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Abstract: Aflatoxins are mycotoxins produced as secondary fungal metabolites. Among them,
aflatoxin B1 (AFB1) stands out due to its genotoxic and mutagenic potential, being a potent initiator
of carcinogenesis. In this review, the outcomes from the published literature in the past 10 years on
the effects of AFB1 pathophysiological mechanisms on embryological and fetal development are
discussed. In several animal species, including humans, AFB1 has a teratogenic effect, resulting in
bone malformations, visceral anomalies, lesions in several organs, and behavioral and reproductive
changes, in addition to low birth weight. The mutagenic capacity of AFB1 in prenatal life is greater
than in adults, indicating that when exposure occurs in the womb, the risk of the development of
neoplasms is higher. Studies conducted in humans indicate that the exposure to this mycotoxin
during pregnancy is associated with low birth weight, decreased head circumference, and DNA
hypermethylation. However, as the actual impacts on humans are still unclear, the importance of this
issue cannot be overemphasized and studies on the matter are essential.
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1. Introduction

Mycotoxins are secondary products of fungal metabolism, causing harmful effects
on human and animal health. These substances are commonly found in food, especially
when harvest storage or transport practices are inadequate. It is estimated that about
25% of all food worldwide is contaminated with mycotoxins, but some studies suggest
that this is an underestimation [1]. As acute intoxications are less common in humans,
the effects of chronic exposure to mycotoxins have been more extensively studied and
seem to be related to a wide range of health disorders [2]. Among mycotoxins, aflatoxins
stand out due to their carcinogenic potential. Aflatoxins (AFs) are produced mainly by
Aspergillus spp. fungi and are found in several foods, such as corn, peanuts, and others.
Although not all food contaminated by fungi have AFs, these substances occur all over the
world, with temperature and humidity providing adequate conditions for contamination
by Aspergillus spp. and the production of these mycotoxins [3].

Some AFs are produced directly by Aspergillus, whilst others are the result of the
metabolism of these substances in the liver after intake. The four main types of aflatoxins
found in foods are variants B1, B2, G1, and G2, with aflatoxin B1 (AFB1) having the highest
carcinogenic potential. Aflatoxin M1 (AFM1) is a product of aflatoxin B1 metabolism in the
animal organism, and stands out both for its carcinogenic potential and for being excreted
in the milk of animals and humans [4]. AFB1 is known to have genotoxic, mutagenic,
immunogenic, and hepatotoxic potential, and for causing acute liver damage when ingested
in large quantities. It also has a remarkable teratogenic potential, and several studies were
carried out on its effects during the prenatal life of animals and humans, especially on
fetal development.
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Knowing that this mycotoxin has the ability to cross the placental barrier and has
already been identified in human umbilical cord samples [5,6], the main objective of
this review is to discuss the effects, already reported in the scientific literature, of the
pathophysiological mechanisms of AFB1 on embryological and fetal development. For
this purpose, articles published in the last 20 years reporting experiments carried out
in mice, rats and rabbits were selected, as well as articles on human exposure in the
prenatal period and the association between exposure and impacts on health of fetuses
and newborns. For this, the ISI Web of Knowledge, PubMed, Google Scholar, and Scopus
databases were accessed, and the following terms were searched: “Aflatoxin”, “prenatal
exposure”, “human”, and “teratogenicity”.

2. Aflatoxin B1 Biotransformation and Mechanism of Action

After ingestion, AFB1 is rapidly absorbed from the intestine and reaches the liver
to be metabolized by mixed-function oxidases. AFB1 goes through a complex process of
biotransformation; in the first stage, it may go through different metabolization pathways,
yielding several metabolites, followed by the conjugation process for excretion (Figure 1).
AFB1 may also go through a reversible reduction process in the cytoplasmic reductase
system of hepatocytes, yielding to aflatoxicol (AFL), which can be transformed again into
AFB1, becoming a source of its own storage. Metabolization of AFB1 culminates with the
formation of several metabolites, e.g., aflatoxin P1 (AFP1) and aflatoxin Q1 (AFQ1) [7].
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Figure 1. Main metabolization pathways of aflatoxin B1 in the liver, its metabolites, and excretion pathways.

