adapt and evolve in changing environments during its development
and as a mature system.

1.2 Dental development as a paradigm for general development

The formation of teeth begins with a sequential and reciprocal series of inductive signals transmitted
between the epithelium and mesenchyme-derived neural crest cells [4]. Then, the dental epithelium
thickens to form the dental lamina, which subsequently develops a specific number of higher-level
organs, called the soft tissue tooth germs [3]. The tooth germs continue to develop morphologically
into incisors, canines, premolars and molars at specific locations within the dental arches. Then,
specialised cells called ameloblasts and odontoblasts differentiate to control the secretion of enamel
and dentine matrices respectively. The mineralised mature teeth erupt and form a dynamic system
that continues to adapt during function [5,6]. Dental development is a valuable paradigm for general
development because teeth are accessible, permanent records of development that extends from 6
weeks in-utero to 20 years of age. Dental development is therefore a good model for the study of
normal and variations in general development and disease.

1.3 Genetic-epigenetic-environmental interactions

Dental development is initiated by genetic, epigenetic and environmental interactions. Recent
research in epigenetics has changed the way we think about normal development, disease states
and expression of the genome. Environmental factors act on the genome by affecting epigenetic
mechanisms, such as DNA methylation, histone modification and regulation of microRNAs.
Epigenetic modifications influence gene expression and can result in an altered phenotype while
the genomic structure remains unchanged. Interestingly, some epigenetic changes are potentially
reversible, but others persist throughout life. Children born during the period of the Dutch hunger
winter from 1944 to 1945 had increased rates of adult-onset diseases such as coronary heart disease
and obesity when there was maternal exposure to famine during pregnancy [7]. Some epigenetic
modifications have also been shown to be heritable or transgenerational. In another Dutch hunger
winter study, results showed that first generation famine exposure in-utero was associated with
increased second generation adiposity and poor health in later life [8]. The epigenome changes
over the human lifespan. However, it is most vulnerable to environmental factors during embryo-
genesis when the DNA synthesis rate is high, and the elaborate DNA methylation patterning
required for normal tissue development is established [9]. In-utero and early-life events can signifi-
cantly modulate the epigenome and lead to altered phenotypes and disease susceptibility throughout
the life course [10].

1.4 Environmental stress in early life and dental variation: Romano-British population

The numerous studies on the substantial skeletal material of the Romano-Britons from Poundbury,
Dorset in the 200400 A.D. provide much evidence concerning lifestyle and medical conditions
[11]. Major environmental insults known to affect development in the Poundbury population were
high levels of lead ingestion, poor general nutrition with identified vitamin and mineral deficiencies
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and recurrent infections [5]. The teeth and bones were found to have high lead content [12,13].
Possible sources of lead were lead kitchenware, and utilisation of lead for preparation of drinks in
some Roman recipes [11]. Besides that, an agricultural lifestyle with cereal as the predominant ele-
ment in the diet contributed to their poor nutrition [11]. High incidence of rickets and scurvy were
likely to have occurred following deficiency of micronutrients, such as Vitamin C and D, in addition
to poor maternal health during gestation [14]. Furthermore, gastrointestinal infections aggravated
their nutritional status and health [15]. The findings from Brook et al. [5] were that both Romano-
Britons and Modern Britons had the same general dental characteristics and types of variation.
However, there were substantial differences in the dimensions of teeth and prevalence of variation
between the two groups. It was suggested that the long-term environmental insults during dental
development influenced this complex adaptive system to produce the greater number of phenotypic
variations seen in the dentition of the Romano-Britons [5].

2 AIMS
The aim of this paper is to develop an aetiological network model based on findings of environmen-
tal stress from the Romano-British and Poundbury Camp studies. Following that, we will consider
the multiple independent, summative, synergistic and reciprocative interactions of excessive lead
ingestion, poor nutrition, and recurrent infections on the immune and endocrine systems and the
epigenome.

3 MATERIALS AND METHODS
This paper works further to Brook et al. [5], which summarised the findings for four outcomes of
dental development: tooth number; crown size and shape; root size and shape; and enamel structure
scored using standardised measurements [16—18].
Here, a thorough literature search of all the interrelated effects of excessive lead ingestion, recur-
rent infections and poor nutrition on the immune and endocrine systems, as well as on the epigenome
is reported.

4 RESULTS AND DISCUSSION

Our findings [5] show that in comparison with Modern Britons of European ancestry, the Romano-
Britons exhibited the same types of dental development variations and sexual dimorphism but a
much higher prevalence of hypodontia, smaller crown and root size, and enamel defects. These
results provide evidence for environmental stress affecting phenotypic outcomes arising throughout
the morphological, differentiation and calcification stages of tooth development. Different genes act
during different developmental stages, so that the finding of substantial numbers and degrees of
phenotypic variations in each stage is a strong indication that the aetiology of the higher prevalence
of these variations is environmental rather than genetic mutations. Set out in Fig. 1 is our proposal,
developed from evidence in the literature reviewed below for the complex adaptive system emerging
from the interactions of these environmental agents.

