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Abstract: The process of development is intricate and couple-dependent phenomenon. Accordingly, the study of

molecular and cellular biology-based developmental toxicology biomarkers increasingly is becoming an important part

of risk assessment and management of chemicals for detection of health outcomes and/or biological endpoint like

cytotoxicity, cell death, etc. Since, the evolution of developmental toxicology field a number of tools/markers have

been developed or addressed to deal with developmental outcomes, which can ultimately be used for the development

of adverse outcome pathways (AOPs) of developmental toxicants. As a result, this paper provides an overview of the

current state of developmental toxicology biomarkers and describes the strategies used in the selection and evaluation

of such biomarkers in the context of developmental toxicity studies. Here, we discuss about the biological markers

that are directly linked to developmental toxicity with respect to future revolutionary perspectives. Additionally, this

chapter will address different associated outcomes of developmental exposure by intriguing advance techniques. The

discussion focuses on the challenges associated with the development of biomarkers for developmental toxicity and

highlights some of the recent advances in this area. Finally, the chapter concludes with a brief discussion of the future

prospects for the use of molecular and cellular biology-based developmental toxicity biomarkers. Hope the present

state of the art will provide a succinct summary of recent developments of biomarkers of developmental toxicology.

Introduction

Starting in 1960s, when it became clear that thalidomide,
a sedative/hypnotic commonly used at the time, had a
particularly bad impact on human limb growth, there was a
significant rise in consciousness regarding developmental
toxic chemicals (Hougaard, 2021). Prior to that, different
substances were being examined on adults, but infrequent
testing was carried out on pregnant animals, and it was
widely believed that the placental barrier protected the
foetus from outside agents. Additionally, there has been
significant progress made to identify probable
developmental toxins in the environment and control
human exposure to them since the beginning of the sixties,

when prenatal sensitivity was first recognized (Estevan et al.,
2017; Luconi et al., 2022). In addition to birth problems,
growth retardation, mortality (including the loss of embryos
and foetuses), and functional impairments in the newborn
are increasingly recognized as detrimental developmental
impacts (Draskau et al., 2020). In laboratory animals, over
1,200 distinct substances have been found to have
detrimental developmental consequences; however, the
implications of exposure to many of these substances in
humans are not well known (Giavini and Menegola, 2012;
Luconi et al., 2022).

Developmental toxicology, or the investigation of how
poisons affect vital aspects of healthy development, has
made strides scientifically since the 1960s. As toxicology has
improved, so has the science of evaluating the risks that
chemicals have on human health. Risk analysts typically
depend on two types of data to make risk predictions:
estimations of human toxication extent to a specific
substance and assessments of the substance’s human toxicity
according to developmental/embryonic outcomes of progeny
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from trial mothers-to-be subjected to that compound
(Hougaard, 2021). Sometimes, data becomes accessible from
other avenues, such as (1) relationships between structure
and activity connecting the substance’s toxicity with its
other family members, (2) the outcomes of the chemical’s in
vitro experiments, and (3) human epidemiology findings
regarding the compound’s impact (Committee on
Developmental Toxicology, 2000; Luconi et al., 2022).

Assessors look for correct mechanism-based empirical
information or evidence based on a substance’s clear
comprehensive toxicity mechanisms, as established by
developmental toxicologists, to construct their risk
assessments (Estevan et al., 2017; Hougaard, 2021; Escher
et al., 2022). These are scanty data. The evaluation of a
substance’s potential effects on development is restricted by
a number of assumptions. The finest evidence currently
available for extrapolation of toxicant impacts on human
beings comes from animal bioassays, primarily employing
mammals (Malits et al., 2022). Just a tiny percentage of the
substances used in society and the environment have
undergone thorough evaluations for their possible harmful
effects on animals due to the high cost and lengthy nature
of these bioassays (European Commission, 2020a). The
numerous efforts to build less complex and expensive
experiments using tissue explants, cultured cells, or purified
biological substances have thus far proven to be of little use
for forecasting the effects of chemicals on human embryonic
and fetal growth (Malits et al., 2022).

When suggesting the correct amounts of people’s
exposure to a particular xenobiotic, risk analysts frequently
employ four types of default hypotheses since they lack
precise mechanism-based empirical evidence (Maertens
et al., 2022; Escher et al., 2022). They begin by assuming
that outcomes from tests on animals are applicable to
people. People are considered the most vulnerable animals,
barring contrary evidence, and tolerable human exposure is
established at a level that is ten times lower than the highest
exposure dose that has no adverse effects on animal’s
growth (Xie et al., 2020; Luconi et al., 2022). Then, an
additional 10-fold drop is implemented to adjust for the
likelihood that the animal’s developmental responses, which
were usually observed at sub-chronic exposition to the
substance, would not accurately represent human reactions
at extended (chronic) doses (Hougaard, 2021). Third, to
account for the potential that sensitivity differs amongst
human beings, with certain individuals fundamentally more
susceptible to the substance, a tenfold decrease is included.
Fourth, if the toxicology information for a substance is not
satisfied, a tenfold decrease may occasionally be
implemented (Ujházy et al., 2012; DeSesso, 2018; Hougaard,
2021). Due to the vulnerability of growing structures, a
further child-specific ratio is occasionally used (often a 10-
fold decrease). Although a lot of analysts are interested in
employing mechanism-based empirical information rather
than these present assumptions (approx. 10,000-fold
exacerbated decrease in suitable exposure for people outside
provided by the animal’s test), test results for the analysts’
use are frequently scarce due to scarce funds and have an
unidentified relevance to people due to a shortage of
knowledge of the fundamental mechanisms of

developmental toxicology (Committee on Developmental
Toxicology, 2000; Escher et al., 2022; Hougaard, 2021).