Among the metabolization pathways of AFB1, the epoxidation process stands out. In
this process, AFB1 is converted into AFB1-8.9-epoxide (AFBO), which is able to bind to
macromolecules, such as those of DNA, RNA, and proteins, forming adducts responsible
for the toxic potential of the aflatoxins [8]. The binding of AFBO to guanine in the DNA
molecules results in the formation of AFB1-N7-Guanine (AFGuan), which is excreted in
urine. The production of AFGuan leads to a guanine to thymine substitution in the third
base of codon 249 of the host DNA, which is the main basis of the carcinogenic effect of
AFB1, as this mutation is responsible for the loss of function of the p53 gene, a trigger for
hepatocellular carcinoma (HCC) [9].
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Another important route of AFB1 metabolization is hydration, forming AFM1. AFM1
can also go through an epoxidation process and become AFM1-epoxide, which has the
same ability to bind to macromolecules as AFBO [10]. AFB1 and AFM1 are classified by the
IARC (International Agency for Research on Cancer), respectively, as group I carcinogen
and group 2B carcinogen, respectively [11,12]. In addition, AFM1 can be found in human
and animal milk, becoming a unique health issue, as animal exposure to AFB1 makes
humans vulnerable [13–15]. Finally, hydration also yields AFB2A, an important inhibitor
of protein synthesis that is related to the effects of acute intoxication after high AFB1
intake [8,16].

3. Effects of Prenatal Exposure to Aflatoxin b1 in Animals

Several harmful effects are associated with exposure to AFB1 during the prenatal
period, such as low birth weight, small litters, fetal death and resorption, bone and visceral
deformities, reproductive changes, impact on immune capacity, and behavioral changes, in
addition to a predisposition to neoplasm development [17].

3.1. Bone Malformations

Bone defects related to intrauterine exposure to AFB1 are the most common problems
reported in the literature. In experiments, they are evidenced in several species of animals.
Bone defects are most commonly related to ossification failures, changes in bone size and
shape, and the absence or alteration of some bone accidents (Table 1).

Table 1. Studies showing the effects of exposure to aflatoxin B1 (AFB1) on bone development.

Species AFB1 Dose/PD/FE Effects on Bone Development Reference

Mice
20 mg/Kg

PD: 7th or 13th
FE: Intraperitoneal

Hypoplasia of the axial skeleton and metacarpal/metatarsal phalanges,
cervical and coccygeal vertebrae. Failure in the ossification of the

supraoccipital bone, pelvic and thoracic limbs. [18]

Rabbits
0.05 mg/kg/day

PD: 6th–18th
FE: Gavage

Sternal and rib malformations.
Failure in ossification of the skull, spine, vertebrae and ribs, carpus,

tarsus, metatarsus, metacarpus, and phalanges. Decreased bone size in
pelvic limb.

[19]

Rats
1 mg/kg

PD: 6th–15th
FE: Gavage

Failure in ossification of skull, thoracic and pelvic limbs, and spine.
Change in shape and size of vertebrae. Absence of or decreased

intervertebral disc size, incomplete formation of the pulposal nucleus,
alteration and absence of bone accidents in limbs.

[20]

PD = Pregnancy Day. FE = Form of exposure.

When the effects on bone development are compared, the three studies in Table 1
demonstrated similar effects. However, it is worth noting the difference in the doses used
by Abdulrazzaq et al. [18] (20 mg/kg), which is high compared to the other studies, but
used as a single dose, either on the 7th or on the 13th day. El Nahla et al. [19] administered
the lowest dose (0.05 mg/kg/day) to rabbits, by gavage, between the 6th and the 18th day
of gestation. Fetaih et al. [20] administered 1 mg/kg/day to rats. The similarity of effects
on bone formation found in the study by Abdulrazzaq et al. [18] and the other studies may
be due to the high dose used, which would explain the similarity, even when exposure
was not constant. However, when routes of administration are compared, peritoneal
administration [20] is less representative of real contamination by AFB1, which mostly
occurs by oral route. The study by Abdulrazzaq et al. [18] also showed that a single
dose in the pre-implantation period impacted uterine growth and may have played a
role in the failure of fetal development. This is an issue to be clarified in future studies.
Another important point that should be considered in further studies is the variation in
the susceptibility to AFB1 between species. For example, among the animals evaluated in
these studies, rabbits were more sensitive with LD50 of 0.3 mg/kg, while mice and female
rats were more resistant, with LD50 of 9.0 and 17.9 mg/kg, respectively [21].
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The mechanisms involved in the failure of fetal development are not well elucidated.
It is suggested that AFB1 may affect the transcription of genes associated with bone devel-
opment, impacting processes such as intramembrane mineralization and endochondral
ossification [19,20]. The results found in these studies are in agreement with the effects
reported in previous ones, confirming the impact of prenatal AFB1 exposure in bone devel-
opment [22–24]. Regarding the moment of exposure, animals exposed during embryonic
development seem to be at increased risk of minor malformations, such as those affecting
bone accidents [18].

