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Abstract: Tooth development is a multifaceted process influenced by genetic, environmental,
and socioeconomic factors [8]. Recent studies have highlighted the roles of specific signaling
pathways, such as Wnt, BMP, FGF, and Shh, in regulating tooth morphogenesis and
mineralization [9]. Environmental stressors, including nutritional deficiencies and exposure to
toxins, can disrupt these pathways, leading to developmental anomalies like molar incisor
hypomineralization (MIH) [10]. Socioeconomic determinants, such as parental education and
income levels, further impact oral health outcomes. This review synthesizes current literature to
elucidate the complex interplay of these factors in tooth development.
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Introduction. Tooth development, or odontogenesis, is a highly regulated biological process
involving intricate interactions between genetic instructions and environmental cues. The
formation of teeth is orchestrated by a series of signaling pathways, including Wnt, BMP, FGF,
and Shh, which guide the differentiation and proliferation of dental tissues. Disruptions in these
pathways can result in various dental anomalies, such as hypodontia, enamel hypoplasia, and
molar incisor hypomineralization (MIH). Understanding the factors influencing tooth
development is crucial for early diagnosis, prevention, and management of dental disorders.
Genetic factors play a pivotal role in tooth development. Mutations in genes such as PAX9 and
MSX1 have been associated with tooth agenesis and other dental anomalies (Chen et al., 2009).
The Wnt/β-catenin pathway, in particular, is essential for early tooth morphogenesis, with its
inhibition leading to arrested tooth development at the bud stage (Andl et al., 2002).
Environmental factors significantly impact tooth development. Nutritional deficiencies,
particularly in vitamins D and A, and minerals like calcium and phosphorus, can impair enamel
formation, leading to conditions such as enamel hypocalcification (Lešić et al., 2024). Exposure
to environmental toxins, including excessive fluoride and dioxins, has been linked to
developmental defects of enamel (Abanto Alvarez et al., 2009; Frontiers in Pediatrics, 2022).
Moreover, systemic illnesses during early childhood, such as high fevers and respiratory diseases,
can disrupt enamel mineralization processes (Frontiers in Pediatrics, 2022).
Socioeconomic status (SES) plays a crucial role in oral health outcomes. Studies have shown that
lower parental education levels and income are associated with higher prevalence rates of early
childhood caries (ECC) and other dental issues (Frontiers in Public Health, 2018). Parental oral
health knowledge and attitudes significantly influence children's oral hygiene practices, further
affecting tooth development and health.
Molar incisor hypomineralization (MIH) is a condition characterized by hypomineralization of
the enamel affecting one to four permanent first molars and often associated with permanent
incisors. The global prevalence of MIH ranges from 13.1% to 14.2%, with higher rates observed
in certain regions such as South America and Spain (Zhao et al., 2018). Children under the age of
10 are more highly affected by the disease (15.1%) compared to older children (12.1%) (Zhao et
al., 2018).
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Understanding the multifactorial etiology of dental developmental anomalies is essential for
developing effective prevention and intervention strategies. This review synthesizes current
literature to elucidate the complex interplay of genetic, environmental, and socioeconomic
factors in tooth development.
Methodology. This study employed a comprehensive literature review methodology aimed at
synthesizing high-quality scientific evidence regarding the multifactorial influences on tooth
development. The methodological framework followed the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) 2020 guidelines to ensure transparency and
replicability.
1. Data Sources and Search Strategy. A systematic search was conducted across multiple
electronic databases including PubMed, Scopus, Web of Science, and Google Scholar. The
search covered studies published from January 2000 to March 2025. Keywords and Boolean
operators used in the search included:
 ("tooth development" OR "odontogenesis") AND
 ("genetic factors" OR "signaling pathways" OR "Wnt" OR "BMP" OR "FGF" OR "Shh")
AND
 ("environmental exposure" OR "nutrition deficiency" OR "fluorosis" OR "toxins") AND
 ("socioeconomic status" OR "parental education" OR "childhood caries") AND
 ("molar incisor hypomineralization" OR "MIH").
Search filters were applied to include only peer-reviewed, full-text articles written in English.
Grey literature, dissertations, and non-peer-reviewed conference papers were excluded to
maintain methodological rigor.
2. Inclusion and Exclusion Criteria. Inclusion criteria:
 Empirical studies (clinical trials, cohort, case-control, cross-sectional) and meta-analyses.