As a result, extrapolating, meaning, expenses, and
efficiency issues provide difficulties for risk evaluators.
Scientists are being sought to formulate methods for testing
that utilize our rapidly developing understanding of normal
growth in order to deliver accurate data with better forecasts
for human developmental results (Ujházy et al., 2012;
DeSesso, 2018; Hougaard, 2021). This is because a
substantial amount of ambient substances, either naturally
or synthesized, have not undergone sufficient evaluation for
prospective developmental toxicity (DeSesso, 2018;
Hougaard, 2021). The assessment of the human danger
posed by environmental toxicants is a continuous challenge.
Therefore, extensive investigation of in vivo developmental
toxicity continues to necessitate an extensive number of
animal models. Accordingly, the current paper provides an
outline of developmental toxicity ranging from
developmental defects to toxicity testing. This also highlights
upon how the outcomes obtained from these toxicity
methods might function as in vivo biomarkers of
predictability to development and explains the way the
information acquired might be utilized to anticipate
chemical’s ability to generate in vivo embryonic damage.

History of Developmental Toxicology

Teratology or more specifically the developmental toxicology,
or the scientific study of aberrant development, possesses a
lengthy history that is largely mirrored in developmental
biology (Ujházy et al., 2012). In the 19th century and into
the first half of the 20th century, advancement was made in
understanding the underlying reasons for aberrant
development by scientific means. By that time, it had
become apparent that congenital defects in humans might
be a result of inherited, dietary (such as cretinism),
pathogenic (such as congenital rubella syndrome), and
chemical variables (Daston et al., 2014). It was additionally
understood that these signs of disturbed development might
be induced experimentally in a variety of animal species.
The chronology of developmental toxicology is postulated as
follows:

ca. 1750 BCE: During sixth Amorite king of the Old
Babylonian Empire, Hammurabi, congenital malformations
were recorded as rare and historical events. They believed
that appearance of a specific type of malformation was
indication of a specific future events (Warkany, 1971, 1977).

ca. 700 BCE: In the ruins of Mesopotamia, similar types
of Hammurabi record have been found.

ca. 1500–500 BCE: Many of the gods in Hinduism are
represented as having multiple limbs. This believe
continuing at present. Similar believe also present in other
religion.

The scientific study of poisons dates to Ancient Egypt,
China, and Greece. Numerous toxins, that include hemlock,
are discussed in the 1500 BCE Ebers Papyrus.

Shen Hung (2605 BCE, China) tested hundreds of herbs
and wrote the first Pharmacopoeia.

Until the 18th century, that deformed organisms develop
from miniature versions of themselves (Preformism theory).
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ca. 1849: Willem Vrolik published a magnificent, early
atlas of malformations and the specimens are kept in Vrolik
museum.

Orfila, a 19thcentury Spanish physician and scientist, is a
founder of modern toxicology that autopsied poison victims
to evaluate target organ specific effects (liver, kidney, GI
track, brain, etc.).

French naturalist Camille Dareste (1822–1899) excelled
in investigative embryonic development. His publication,
“Research on the Artificial Production of Monstrosities, or
Essays on Experimental Teratogenesis (Dareste, 1876)”, was
the first conclusive proof showing anomalies in the neural
tube have been brought about by a malfunction of neural
tube’s closing instead of sealed neural tube burst.
Significantly, Wilson’s ideas, that emerged almost one
century afterwards (Wilson, 1959, 1973), were motivated by
and prophesied by Dareste’s five exploratory teratology
theories.

In 1894: A groundbreaking (though brief-lived) scholarly
publication focused on birth abnormalities (Book:
“Teratologia: A Quarterly Journal of Antenatal Pathology”)
was published by the prominent Scottish doctor J. W.
Ballantyne.

In 19th century, the idea of teratogenesis emerged as a
consequence of the advancement of illustrative embryology,
in which anomalies were interpreted as deformities or
mistakes made throughout a stage of growth/development.

By the 20th century, epigenesis, or the interplay among
genetic programme and surroundings, was proved as well-
established theory.

During the middle half of the twentieth century,
scientists had shown that environmental influences could
result in deformities and possibly multigenerational impacts.

The detailed chronology of origin of developmental
events are displayed in Fig. 1.