3.2. Visceral Changes

Several visceral changes have been reported, among them, the decrease in size and
weight of the liver and kidneys [18,19]. Regarding histopathological findings, the liver
shows more significant changes, with the presence of fatty degeneration, congestion, and
necrosis. Although these changes may also be found in the kidneys, they are less intense
(Table 2). Other histological alterations are evidenced in the organs of the reproductive
tract (discussed below).

Table 2. Studies showing the effects of exposure to aflatoxin B1 (AFB1) on organs.

Species AFB1 Dose/PD/FE Effects on Organs Reference

Rabbits
0.05 mg/kg/day

PD: 6th–18th
FE: Gavage

Reduction in weight and absolute size of the viscera. Decreased
size of the heart and ventricular lumen. Liver and kidneys
containing vacuoles and congestion. Atrophy, glomerular

degeneration, and disorganization of hepatocytes.

[19]

Rats
1 mg/kg

PD: 6th–15th
FE: Gavage

Hepatocyte degeneration and alteration of liver architecture.
Congestion of the centrolobular vein and sinusoid capillaries.
Kidneys presented tubular degeneration. Thymus presenting

lymphoid depletion and reduction in epithelial differentiation.

[25]

Rats

10 µg/kg
PD: 12th–19th

FE: Intramuscurlar
Moderate degeneration of the testicles.

[26]
20 µg/kg Severe atrophy and reduction of germ cells of seminiferous tubules;

reduced liver weight.

50 µg/kg Severe degeneration, cell depletion, and epithelial rupture.

PD = Pregnancy Day. FE = Form of exposure.

Table 2 shows the hepatotoxic potential of AFB1 in the prenatal period, a finding
reported in all the studies cited. The most common changes involved degenerative and
congestive lesions. Supriya and Reddy [26] found decreased fetal liver weight when
20 µg/kg of AFB1 was injected intramuscularly in rats from the 12th to the 19th day of
gestation, showing the effect of this toxin on the liver of the fetus, even in low doses.
However, it should be noted that the intramuscular route was used, which does not
represent the natural route of exposure to this toxin and disregards aspects involved with
the digestive process, which should be investigated in future studies.

El-Nahla et al. [19] are the only authors citing cardiac changes in fetuses, with de-
creased heart size and ventricular lumen. Changes were evidenced in rabbit fetuses even
when exposed to low doses (0.05 mg/kg), as this species is intensely susceptible to the
harmful effects of AFB1 [21]. The studies by El-Nahla et al. [19] and Fetaih et al. [20] found
similar effects on kidneys, mostly degenerative changes. Finding these changes, even
in different species (rabbits and rats), led to the hypothesis that the kidney may be the
second most impacted viscera in prenatal exposure to AFB1. Thymus alterations found
by Fetaih et al. [20] also support another hypothesis: exposure to AFB1 may have an im-
munotoxic effect in the prenatal period, just like in adults, favoring the onset of infectious
diseases and/or facilitating the development of neoplastic processes [27].
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Supriya and Reddy [26] also demonstrated that a dose of 10 µg/kg of AFB1 in rats
leads to changes in the testicular morphology of the fetus, which worsens with increasing
doses. This finding indicates that this mycotoxin has a potent effect on the reproductive
function of animals exposed in the prenatal period. Future investigations should be carried
out on alterations in testicles and ovaries using exposure by gavage to evaluate deleterious
effects caused by exposure to AFB1, especially in production animals.