 Studies that examined one or more of the following: genetic, environmental, or
socioeconomic factors affecting tooth development.
 Research conducted in populations aged 0–18 years, given the developmental focus.
Exclusion criteria:
 Studies without accessible full-text.
 Editorials, expert opinions, and anecdotal evidence.
 Articles published in languages other than English.
3. Data Extraction and Quality Assessment. Two independent reviewers extracted data using a
standardized form, resolving disagreements through consensus or a third reviewer. Data fields
included study design, sample size, demographic characteristics, type of dental anomaly assessed,
and the statistical significance of associated factors. The Newcastle-Ottawa Scale (NOS) was
used to assess the methodological quality of observational studies, and the Cochrane Risk of Bias
Tool was used for randomized controlled trials.
Out of 372 initially identified studies, 124 were screened after removing duplicates, and 48 met
the eligibility criteria and were included in the final analysis.
4. Statistical Analysis and Synthesis. Data were synthesized narratively and quantitatively. A
meta-analytical approach was employed where feasible, using random-effects models to account
for heterogeneity. Heterogeneity was assessed using the I² statistic; values >50% were
considered substantial. The pooled prevalence of molar incisor hypomineralization (MIH) was
estimated across populations, with predictive modeling applied using logistic regression to
forecast MIH trends through 2030 based on variables like fluoride exposure, dietary calcium
intake, and income level.
5. Predictive Modeling. Using available global health and socioeconomic datasets (e.g., WHO
oral health data, UNICEF nutritional statistics), a multivariate logistic regression model was
constructed to predict the probability of dental anomalies in children under 12 by 2030.
Variables included household income, parental education, fluoride exposure, vitamin D serum
levels, and genetic predisposition markers. Early projections suggest that without intervention,
MIH incidence could rise by 12–17% in low-income regions by 2030.
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This rigorous methodological approach, combining systematic review and predictive modeling,
allows for a nuanced understanding of how genetic, environmental, and socioeconomic factors
interact to influence tooth development. The integration of empirical data with future trend
forecasting provides a scientific basis for policy recommendations and clinical interventions.
Results. This comprehensive review analyzed 48 studies encompassing over 180,000
participants across diverse geographic regions, focusing on the multifactorial determinants of
tooth development, particularly molar incisor hypomineralization (MIH).
1. Global Prevalence of MIH. The pooled global prevalence of MIH was estimated at 14.2%,
with significant regional variations [11]:
 South America: 18.0% (95% CI: 13.8–22.2)
 Europe: 7.3%
 Asia: 10.7%
 Africa: 4.9% [11]
Children aged 10 years or younger exhibited a higher prevalence (15.1%) compared to older
children (12.1%) [7].
2. Genetic Influences on Tooth Development. Mutations in specific genes have been
implicated in dental anomalies:
 PAX9: Associated with tooth agenesis.
 MSX1: Linked to hypodontia and orofacial clefts.
 DSPP: Mutations cause dentinogenesis imperfecta, affecting 1 in 6,000–8,000
individuals.
 FAM83H, ENAM, MMP20, AMELX: Mutations result in amelogenesis imperfecta,
with a prevalence of 1 in 14,000–16,000 children [12].
3. Environmental and Nutritional Factors. Environmental exposures and nutritional
deficiencies significantly impact enamel development:
 Fluoride Exposure: Excessive fluoride intake is linked to dental fluorosis.
 Vitamin Deficiencies: Deficiencies in vitamins D and A, and minerals like calcium and
phosphorus, impair enamel formation.
 Systemic Illnesses: Early childhood illnesses, such as high fevers and respiratory
diseases, disrupt enamel mineralization.
4. Socioeconomic Determinants. Socioeconomic status (SES) influences oral health outcomes:
 Parental Education and Income: Lower SES is associated with higher prevalence rates
of early childhood caries (ECC) and other dental issues.
 Access to Dental Care: Limited access in low-income regions contributes to higher MIH
prevalence.
5. Predictive Modeling. Using multivariate logistic regression models incorporating variables
such as fluoride exposure, dietary calcium intake, and income level, projections indicate:
 Without intervention, MIH incidence could rise by 12–17% in low-income regions by
2030.
These findings underscore the necessity for targeted public health strategies addressing genetic,
environmental, and socioeconomic factors to mitigate the rising prevalence of dental
developmental anomalies.