Challenges of Developmental Toxicology

REACH (Registration, Evaluation, Authorization, and
Restriction of Chemical Substances in Europe), a European
legislation, regulates between 70,000 and 100,000 chemical
compounds, to which it has recommended to add
compounds like pharmaceuticals (ECHA, 2020).
International guidelines, namely Organization for Economic
Co-operation and Development (OECD) and International
Council for Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH)
generally checking the developmental outcomes of chemicals
and pharmaceutical compounds, respectively (Estevan et al.,
2017; Hougaard, 2021). More specifically, the REACH is the
European legislation while the OECD and ICH are
harmonized the guidelines for regulatory testing, they do
not regulate anything indeed the OECD guideline are used
for in the data dossier for REACH approval (ECHA, 2020).
Complete evaluation of developmental hazards of all
substances is not possible due to the substantial
expenditures and extensive usage of laboratory organisms
(Munirathinam et al., 2023). Experimental toxicity offers the
benefit of allowing for oversight of intoxication,
surroundings, and heredity. Since only extremely large
tonnage levels (>1,000 tonnes/year) cause substantial harm,
REACH has boosted toxicity evaluation of industrial
compounds, but information regarding developmental
outcomes is still rare (ECHA, 2017). Furthermore,
nevertheless extremely thorough testing procedures do not
always ensure the identification of every developmental
toxicity. In addition, certain results are too infrequent to
identify an influence, and there is insufficient information
available on how the organs of the offspring operate to a
developmental toxicant. A unique and comprehensive
protocol exists for developmental neurological damage;

FIGURE 1. Timeline of different developmental events (Source: DeSesso, 2018).
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however, it is infrequently. Similar to drugs, only a small
number of functional results in the progeny are evaluated
(European Medicines Agency, 2017). In addition, testing
standards mostly apply to substances that are being
produced, not to the many substances created by human
activities like welding process, burning, or using electronic
cigarettes. According to Schmitz-Felten et al. (2016), only
few committed scientists from academic institutions and
government agencies are mostly responsible for evaluating
these aspects. Currently, the EU assesses every substance
separately, but it is now aware that hazards from numerous
chemical encounters should be considered during evaluation
of developmental damage, for instance, in employees who
are exposed to compounds in both their personal and
professional lives (European Commission, 2020b), not to
mention medications.

Types of Developmental Defects and Occurrence Pattern

Developmental abnormalities are frequently described as those
which start in the developing embryo and fetus, or in the
prenatal stage. Birth defects can take on a wide range of
shapes and relationships, from straightforward structural
defects to frequently horrifying malformations which might
damage a whole bodily part. Table 1 lists a few of the most
prevalent kinds of abnormalities. Table 2 summarizes the
occurrence of different developmental outcomes. The
substance or circumstance that is harmful to the mother-to-
be during pregnancy is then considered a developmental
toxin (Baines et al., 2021). However, growth occurs
continuously throughout the life cycle and includes things
like the adult’s ongoing regrowth of skin, intestinal lining,
and hematopoietic system as well as the child’s and

TABLE 2

Frequency of variety of developmental outcomes

Type of outcome Frequency

Early miscarriage (<8 weeks) 20%–30% of implantations

Spontaneous abortion (8–20 weeks) 10%–20% (clinically confirmed)

Abnormal chromosomes in naturally occurring abortions (8–12 weeks) 40%–50% of spontaneous abortions

Late miscarriage (>20 weeks) 1%–4%

Significant birth defects 2%–3%

Minor birth abnormalities 14%–22%

Severe birth abnormalities, causing newborn death (<15 months) 0.016%

Anomalies of the chromosome in live births 1%

Extreme mental impairment 0.4% (up to 15 year)

Abnormality in the neural tube 0.001%
Source: Committee on Developmental Toxicology (2000).

TABLE 1

Abnormal birth types

Abnormality
types

Description

Anomalies in particular individual structures

Malformation A defect in structure in a portion of an organ, a whole organ, or a bigger portion of it by an aberrant process inherent to
its growth (such as a coloboma).

Deformation An architectural anomaly brought on by mechanical forces (such as contraction of the amniotic band).

Disruption An abnormality in a body component or organ brought on by a method that disrupts a once-normal developing process
(for example, thalidomide-induced phocomelia).

Dysplasia A tissue defect brought on by an atypical inherent growth process (such as ectodermal dysplasia).

Defects affecting multiple structures

Syndrome A collection of structural deformities that share a common basic origin but manifest themselves via various
developmental routes (such as the trisomy 13 syndrome).

Sequence A series of numerous deformities caused by the disruption of a previous developmental phase or mechanical element
(such as the Potter sequence).

Association A collection of defects that are present in multiple people but remain to be linked to a single etiology.
Source: Tanteles and Suri (2007).
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adolescent’s continued improvement and differentiation of
their skeletal, nervous, and reproductive systems (Giavini and
Menegola, 2012). Therefore, it appears unfair to limit the
definition of developmental contaminants to substances that
can harm an embryo or foetus when a mother is exposed to
them during pregnancy. The line between the two, however,
is not clearly defined, thus it is to be anticipated that poison
exposures at other times could have an impact on growth in
children, adolescents, and adults as well as have an impact on
gametes and reproductive organs that may not manifest until
a long time after in the gestation period.

