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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 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.

aflatoxins carcinogenicity mutagenicity prenatal exposure teratogenicity

| 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 [l. 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,

| 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) 1,
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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 4. 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) [,

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
61 AFB1 and AFM1 are classified by the IARC (International Agency for Research on Cancer), respectively, as
group | carcinogen and group 2B carcinogen, respectively 8. |n addition, AFM1 can be found in human and
animal milk, becoming a unique health issue, as animal exposure to AFB1 makes humans vulnerable [RILJ1L]
Finally, hydration also yields AFB2A, an important inhibitor of protein synthesis that is related to the effects of acute
intoxication after high AFB1 intake 412

| 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 22!,
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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.

. AFB1
Species Dose/PD/EE Effects on Bone Development Reference
20 mg/Kg
. PD: 7th or 13th Hypoplasia of the axial skeleton and metacarpal/metatarsal [14]
Mice . . .
FE: phalanges, cervical and coccygeal vertebrae. Failure in the
Intraperitoneal ossification of the supraoccipital bone, pelvic and thoracic limbs.
0.05 Sternal and rib malformations.
Rabbits mg/kg/day Failure in ossification of the skull, spine, vertebrae and ribs, carpus, [15]
PD: 6th—18th tarsus, metatarsus, metacarpus, and phalanges. Decreased bone
FE: Gavage size in pelvic limb.
Failure in ossification of skull, thoracic and pelvic limbs, and spine.
1 mg/kg . .
Rats PD: 6th—15th Change in shape and size of vertebrae. Absence of or decreased [16]
) intervertebral disc size, incomplete formation of the pulposal nucleus,
FE: Gavage

alteration and absence of bone accidents in limbs.

3.2. Visceral Changes

PD = Pregnancy Day. FE = Form of exposure. o _ _
Several visceral changes have been reported, among them, the decrease in size and weight of the liver and

kidneys [14Il15] 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.

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

AFB1

Species Dose/PD/EE Effects on Organs Reference
0.05 L . : . .
marka/da Reduction in weight and absolute size of the viscera. Decreased size
Rabbits PD'g(Stﬁ—lsyth of the heart and ventricular lumen. Liver and kidneys containing [15]
) vacuoles and congestion. Atrophy, glomerular degeneration, and
FE: Gavage - L
disorganization of hepatocytes.
Hepatocyte degeneration and alteration of liver architecture.
1 mg/kg : . . . I .
Congestion of the centrolobular vein and sinusoid capillaries. Kidneys [17]
Rats PD: 6ih-15th resented tubular degeneration. Thymus presenting lymphoid
FE: Gavage P g -y P g'ymp

depletion and reduction in epithelial differentiation.
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. AFB1
Species Dose/PD/EE Effects on Organs Reference

10 ug/kg

PD: 1§$_19th Moderate degeneration of the testicles.

Intramuscular

Rats [18]
Severe atrophy and reduction of germ cells of seminiferous tubules;
20 pg/kg ; .
reduced liver weight.

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

behavior, sperm production, and testicular and epididymal morphology. However, the most significant finding
iFr)lvolves serum hormone levels, (r)r%arked b}/ea decrease in testosterone 229211 \when exposure occurs in the

D = Pregnancy Day. FE = Form of exposu
prenatal period, the effects seem to be even more remarkable.

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 hormonal disruption may be more severe when exposure occurs in the
embryonic phase 18221 Another possibility would be the ability of AFB1 to bind to the acute steroidogenic
regulatory protein (STAR), thus affecting the transfer of cholesterol to the mitochondria, which has a negative

impact on steroidogenesis 29,

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 23], 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 (28!,

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 241, 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 the fetuses of rats exposed to 6

mg/kg of AFB1 by peritoneal application in a single dose on the 14th day of gestation [3123],

Another metabolite found in rat fetuses exposed to AFB1 is AFB1-Fapy. This metabolite 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 E[24123],
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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 Il of
metabolization (e.g., glutathione transferase). Moreover, during fetal life, liver cells are in constant multiplication,
which may lead to the expansion of mutations 2423l 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 . Animals exposed to AFB1 have a decrease in the amount of antioxidant enzymes and
an increase in markers of oxidative stress 13ll26] Thys, treatment with antioxidant agents may provide protection
against oxidative stress and, consequently, reduce the carcinogenic potential of these substances (281271 Finally,
the importance of epigenetic lesions, mainly DNA methylation and modifications in histones, cannot be discarded in

genotoxicity and mutagenicity processes (28],

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 LAUSIIGIATIA8] | rapbits, 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 (5],

| 4. Prenatal Exposure in Humans

Most unfavorable birth outcomes, such as premature births, miscarriages, low birth weight, and even stillbirths,
occur in developing countries 22, 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.

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 Uganda Low birth Welght and [30]
(Serum) smaller head circumference
1st-3rd Trimester AP-Albumin Gambia No data [31]
(Serum)
AF-albumin
3rd Trimester (Serum) Egypt No data 32]
AFM1 (Urine)
2nd Trimester AFM1 (Urine) Zimbabwe No data [33]
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Period of . . . .
Gestation Biomarker Country Main Effects in Babies Reference
No data AFM1 (Urine) China No data [24]
1st-2nd Trimester AP-Albumin Gambia DNA methylation in white cells [35]
(Serum)
No data AFBL-Lisin Ghana Low birth weight [36]
(Serum)
1st—2nd Trimester AFB1-Lisin Tanzania Small reduction m gestational age at 37]
(Serum) delivery
10t be the
1st—2nd Trimester A'(:SBelr;Jer)m Nepal Babies small for gestational age (28] {ns, such
es B In

addition, other factors such as maternal malnutrition and lack of prenatal care can have an impact on infant health.
However, Lauer et al. B9 and Castelino et al. 81 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, together with the

changes evidenced in experimental studies, raise the hypothesis of an increased toxic potential of AFB1 in the
prenatal period L4ILSI16]17][18]{40]

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.
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