4.1 Lead

No level of lead exposure is considered safe and its cumulative effects are harmful to body systems.
Lead kitchenware and Roman recipes, which included lead for preparation of drinks, were major
sources in the Romano-Briton population [11]. After ingestion, lead is stored in teeth and bones, and
later bone remodelling becomes an endogenous source of lead exposure [19]. Endogenous and
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Figure 1: Environmental-epigenetic-genetic interactions. A complex adaptive system with multiple,
often reciprocal interactions by which the environmental factors interact with body systems
and epigenetic mechanisms to alter gene expression.

exogenous variables influencing bodily effects of lead include stress, dietary deficiencies and con-
comitant exposure to other chemical, biological and radiological hazards. These potentially modify,
or even potentiate the toxic effects of lead [19]. In addition, lead can also cross the placenta, and the
blood-brain barrier. Moreover, in-utero and lactational exposures further increase the risk of lead
toxicity during the gestational and neonatal period [19].

4.2 Effect of lead on nutrition

Long-term effects of excessive lead ingestion include digestive disturbances, colic and diarrhoea
[11]. When prolonged, these result in poor absorption of nutrients and digestive malnutrition.
Besides that, environmental chemical exposure and nutrient deprivation can occur simultaneously
and synergistically. For example, food chains are often contaminated by chemical agents found in
soil and water. Lee et al. [20] hypothesise a unifying mechanism that attempts to link epigenetic
alterations in relation to DNA hypomethylation due to chemical agents and nutrient deficiency. Both
chemical exposure and nutrient deficiency may impair the synthesis of S-adenosylmethionine
(SAM) via a common pathway, which results in DNA hypomethylation and modulation of the epi-
genome [20].

4.2.1 Effect of lead on the immune system, thus increasing the body’s susceptibility to infection

Lead impairs immune function and alters host resistance. Lead exposure can result in impaired
immune function of T-lymphocytes and erythrocytes, and a delayed immune response [21,22]. There
was a decrease in the percentage of CD4+ and significant increase in CD8+ cells in children exposed
to high lead levels [23]. Lead exposure in adults produces an impaired host resistance to bacterial
and viral infections [24,25]. In addition, lead exposure produces a shift in the functional capacity of
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the immune system, which may lead to an increased risk of atopic and autoimmune diseases, while
also impairing host defenses against infections and cancer [26].

4.2.2 Effect of lead on the endocrine system and epigenome

Lead has been found to be an endocrine disruptor in the Drosophila fruit fly [27]. The ability of lead
to act directly on the epigenome is probably one of the most important, having consequences long
after this environmental stressor has been removed. Perinatal lead exposure in mice during develop-
ment and lactation leads to persistent life-course changes in energy expenditure, food intake, body
weight, total body fat, glucose tolerance and insulin response [28].

4.3 Poor nutrition

4.3.1 Effect of poor nutrition on lead toxicity

Dietary deficiencies modify the toxicodynamics of lead: diets deficient in iron, zinc and calcium
have been shown to increase the gastrointestinal absorption of lead [19]. Furthermore, maternal
dietary protein levels modify the developmental immunotoxicity of lead in rat offsprings [29].
Individuals living in developing countries are more likely to have nutritional deficiencies that
increase lead absorption [30]. Children who are engaged in child labour tend to belong to the same
population that is at risk of nutritional deficiencies. This enhances the adverse health effects of lead
on top of increasing its absorption into the body [31].

4.3.2 Effect of poor nutrition on the immune system

The immune system may be compromised by nutritional deficiencies during prenatal and early post-
natal life. In rural Gambia, infection-related mortality was much higher for adults born in the annual
climatically determined, nutrition-deficient ‘hungry’ season, which suggests immune function, may
be compromised by this early-life event [32]. Furthermore, thymus development during infancy is
critically sensitive to environmental exposures, with smaller thymuses observed in those born in the
hungry season. The compromised thymus and hence T-lymphocyte development result in defective
adaptive immunity later in life.

In contrast, the combined effects of some hormones may positively affect on the immune system.
Davis [33] found that nutritional deprivation, physical and emotional stress and environmental tem-
perature are mediated by hormones and the endocrine system, which alter the immune system. He
proposed that Growth Hormone is involved in homeostasis of the immune system during nutrient
deprivation. Partitioning of nutrients away from muscle growth makes it more available for use by
the immune system. Also, Growth Hormone exerts a direct positive effect on the thymus, lympho-
cytes and other components of the immune system.

4.3.3 Effect of poor nutrition on recurrent infections

The relationship between infection and malnutrition is synergistic [34]. There is evidence for both
the adverse effect of infection on nutritional status and the increased susceptibility of malnourished
individuals to infection. Each may worsen the other and that the potentiated effects of malnutrition
and infection combined are thus greater than the sum of the two.