Major developmental abnormalities, commonly known
as major congenital disorders, affect 120,000 of the roughly
4 million live births that take place annually (a baby with
birth defect/4½ minute or 1 in every 33 babies) in the
United States (www.cdc.gov/birthdefects). These oddities
include those that pose a serious impairment, need extensive
treatment/surgery, or are potentially fatal. Worldwide,
240000 newborns die inside 28 days each year from
congenital disorders (Table 3). Congenital disorders cause a
further 170,000 deaths of kids below the age of 5 per year
(WHO, 2023). Around the world, 6% of newborns are

TABLE 3

Status of different types of birth defects

Organs defects Specific defects Occurrence frequency
(one incidence per)

No of defects (per year)

Brain/spine Anencephaly 4,647 births 847

Encephalocele 10,502 births 375

Spina bifida 2,758 births 1427

Eye Anopthalmia/micropthalmia 5,243 births 751

Heart Atrioventricular septal defect 1,859 births 2118

Coarctation of the aorta 1,795 births 2194

Common truncus (truncusarteriosus) 15,696 births 251

Double outlet right ventricle 5,997 births 656

Ebstein anomaly 13,047 births 302

Hypoplastic left heart syndrome 3,841 births 1025

Interrupted aortic arch 16,066 births 245

Pulmonary valve atresia and stenosis 1,052 births 3742

Pulmonary valve atresia 7,104 births 554

Single ventricle 13,351 births 295

Tetralogy of Fallot 2,171 births 1813

Total anomalous pulmonary venousconnection 7,809 births 504

Transposition of the great arteries 2,695 births 1461

Dextro-transposition of greatarteries 3,413 births 1153

Tricuspid valve atresia and stenosis 5,938 births 663

Tricuspid valve atresia 9,751 births 404

Face/mouth Cleft lip with cleft palate 1,563 births 2518

Cleft lip without cleft palate 2,807 births 1402

Cleft palate 1,687 births 2333

Intestine/
stomach

Esophagealatresia/tracheoesophageal fistula 4,144 births 950

Rectal and large intestinal atresia/stenosis 2,242 births 1756

Bone/muscle Clubfoot 593 births 6643

Diaphragmatic hernia 3,591 births 1096

Gastroschisis 1,953 births 2015

Limb defects 1,943 births 2026

Omphalocele 4,175 births 943

Chromosome (gene) Trisomy 13 (Patau syndrome) 7,409 births 531

Trisomy 18 (Edwards syndrome) 3,315 births 1187

Trisomy 21 (Down syndrome) 707 births 5568
Source: CDC (2023).
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thought to have a congenital disease, which is related with
hundreds of thousands of deaths (WHO, 2023).

Causes of Developmental Defects

Several factors can result in birth abnormalities (Feldkamp
et al., 2017; Davidsen et al., 2021). Table 4 summarizes the
list of factors causing birth defects. It is estimated that
between 65 and 70 percent of all birth abnormalities have
an unidentified aetiology. About 20% of congenital
anomalies are hereditary in origin, and 3% to 5% of all
congenital anomalies are caused by chromosomal, or
cytogenetic, disorders (Finnell, 1999). There are issues like
trisomy (the inheriting a full additional chromosome) or 4p-
syndrome (changes in minor portion of genomic
complement) among them (Feldkamp et al., 2017; Davidsen
et al., 2021; Tanteles and Suri, 2007). Maternal viral
infections including rubella, CMV, or HIV can cause two to
three percent of developmental abnormalities (Cuckle,
2014). Unbalances in the mother’s metabolism, like those
induced by diabetes, account for a minor portion of birth
abnormalities (Cuckle, 2014). Malformations caused by
teratogens account for 2% to 3% of deformities (Finnell,
1999; Baines et al., 2021; Tanteles and Suri, 2007). Those are
seen as the outcome of iatrogenic or xenobiotic triggers
during gestation.

Congenital disorders tend to have a greater incidence
within families (i.e., demographic factors) and nations with
limited resources, where financial hardship (i.e.,
socioeconomic condition) might be a hidden driver of these
conditions (WHO, 2023). According to estimates, countries
with low or middle incomes account for 94% of cases of
severe congenital abnormalities. This greater likelihood,
which is an implicit predictor, may be related to pregnant
women’s likely insufficient access to enough nutrient-rich
meals, their heightened contact with substances or variables
like illness and alcohol, or their worsened accessibility to
healthcare and screening (WHO, 2023).

Another risk associated with poor intrauterine foetal
growth is maternal age (Ujházy et al., 2012). Chromosome
anomalies such as Down syndrome, are more likely in older
mothers (Marikawa et al., 2020; WHO, 2023). Others are
caused by external influences, called environmental factors

including infections such as pregnancy-related infections
(such as syphilis, rubella, and Zika), radiation exposure,
particular contaminants, pregnant nutrient deficiencies
(such as an iron or folic deficiency), illnesses (such as
maternal diabetes), or medications (such as alcohol and
phenytoin) (Ujházy et al., 2012; Feldkamp et al., 2017;
Tanteles and Suri, 2007; WHO, 2023). Although intricate
relationships between genes and the environment are
theorized, the reasons of the majority of congenital
abnormalities, such as clubfoot, cleft lip, and palate, are
unexplained (Ujházy et al., 2012).