Mechanisms of injury and visceral changes occur by increased oxidative stress, leading
to structural injury caused by lipid peroxidation, lesions to other macromolecules, and
reduced protein synthesis. The liver is always more affected because it is the main site
of action of AFB1. The evident renal alterations are possibly due to the function of the
kidneys as blood filters, predisposing this organ to toxic injury. In addition, together with
bile, kidneys are the main sources of excretion of AFB1 and its metabolites. Therefore, its
tubules are also susceptible to toxic injury [7,17,20,28].

3.3. Reproductive Changes

Exposure to AFB1 can result in several reproductive alterations, especially in males,
with impacts on reproductive behavior, sperm production, and testicular and epididymal
morphology. However, the most significant finding involves serum hormone levels, marked
by a decrease in testosterone [29–31]. When exposure occurs in the prenatal period, the
effects seem to be even more remarkable. Supriya et al. [30] found a significant decrease in
testosterone levels in male rats exposed to 10, 20, and 50 µg/kg of AFB1 during embryonic
development. The same study showed increased levels of luteinizing hormone (LH) and
follicle stimulant hormone (FSH). Other reproductive alterations were also found, such as
decreased sperm volume and viability, as well as morphological alterations in testicles and
the tail of the epididymis.

The mechanisms through which reproductive damage occurs are still being elucidated.
AFB1 may act as a potential endocrine disruptor, interfering with the hypothalamus–
hypophysis–testicular axis, leading to hormonal dysfunction. The consequences of hor-
monal disruption may be more severe when exposure occurs in the embryonic phase [26,32].
Another possibility would be the ability of AFB1 to bind to the acute steroidogenic regula-
tory protein (STAR), thus affecting the transfer of cholesterol to the mitochondria, which
has a negative impact on steroidogenesis [30]. Direct cellular damage caused by oxidative
stress should also be considered, as already evidenced by Althnaian et al. [33], who found
substantial increases in oxidative stress markers and decreases in antioxidant enzymes in
the testicles of rats exposed to a single intraperitoneal application of 3 mg/kg of AFB1 [33].
AFB1 also affects the reproductive capacity of females, although in lower intensity, caus-
ing follicular atresia [32]. However, no studies were found to evidence this effect when
exposure occurs before birth.

3.4. Genotoxicity and Mutagenicity

AFB1 presents high genotoxicity, which is probably its most overwhelming effect,
notably leading to several chromosomal aberrations in animals exposed to it [34]. Both
DNA damage and mutations can result from the injury caused by AFB1 metabolites (AFBO),
and by the oxidative stress that results from the metabolization of this mycotoxin. In the
fetuses of rats exposed to 1 mg/kg of AFB1 between the 6th and the 15th day of gestation,
several chromosomal aberrations in bone marrow cells were evidenced, mainly gap and
breakage lesions, indicators of the genotoxic potential of this mycotoxin in the prenatal
period [20].

The mechanisms by which AFB1 causes DNA damage in fetal life seem to be similar
to those affecting adult animals, by the metabolization of AFB1 into AFBO in the liver of
the fetus and the identification of AFGuan adducts in fetuses [35]. The apurinic site left by
AFGuan (after it is released and excreted) is filled by a thymine base, which characterizes
the main mutation caused by AFB1, the G:C → T:A transversion in the P53 gene. This
change may initiate the carcinogenesis process. These transversions are also evidenced in
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the fetuses of rats exposed to 6 mg/kg of AFB1 by peritoneal application in a single dose
on the 14th day of gestation [17,36].

Another metabolite found in rat fetuses exposed to AFB1 is AFB1-Fapy. This metabo-
lite is the result of a chemical transformation in the aflatoxin molecule, resulting in the
opening of the furan ring, and creating a more stable molecule that remains linked longer
to DNA. AFB1-Fapy is considered to be more carcinogenic because it prevents repair
enzymes from being activated, as it produces less evident structural damage to the DNA
helix [7,35,36]. Chawanthayatham et al. [36] also showed that fetuses present about 1% of
adducts found in mothers. However, when the mutations are identified, the difference is
4.6%. These numbers indicate that the ability of AFB1 to cause mutation is 20 times greater
during prenatal exposure than in adults.