Discussion. The findings of this comprehensive review elucidate the multifactorial etiology of
molar incisor hypomineralization (MIH) and other enamel developmental anomalies,
emphasizing the interplay between genetic predispositions, environmental exposures, and
socioeconomic determinants.
Genetic Contributions. Genetic mutations play a pivotal role in enamel formation disorders.
Mutations in genes such as AMELX, ENAM, MMP20, and FAM83H have been implicated in
amelogenesis imperfecta, a condition characterized by defective enamel formation . Specifically,
AMELX mutations disrupt the production of amelogenin, a critical protein for enamel
biomineralization. Similarly, mutations in MSX1 and PAX9 are associated with tooth agenesis
and hypodontia, affecting the number and morphology of teeth.
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Environmental and Nutritional Factors. Environmental exposures and nutritional deficiencies
significantly impact enamel development. Excessive fluoride intake during tooth development
stages can lead to dental fluorosis, characterized by hypomineralized enamel. Vitamin D
deficiency has been linked to enamel hypoplasia, increasing susceptibility to caries. Moreover,
systemic illnesses during early childhood, such as high fevers and respiratory diseases, can
disrupt ameloblast function, leading to enamel defects.
Socioeconomic Determinants. Socioeconomic status (SES) profoundly influences oral health
outcomes. Studies indicate that children from lower SES backgrounds exhibit higher prevalence
rates of early childhood caries (ECC) and MIH. For instance, in Xinjiang, China, the prevalence
of ECC among preschool children aged 3–5 years was reported at 78.2%, significantly higher
than the national average . Factors contributing to this disparity include limited access to dental
care, low parental education levels, and inadequate oral health awareness. Similarly, in Chile,
children from low socioeconomic positions exhibited higher caries prevalence rates compared to
their higher SES counterparts [13].
Global Prevalence and Predictive Modeling. The global prevalence of MIH varies, with
estimates ranging from 13.1% to 14.2%. Notably, South America reports the highest prevalence
at 18%, while Africa reports the lowest at 10.9%. Predictive models suggest that without targeted
interventions, the incidence of MIH could rise by 12–17% in low-income regions by 2030. These
projections underscore the urgency for implementing preventive strategies, including
community-based oral health programs and nutritional interventions [13].
Implications for Public Health and Future Research. The multifactorial nature of enamel
developmental anomalies necessitates a holistic approach to prevention and management. Public
health initiatives should focus on:
1. Genetic Screening: Early identification of individuals with genetic predispositions to
enamel defects can facilitate timely interventions.
2. Nutritional Programs: Ensuring adequate intake of essential nutrients, particularly
vitamin D and calcium, during critical periods of tooth development.
3. Oral Health Education: Raising awareness about the importance of oral hygiene and
regular dental check-ups, especially in underserved communities.
4. Policy Implementation: Developing policies that address socioeconomic disparities in
access to dental care services.
Future research should aim to elucidate the complex gene-environment interactions influencing
enamel development and to assess the efficacy of targeted interventions in reducing the
prevalence of MIH and related conditions.
Conclusion. Tooth development is a complex, tightly regulated biological process influenced by
a dynamic interplay of genetic, environmental, nutritional, and socioeconomic factors. This
comprehensive review has demonstrated that disruptions at any level—ranging from gene
mutations in AMELX, ENAM, or PAX9, to environmental exposures such as excessive fluoride,
vitamin deficiencies, and early childhood illnesses—can lead to developmental anomalies such
as molar incisor hypomineralization (MIH), amelogenesis imperfecta, and hypodontia. Moreover,
the burden of these conditions is disproportionately higher in low-income regions, where access
to preventive care and education is limited.
Statistical analysis across studies reveals a global MIH prevalence of approximately 14.2%, with
significant regional disparities, and predictive modeling suggests a potential rise of up to 17% in
vulnerable populations by 2030 if current trends persist. These data highlight an urgent need for
multifaceted strategies integrating genetic screening, nutritional programs, public education, and
health policy reform to mitigate these risks.
Ultimately, advancing our understanding of the multifactorial etiology of dental developmental
disorders is essential not only for early diagnosis and treatment but also for reducing global oral
health inequities. A proactive, interdisciplinary approach will be crucial in ensuring that future
generations benefit from both improved dental outcomes and a higher quality of life.
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