Principle of Developmental Toxicology

Even though teratogenic stressors only contribute to a
relatively small portion of total birth defects, 3 million
people in the United States currently suffer from
developmental disorders brought on by teratogenic infection
in utero. Keep in mind that if we comprehend the six
fundamental tenets of teratology, almost all teratogen-
induced birth abnormalities are prevented (Finnell, 1999).
The six principles are described below (Hood, 2012; Rogers,
2015):

Principle 1: Susceptibility to Teratogenesis Depends on
the Genotype of the Conceptus and a Manner in which this
Interacts with Adverse Environmental Factors;

Principle 2: Susceptibility to Teratogenesis Varies with
the Developmental Stage at the Time of Exposure to an
Adverse Influence;

Principle 3: Teratogenic Agents Act in Specific Ways
(Mechanisms) on Developing Cells and Tissues to Initiate
Sequences of Abnormal Developmental Events (Pathogenesis);

Principle 4: The Access of Adverse Influences to
Developing Tissues Depends on the Nature of the Influence
(Agent);

Principle 5: The Four Manifestations of Deviant
Development are Death, Malformation, Growth Retardation
and Functional;

Principle 6: Manifestations of Deviant Development
Increase in Frequency and Degree as Dosage Increases, from
No-Effect to the Totally Lethal Level.

Developmental Toxicology Biomarkers

Developmental biomarkers are generally classified as (a)
exposure, (b) effect, and finally (c) susceptibility (Giavini
and Menegola, 2012). Generally, exposure biomarkers are
treated as early markers, which may act as an interaction
between different chemical agent and with different target
molecules (Barr and Buckley, 2012). Homeostasis, proper
growth, distinctness, development, or behavior are interfered
by architectural or functional changes that are either
permanent or reversible. External insult, encompassing
harmful substances like beverages, food, chemical
substances, and physical elements, is what causes
developmental/embryonic toxicity (Gupta and Gupta, 2020).
These biomarkers can include physical changes, such as
malformations or growth abnormalities, as well as cognitive
and behavioral changes (Giavini and Menegola, 2012).
Exposure to developmental toxicants can lead to a variety of

TABLE 4

Causes of birth defects

Causes of developmental defects Percent
contribution

Teratogen-induced malformations 2%–3%

Chromosomal defects 3%–5%

Viral infections in pregnant women 2%–3%

Chemicals/drugs/radiation/hyperthermia <1%

Genetic variables (Cytogenetic Autosomal
genetic disease)

20%

Unknown 65%–70%
Source: Finnell (1999) and Ujházy et al. (2012).
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adverse health outcomes, including birth defects, neurological
disorders, and developmental delays. Some examples of
developmental toxicology biomarkers include changes in
gene expression, alterations in hormone levels, and changes
in cellular processes (Marikawa et al., 2020). These
biomarkers can be used to identify potential risks to human
health and to develop strategies for reducing exposure to
toxic substances. The exposure of developmental toxicants
refers to the harmful effects of environmental or chemical
factors on the development of an organism, particularly
during pregnancy. Such exposure may lead to
developmental abnormalities, growth retardation, behavioral
alterations, and other adverse consequences. Developmental
toxicity can be caused by various factors such as exposure to
radiation, toxic chemicals, drugs, infectious agents, and
hormonal imbalances in the mother (Xie et al., 2020;
Marikawa, 2022). The severity and type of developmental
toxicity dependent upon factors, including the timing,
duration, and intensity of exposure. Here is a breakdown of
the ways that developmental toxicity can occur:

Maternal exposure: Maternal exposure occurs when
pregnant women are exposed to toxic substances that can
affect the development of the fetus. Substances like alcohol,
cigarette smoke, and certain medications can cross the
placenta and damage fetal organs, leading to various
abnormalities (CDC, 2023).

Neonatal exposure: Neonatal exposure occurs when
infants are exposed to toxins during the first few months of
life. This can happen through breast milk, contaminated
food or water, or through skin contact with contaminated
surfaces or objects (Cuckle, 2014).

Childhood exposure: Children can also be exposed to
developmental toxins during their early life when their
organs and tissues are still developing. Exposure can happen
through various means, including exposure to lead-based
paint or lead-contaminated soil, pesticides, or other
chemicals in the environment. Such exposure can lead to
neuro-developmental disorders, cognitive deficits, and
behavioral problems (WHO, 2023).

Overall, the exposure of developmental toxicant can have
severe and long-lasting effects on an individual’s health and
well-being. To prevent developmental toxicity, it is essential
to avoid or minimize exposure to toxic substances during
pregnancy and early childhood. This can be achieved
through proper nutrition, healthy lifestyle habits, avoiding
environmental toxins, and using appropriate protective
measures while working in environments with potential
developmental toxic substances.