These phenomena are explained by the fact that the fetal liver has the capacity to
metabolize AFB1 into AFBO, but has a decreased ability to excrete AFB1 metabolites due
to the low number of conjugate enzymes of Phase II of metabolization (e.g., glutathione
transferase). Moreover, during fetal life, liver cells are in constant multiplication, which may
lead to the expansion of mutations [35,36]. Another important mechanism of genotoxicity
is the oxidative stress caused by the metabolization of AFB1, leading to the formation of
several adducts that act remotely, causing neoplasms at a distance [7]. Animals exposed to
AFB1 have a decrease in the amount of antioxidant enzymes and an increase in markers of
oxidative stress [17,20]. Thus, treatment with antioxidant agents may provide protection
against oxidative stress and, consequently, reduce the carcinogenic potential of these
substances [37,38]. Finally, the importance of epigenetic lesions, mainly DNA methylation
and modifications in histones, cannot be discarded in genotoxicity and mutagenicity
processes [39].

3.5. Other Changes

Other important changes are low birth weight, both in rats and rabbits, besides the
decrease in the number of offspring per litter [18–20,25,26]. In rabbits, 0.05 mg/kg/day
AFB1 from the 6th to the 18th day leads to increased size of the orbits, microphthalmia,
wrinkled skin, and eyelids with fewer hair follicles [19].

Behavioral changes in terms of locomotion and reflex were reported in rats treated with
20 and 50 µg AFB1/kg, from the 12th to the 19th day of gestation [26]. Rats treated with
1 mg/kg from the 6th to the 15th day of gestation presented adactyly and exophthalmia [25].

3.6. Other Animals

As demonstrated in the studies on mammals, birds seem to be susceptible to the
effects of aflatoxin during embryonic development, resulting in malformations, mainly in
the early stages of development, as demonstrated by Veselý et al. in chicken embryos [40].
Other studies also demonstrate that these animals can be impacted by immune deficiency,
defects in the development of the bursa of fabricius, and even death before hatching, which
can represent great economic loss [41]. The deleterious effects of AFB1 are not restricted
to birds and mammals, and it is possible to observe neurological changes in zebrafish
when exposed to this mycotoxin at a dose of 15–75 ng/mL 6 h after fertilization, with
marked behavioral change [42]. Additionally, in zebrafish embryos there are failures in the
embryonic development of the liver due to marked apoptosis, in addition to immunological
deficiencies [43]. In general, aflatoxin similarly impacts morpho development during the
prenatal period, in addition to impacting mainly the liver of several animal species. Another
issue to be considered is the susceptibility of the species to the effects of mycotoxins, with
birds being more sensitive, while fish show a wide variation in sensitivity [21].

Moreover, when it comes to hepatic metabolism, the physiological variation between
species is an important challenge to be overcome. The findings in experiments with
different species provide indications that AFB1 has the potential to have its effects increased,
especially in embryos and fetuses, but more studies are needed to elucidate the safe dose
for consumption in this critical period [36]. Therefore, standardizing the form of exposure
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and gestation period in the experiments would be a way to clarify still uncertain points
about prenatal exposure to AFB1, thus enabling us to reach more knowledge about the
real impacts of this substance in the human prenatal period. This is only possible with an
exposure assessment, by measuring biomarkers in vulnerable populations and monitoring
the health of newborns and children in places with high exposure to AFB1.

4. Prenatal Exposure in Humans

Most unfavorable birth outcomes, such as premature births, miscarriages, low birth
weight, and even stillbirths, occur in developing countries [44]. The consumption of foods
contaminated with AFB1 is also high in these regions, as exposure to mycotoxin biomarkers
during pregnancy was observed in most prenatal exposure studies (Table 3). High levels of
toxins are sometimes detected, but have not always been associated with deleterious effects
on infant health. On the other hand, there are still no data directly linking the presence
of this toxin with intrauterine or neonatal deaths in humans. Table 3 demonstrates the
exposure to AFB1 during pregnancy by means of biomarkers.

In addition to the mechanisms of toxicity already cited in this review, studies indicate
that anemia may be associated with exposure to AFs in humans [45]. Anemia can trig-
ger several mechanisms that involve the activation of pro-inflammatory cytokines, and
decreased amount of insulin-like growth hormones, which, in turn, leads to deleterious
effects and prevents placental and fetal growth, and even fetal death [46].

Table 3. Biomarkers of aflatoxin B1 (AFB1) exposure found in pregnant women.