Specific micronutrients, for example, vitamin A, beta-carotene, folic acid, vitamin B 12 vitamin C,
riboflavin, iron, zinc, and selenium have immunomodulating functions. They influence the suscepti-
bility of a host to infectious diseases, including their course and outcome. The antioxidant properties
of the micronutrients may not only regulate immune homeostasis of the host, but also alter the
genome of microbes particularly viruses [35].
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4.3.4 Effect of poor nutrition on the endocrine system

Early exposure to undernutrition has been strongly associated with low birth weight, epigenetic
programming and functional alteration of the hypothalamo-pituitary-adrenal (HPA) axis through-
out the lifespan [36]. Studies using animal models have shown that pituitary corticotrophs and the
adrenal cortex are affected. In humans, recent evidence shows that there is indeed HPA-axis dys-
regulation [36].

4.3.5 Effect of poor nutrition causing epigenetic changes

There is now compelling evidence to show that poor nutrition causes epigenetic changes in ani-
mals and humans. In the Dutch hunger winter study, individuals who were prenatally exposed to
famine in 1944-1945 and had poor early-life nutritional status showed DNA methylation changes
at the IGF2 locus compared with their unexposed, same-sex siblings [37]. Maternal diet consist-
ently demonstrates alteration in the offspring’s epigenome [38]. These findings support previous
epidemiologic studies which suggested that adult disease risk is associated with early-life envi-
ronmental conditions and is greatly influenced by changing pattern of the epigenome and gene
expression. The association was specific for periconceptional exposure, reinforcing that very
early mammalian development is a crucial period for establishing and maintaining epigenetic
marks.

4.4 Recurrent infections

4.4.1 Effect of recurrent infections on nutrition

Infections have been found to aggravate micronutrient deficiencies by reducing nutrition intake,
increasing nutritional losses and interfering with utilisation via alteration of metabolic pathways
[35]. Infection is a common precipitating and aggravating factor of malnutrition, while malnutrition
also tends to be a major factor in the occurrence of infection [39]. This is reflected in the reciprocal
interactions in Fig. 1.

4.4.2 Effect of recurrent infections on the immune system

Prenatal infection may further reduce the capacity of the innate neonatal immune system to respond
to endotoxin; neonatal rat pups responded to challenge with significantly reduced corticosterone
while maternal infection suppresses the offspring’s inflammatory response to lipopolysaccharide [40].

4.4.3 Effect of recurrent infections on the endocrine system

In a guinea pig model, offspring of dams exposed to endotoxin during pregnancy exhibited an atten-
uated cortisol response to environment stress in the weaning period. In adulthood, the female
offsprings had diminished cortisol response to immune challenges while both male and female off-
springs exhibited altered febrile response [41].

4.4.4 Effect of recurrent infections causing epigenetic changes

Recurrent infections can lead to epigenetic modification of an imprinted gene, such as IGF2. Bacteria
translocate to the placenta of intrauterine growth-restricted mice foetuses, and cause structural alter-
ation within the challenged placental layer, DNA hypermethylation and down regulation of IGF2
[42]. In addition, there is increased DNA methylation at several CpG islands in the gastric mucosae
of individuals infected with H. pylori compared to uninfected individuals.
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4.5 Endocrine system

4.5.1 Effect of the endocrine system on the immune system and epigenetics

A number of hormones, for example, growth hormones (GH), prolactin (PRL), Insulin-like Growth
Factor-1 (IGF-1), glucocorticoids (GC) and thyroid hormones, have receptors in and exert biologic
actions on tissues of the immune system [33]. PRL secretion in response to stress has an immu-
nomodulatory role: it stimulates the immune system directly and reduces the degree to which GCs
are secreted in response to stress. GH, PRL and IGFs all play an integral role in growth, mainte-
nance, repair and function of the immune system [33]. These further interactions are also included
in Fig. 1. Moreover, the effects of endocrine disruptors are heritable or transgenerational [44, 45].

5 CONCLUSION AND FUTURE WORK

Environmental stress is a significant health problem globally. Environmental factors such as heavy
metals, malnutrition and infection affect developing countries disproportionately more. These facts
emphasise the value of studying the dentition as a complex adaptive system and this Romano-British
population as a well-documented, accessible source of material.

This paper builds upon previous work exploring of the dentition as a self-adaptive complex system.
It demonstrated that the dentition is a valuable model for investigating the control of general develop-
ment and the causes of developmental abnormalities and systemic illnesses. Many of the same genes,
epigenetic and environmental influences and similar mechanisms are present during development of
the dentition and of other body tissues and systems. A promising area of future research is exploring
the possibility of reversing the long-term adverse outcomes of the epigenetic change.
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