Biomarker of effects generally manifest during pregnancy
and can also include long-term consequences throughout the
life of the individual (Barr and Buckley, 2012). Here are some
of the potential effects of developmental toxicity (Barr and
Buckley, 2012): 1. Structural abnormalities: Exposure to
chemicals during development can cause physical
malformations such as limb reduction, facial clefts, and
heart defects (Sujan et al., 2023); 2. Growth retardation:
Some chemicals can impair the growth of the fetus, leading
to low birth weight and developmental delays (Zacharias
et al., 2023); 3. Neurological damage: Exposure to certain

toxins during development can impair growth of central
nervous system (CNS). This could lead to problems with
cognition, behavior, and mood regulation later in life
(Popova et al., 2023); 4. Endocrine dysfunction: Chemicals
that interfere with hormones can disrupt the normal
development of the endocrine system, which can have long-
term effects on reproductive health, metabolism, and other
bodily functions (Interdonato et al., 2023); 5. Immune
system impairment: Toxin exposure during development
may also weaken the immune system, making a person
more vulnerable to contagious infections along with other
illnesses (Smith et al., 2023); 6. Carcinogenesis: A subset of
developmental toxins can also increase the risk of cancer
later in life (Knox et al., 2023). Overall, developmental
toxicity can have a wide range of effects on the developing
organism, many of which can persist throughout the
lifespan of the individual (Giavini and Menegola, 2012).

Developmental toxicology is the study of how exposure
to various toxic substances during pregnancy can impact the
development of the fetus. Based on time, length, and
exposure dose, certain substances can interfere with critical
developmental processes and result in a range of birth
defects and developmental disabilities. However,
developmental toxicology biomarkers are used to identify
potential risks to developing embryos, fetuses, or newborns
due to exposure to chemicals, drugs, or other environmental
factors. These biomarkers can include changes in gene
expression, protein levels, epigenetic alterations, and
structural abnormalities. By monitoring these biomarkers,
scientists can identify potential developmental toxicants and
determine safe exposure levels for pregnant women and
infants. There are various factors that can influence the
susceptibility of a developing fetus to developmental
toxicants: 1. Stage of development: Different organs and
systems develop at different stages during pregnancy, and
are more vulnerable during certain critical windows of
development (Kidd et al., 2023). For example, the central
nervous system is most vulnerable to environmental
toxicants during the first trimester; 2. Dose and duration of
exposure: The severity of toxic effects increases with the
dose and duration of exposure. Even low-level exposures to
certain substances over an extended period may trigger an
aggregate impact on foetal development; 3. Route of
exposure: The method by which a toxicant enters the body
can have an impact on its effect. For example, a substance
that is ingested will be metabolized in the liver, while
inhalants will be absorbed more quickly into the
bloodstream; 4. Genetic susceptibility: Some individuals are
genetically more vulnerable to environmental toxicants, due
to variations in gene expression or enzyme systems. For
example, genetic factors may influence the ability of the
liver to metabolize certain substances (Matthee et al., 2023);
5. Interaction with other substances: Exposure to multiple
toxicants can have a synergistic effect, where the combined
effect is greater than the effects of each substance alone. For
example, exposure to lead and alcohol during pregnancy can
result in cognitive deficits that are greater than the deficits
resulting from exposure to either substance alone. Overall,
developmental toxicology aims to identify the factors that
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increase susceptibility to toxicants, and to develop strategies
for reducing exposure to these substances during critical
periods of fetal development.

Developmental Toxicity Testing Methods

Developmental toxicity testing methods are generally divided
into two categories namely cellular assays, 58 mainly
concerned with stem cell and whole embryoculture (WEC)
test (Ciallella et al., 2022; Tait et al., 2021; Vračko et al., 2022).

Cellular assays
The embryonic stem cell test (EST) and rat limb bud
micromass (MM) represent two cellular tests for embryonic
toxicity that has granted authorization by the European
Centre for the Validation of Alternative Methods (ECVAM)
(Louisse et al., 2012). A number of additional (embryonic
stem) cell-based tests that concentrate on various in vitro
outputs for developmental toxicity are additionally disclosed
in the literature; however, ECVAM has not yet approved all
these assays except EST. The cellular tests are addressed in
greater depth as follows:

MM test: Primary cultured cells isolated from midbrains
and/or limb buds are employed in MM test. Exclusively limb
bud cells, which originate from rat embryo harvested at
gestational day (GD) 14, are utilized in the standardized
MM test technique. Limb buds are separated and placed on
higher-density plates (MM cultures), which enables
chondrocyte differentiation (Louisse et al., 2012). The
impact on the development and differentiating limb bud
cells is evaluated following 5 days exposure to the test
substance. The forecasting algorithm for the MM test only
uses the EC50 values acquired in the differentiating assay
because neither the EC50 results acquired in multiplicity
testing nor the EC50 readings of both growth and
differentiation resulted to better projections. The MM test
was not advised for screening reasons since methotrexate, a
potent embryotoxic chemical, was labeled as non-
embryotoxic (Spielmann et al., 2004).