Period of Gestation Biomarker Country Main Effects in Babies Reference

1st Trimester AFB1-Lisin (Serum) Uganda Low birth weight and
smaller head circumference [47]

1st–3rd Trimester AF-Albumin (Serum) Gambia No data [48]

3rd Trimester AF-albumin (Serum)
AFM1 (Urine) Egypt No data [49]

2nd Trimester AFM1 (Urine) Zimbabwe No data [50]

No data AFM1 (Urine) China No data [51]

1st–2nd Trimester AF-Albumin (Serum) Gambia DNA methylation in white
cells [52]

No data AFB1-Lisin (Serum) Ghana Low birth weight [53]

1st–2nd Trimester AFB1-Lisin (Serum) Tanzania Small reduction in gestational
age at delivery [54]

1st–2nd Trimester AFB1-Lisin (Serum) Nepal Babies small for gestational age [55]

Populations living in developing countries, especially in Asia and Africa, are at higher
risk of exposure to these substances, especially the most vulnerable populations and
residents of rural areas that are impacted by drought and food insecurity. The lack of food
may increase the consumption of grains that may often be improperly stored and may
promote the intake of large quantities of mycotoxins [56–59].

In spite of the association between AFB1 biomarkers and negative effects on infants,
aflatoxin should not be the only factor to be considered, as these populations are predis-
posed to the consumption of other mycotoxins, such as fumonisins. The association of
this and other mycotoxins is a factor to be analyzed in future studies [60]. In addition,
other factors such as maternal malnutrition and lack of prenatal care can have an impact
on infant health. However, Lauer et al. [47] and Castelino et al. [48] evidenced an increase
in the number of biomarkers in the maternal serum of women in Uganda and Gambia,
respectively. This increase can be explained by the higher maternal metabolization during
pregnancy, reflected in the greater production of enzymes of the cytochrome P450 family,
which are essential in the metabolization of AFB1, and increase its toxicity. These factors,
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together with the changes evidenced in experimental studies, raise the hypothesis of an
increased toxic potential of AFB1 in the prenatal period [18–20,25,26,61].

The Codex establishes up to 15 µg/kg of total aflatoxin food depending on the type of
food, and in relation to AFB1, this limit is 5µg/kg of food [62]. The experiments in general
use higher doses, but Suprya and Reddy, using a significantly lower dose compared to the
others (10 µg/kg animal), showed lesions in the reproductive system of rats, which can
serve as a warning sign in relation to safe doses of these substances during the prenatal
period [30]. Furthermore, in general, the limits of aflatoxins in animal feed products are
higher. In Brazil currently, the maximum limit of total aflatoxins for feed ingredients
intended for animals is 50 µg/kg [63]. Therefore, studies aimed at standardizing doses and
correlating them with effects in the prenatal period are important from the point of view of
public health and may serve as a basis for changes in current legislation.

To elucidate the real impacts of the exposure to AFB1 on infant health, especially in
the most susceptible populations, more studies must be conducted to determine safe intake
during pregnancy and to suggest bases for legislation and awareness campaigns that can
ensure acceptable consumption levels of mycotoxins.

5. Conclusions

Based on the data collected in this review, it can be concluded that AFB1 causes major
impacts during embryonic and fetal development, which are the periods when animals are
most susceptible to the effects of this mycotoxin. Among the effects reported are bone and
visceral malformations, lesions in kidneys and liver, impacts in reproductive capacity, as
well as genotoxicity and mutagenicity. Although most studies conducted are experimental,
they serve as a window to glimpse at the actual effects of these substances. More data are
needed to validate the effects on different species, considering the variability in resistance
to the toxic effects, as well as the effect of the association between two or more mycotoxins,
to better understand the impacts in animal production and on the health of pets. There are
few studies on the influence of mycotoxins on the gestational period in humans, especially
in developed countries. This phenomenon may be related to the fact that most developed
countries have a subtropical climate and achieve better control over food contamination by
mycotoxins, as well as having a very low birth rate, hindering access to broader population
studies during the gestational phase. With few studies on humans, due to the high rates
of stillbirths, miscarriages, and other complications during pregnancy, as well as the
increasing number of cancer cases, even among children, more robust investigations are
necessary to understand the real role of aflatoxins in these mechanisms. Finally, the study
of these substances permeates food safety, animal health, and human health, and is a
crucial example of the already consecrated concept of one health, which is shown to be
more important every day.
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