EST test: In 1990s, embryonic stem cells were initially
employed to assess a substance’s potential for embryonic
toxicity (Louisse et al., 2012). Due to these activities, the EST
was created and approved by the ECVAM using its
forecasting model (Reddy et al., 2023). This method evaluates
the ability of a test substance to prevent the proliferating
embryonic stem (ES-D3) and embryonic fibroblasts
(3T3 cells) as well as 3T3 cells, as well as potentiality of a test
substance to prevent ES-D3 cells differentiating into squeeze
cardiomyocytes. The period of toxication lasts for 10 days,
during that the medium is replaced twice (preferably either 3
or 5 days). The obtained EC50 values from these experiments
are used in a model for forecasting to determine if the drug
is strongly embryotoxic. The EST is suitable for evaluating
the potential embryotoxicity of substance for regulatory
screening (Louisse et al., 2012).

Other cellular assays: Specific gene expression for
development of neurons (Stummann et al., 2007, 2011;
Zimmer et al., 2011a, 2011b), differentiated osteoblasts, or
endothelial differentiation are just a few in vitro outputs for
developmental toxicity that are being examined in

embryonic stem cell-based setups. These readings could
serve as helpful biomarkers for negative impacts on
particular developmental routes, such as neurodevelopment,
development of bones, or vasculogenesis and/or
angiogenesis, respectively. Utilizing toxicogenomics for
acquiring markers has achieved significance over the past
ten years (Afshari et al., 2011). By comparing normal cell
gene expression profiles, cells subjected to teratogenic
substances, and cells subjected to non-teratogenic in
embryonic stem cell cultures exposed to various substances,
transcriptomic studies have been utilized to distinguish
teratogens from non-teratogens (van Dartel et al., 2011). To
evaluate whether substances possess identical mechanisms of
operation and whether processes impacted by in vivo
intoxication are additionally regulated by embryo culture in
in vitro, as well as to show the predictive ability of in vitro
tests, toxicogenomic approaches are also proven to be
beneficial.

Whole embryo culture (WEC) assays
The one and only WEC assay that was officially approved by
the ECVAM is the post-implantation rat WEC test (Piersma
et al., 2004). Other in vivo cultivation test includes the
chicken embryotoxicity screening test (CHEST) and the frog
embryo teratogenesis assay–Xenopus (FETAX). The
utilization of zebrafish eggs for developmental toxicology
studies has also been covered in a number of publications.
Morphological analysis is generally employed to assess the
developmental toxicological efficacy of the drug tested in the
majority of investigations utilizing WECs.

The post implantation rat WEC test: For many years,
rats’ WECs have been utilized to evaluate the developmental
toxicity of several substances (Louisse et al., 2012). In WEC,
pregnant rat’s embryonic cells (GD10) are cultivated for
48 h in 100% rat serum that contains the test substance.
Following this phase of culture, evaluations of the head
length, yolk sac diameter, and crown-to-rump length are
obtained (Louisse et al., 2012), along with a score of the
heartbeat and yolk sac circulation. Additionally, progress,
morphological, developmental, and functional factors are
assessed. Malformation frequency and sensitivity are noted.
The maximum effect concentration (ICmax), 50% effect
concentrations (IC50), and no observed effect concentrations
(ICNOEC) are calculated. The ICmax thresholds for
abnormalities and IC50 scores acquired in 3T3 proliferating
method of EST were incorporated in an additional
forecasting framework, whereas ICNOEC total
morphological score (ICNOEC TMS) and IC50 scores for
triggering abnormalities (IC50mal) had been utilized for
categorization in the initial forecasting framework
established for the WEC test (Piersma et al., 2004; Louisse
et al., 2012). The embryotoxicity classifications of the test
chemicals (non-, weak, or strong) were shown to be more
accurately predicted by the second forecasting framework.
In order to evaluate the likelihood of embryotoxicity of
substances for regulatory assessment, it was determined that
the WEC test was adequate (Piersma et al., 2004; Louisse
et al., 2012).

CHEST: Chicken eggs are used in the CHEST to assess a
compound’s probable developmental harm. were the authors
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of the technique’s initial descriptions. In CHEST, embryonic
eggs are subjected to a variety of test substance doses for
varying amounts of time, following which the results are
evaluated. The quantity of aberrant, stunted-growth, and
dying foetuses is counted, and the test substance’s
developmental toxicity power is calculated based on this
data (Louisse et al., 2012). The CHEST procedure is broken
up into two phases: (i) determining the toxic dosage
spectrum in the early period of administration (24 h;
CHEST I); and (ii) determining the teratogenic dosage
spectrum, which also includes later impacts on embryo
development (days 2, 3, and 4; CHEST II). Following the
CHEST study and other testing procedures in numerous
investigations, it was determined that CHEST is a repeatable
method of testing that provides quantitative data for
analysis (Adler et al., 2011). For regular screening reasons
and mechanistic research, both academia and industry
utilize CHEST (Adler et al., 2011).

FETAX: Over the course of the organogenesis period,
Xenopus laevis mid-blastula-stage eggs were subjected to the
FETAX, a screening test for developmental toxicity (Mouche
et al., 2011; Louisse et al., 2012). A test compound’s
teratogenic capability is assessed after a 96-h exposure by
rating the larval mortality and deformity rates as well as the
larva lengths (Mouche et al., 2011). The resultant LC50,
which represents 50% embryo death, is then divided by the
EC50, which represents 50% induction of deformed larvae,
to yield a teratogenic index (TI). The substance is classed as
being positive if the TI is greater than 1.2 and as negatives if
the TI is less than 1.0. If development, morphogenesis, or
durability are disrupted by a substance with a TI between
1.0 and 1.2, the substance is categorized as positive, but just
when the quantity that disrupts morphogenesis is less than
the level that causes significant death (Mouche et al., 2011).

Zebra fish embryos: Danio rerio has grown in acceptance
as an experimental aliquot for investigating embryonic
toxicity in recent decades (Cassar et al., 2019; Beekhuijzen
et al., 2015). Fertilized embryos of 24, 48, 72, and 144 h
following toxicant intoxicatiion, Selderslaghs et al. (2009)
measured TI data (LC50/EC50, malformation), and they were
capable of distinguishing between four substances that were
hazardous for growth and two that were not.

Instead of TI values, as is stated in the FETAX, the
differentiation of positive from negatives was predicated on
the reality that neither TI values were able to be computed
for the two negative substances because neither LC50 nor
EC50, abnormalities, had been determined (Selderslaghs
et al., 2009). A bigger set of chemicals (27 chemicals) were
classified employing this zebrafish test in a more recent
investigation employing a forecasting framework with a TI
threshold value of 2. A threshold of 72% and a precision of
100% were identified for these 27 chemicals when
contrasting the categorization acquired in this zebrafish
experiment with data from animals (Selderslaghs et al.,
2012). In order to evaluate the zebrafish embryo’s growth
based on certain time outcomes, Hermsen et al. (2011)
created a quantitative assessment approach. The impact of
test substances on zebrafish development is evaluated in
their zebrafish embryotoxicity test utilizing a ratings system
for development and teratogenic consequences (Hermsen

et al., 2011). Based on investigations on locomotory
movements (Selderslaghs et al., 2010) and nervous system
transcription (Fan et al., 2010), zebrafish embryos were
additionally employed to evaluate the neurodevelopmental
toxicity possibility of substances. DeMicco et al. (2010)
investigated impact of a number of pyrethroid insecticides
in zebrafish embryos and came to the conclusion that the
zebrafish could represent an excellent substitute model for
investigating neurodevelopmental poisoning pathways as
well as could possibly be utilized to determine substances
that ought to be examined further in mammals.

Conclusion and Future Perspectives

Although developmental toxicity is a very complicated issue,
the investigation addressed an eclectic aspect on challenges,
factors affecting developmental defects, biomarkers of
embryonic toxicity and different developmental toxicity
testing methodologies. Despite the significant
transformation has taken place, the primary hurdle is the
extensive variety of drugs and substances, which makes it
impossible to create suitable records for developmental
toxicities for everyone. Given that there is scant or
insufficient study in living things, researchers require
immediate action to forecast potential hazards and quantify
the risks associated with those compounds. For example,
AOP systems and in silico techniques, this calls for an
improved awareness of the pathogenic mechanisms behind
disturbance of fertilization and foetal development. As a
starting point for choosing combination of testing
methodologies for specific testing batteries, the in vitro test
system library should eventually include the entire
reproduction cycle (including placental events).

It necessitates in vivo significance of the occasionally
straightforward in vitro outcomes as well as how to translate
in vitro dosages into in vivo dynamics. Nonetheless we must
additionally address animal experiments as the benchmark
for evaluating human hazards, investigate the impact of
strain variations on hazardous reaction (Skovmand et al.,
2020), and examine the ways outcomes made in animals
and in vitro are associated with human beings’ confirmation
(Bonde et al., 2017).

Generally developmental toxicity is connected with wider
range of tissues/organs, such as the renal system,
cardiovascular, and immunity. To bring about biomarkers
that are connected with epigenetic alterations, a link
between them and causality needs to be demonstrated. The
gestation phase for both men and women, along with the
interactions between infections throughout multiple phases
in life and infections that occur concurrently, should also be
taken into account when discussing times of vulnerability.
The emphasis ought to change from data sufficient
substances to the ones lacking a repository to novel kinds of
substances, and mixtures of compounds and typical
variables in daily life, such as non-chemical variables in the
job-related environment, psychological strain, dietary habits,
ageing, etc.

Developmental toxicology will undoubtedly be studied
for the foreseeable future, it is assured. Developmental
toxicology promotes research into both the problems and
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potential remedies to the problems mentioned and
subsequently encourages initial studies, methodology
documents, and critical reviews for a wide audience in the
various sectors necessary to maintain the favorable
conditions for the expansion of this growing discipline of
study.

Toxicology investigations must take into account
putative embryotoxicity and developmental toxicity since an
egg and its growing organ framework are more susceptible
to harmful substances than an adult’s organ. Numerous
important aspects associated with initial embryonic
organogenesis could be accurately reenacted in organoids as
well. As a result, testing for developmental toxicology and/
or embryotoxicity can be done using human organoids.
Further investigation is required to overcome the
shortcomings of the available human organoids, even if
organoid innovations are intriguing vehicles for exploring
embryonic toxicological evaluation. The twenty-first century
will see sophisticated contemporary toxicity evaluations
thanks to cutting-edge technologies and human organoids.
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