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Abstract: Mycotoxins are secondary metabolites of filamentous fungi and ubiquitous dietary con-
taminants. Aflatoxins, a group of mycotoxins with high prevalence and toxicity, have raised a high
level of public health concern, the most prevalent and toxic being aflatoxin B1 (AFB1). Many aspects
appertaining to AFB1 poisoning are not well understood. Yet this information is necessary to devise
appropriate surveillance and mitigation strategies against human and animal aflatoxicosis. This
review provides an in-depth update of work carried out on mycotoxin poisoning, particularly aflatox-
icosis in humans and animals, to identify gaps in knowledge. Hypotheses explaining the functional
significance of mycotoxins in fungal biology and their dietary epidemiological data are presented and
briefly discussed. The toxicology of aflatoxins and the challenges of their mitigation are discussed
in depth. It was concluded that the identification of potential mycotoxin-hazard-prone food items
and quantification of the associated risk of cancer ailments in humans is a prime priority. There is
a dearth of reliable sampling methodologies for estimating AFB1 in animal feed. Data update on
AFB1 in animal feed and its implication in animal production, mitigation strategies, and elucidation
of risk factors to this hazard is required. To reduce the burden of aflatoxins, surveillance employing
predictive technology, and biocontrol strategies seem promising approaches.

Keywords: mycotoxins; epidemiology; aflatoxin; toxicology; toxicity; detection; control strategies

Key Contribution: This paper provides updated information on dietary mycotoxin poisoning: its
biochemistry, epidemiology, implications, detection, and management strategies. The highlighted
information and elucidation of the identified gaps in knowledge for future research could promote
understanding necessary for the development of effective mitigation strategies against animal and
human mycotoxicoses.
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1. Introduction

In developing countries, the consumption of unsafe food is a major cause of pre-
ventable disease and mortality in both humans and animals [1]. Food products are suscepti-
ble to contamination at origin and as they move along the value chain, exposing consumers
to health hazards; this is compounded by rapidly changing production practices, a lack
of human and institutional capacity, poor oversight by governments, and limited public
health awareness [2,3]. Mycotoxins can enter the food/feed chain during any stage of
the value chain. Mycotoxins have been ubiquitous in the tropical world for a very long
time, the highest burden being in sub-Saharan Africa (SSA), South East Asia (SEA), and
China [4–6]. Mycotoxicosis is among the contributory factors to the seemingly increased
incidence of cancers, especially those associated with aflatoxins, such as hepatocellular
carcinoma [2,5,7–10]. It has recently been suggested that dietary tremorgenic mycotoxins
may be a significant cause of neurological diseases in both humans and animals [11].

Dietary mycotoxins are natural contaminants that are difficult to avoid [5,12]. The
diagnosis of the array of toxic effects they induce in humans and animals after consumption
is also difficult. Many are silent diseases that escape the notice of medical and veteri-
nary personnel, the only readily available diagnostic tools being those for the detection
of dietary mycotoxins by chemical analytical methods. However, accurate estimation of
dietary aflatoxin contamination has been problematic due to its heterogeneity [13–17]. Al-
though there have been achievements in the improvement of the analytical characteristics
of detection methods [18–20], uncertainty associated with aflatoxin estimation is largely as-
sociated with sample selection and preparation procedures [14,17,21,22]. Indeed, obtaining
a representative sample for aflatoxin analysis is problematic [23–25].

Dietary mycotoxicosis, especially aflatoxicosis, compromises health and performance,
reduces vaccine efficacy in animals, and exposes consumers to violative mycotoxin residues
in edible animal products [26–30]. Indeed, in poultry, experimental aflatoxicosis impairs
production parameters, induces pathology, reduces egg production, and introduces afla-
toxin residues in tissues and eggs [26,28,31–34]. Likewise, aflatoxins and other mycotoxins
in food items also cause human morbidity [5,8,12]. Mycotoxins have an array of effects on
human health [35], the most important being their contribution to primary hepatocellular
carcinoma and immunosuppression by aflatoxins [2,9,10]. One of the most promising
control strategies to curb dietary animal mycotoxicosis is the amelioration of mycotoxin
effects in animals through the use of dietary anti-mycotoxin agents [36–38]. This is an
in-feed approach where an anti-mycotoxin material is incorporated into the feed to seques-
trate by adsorption, binding, or neutralizing the mycotoxin residues. A variety of these
dietary additives are commercially available on the market. However, the use of these
feed additives is not officially regulated, and therefore, their in vivo efficacy in terms of
anti-mycotoxin activity is seldom validated. This means that, despite their official approval
for use, their benefits to animal production relating to the counteraction of aflatoxicosis out-
comes are largely unknown, an ambiguity that confuses the stakeholders of animal value
chains. The purpose of this review is to provide an in-depth update of work carried out on
the epidemiology, toxicokinetics, toxicodynamics, detection, and management of dietary
mycotoxin poisoning, particularly human and animal aflatoxicosis, and also identify gaps
in knowledge for future research.

2. Mycotoxins

Filamentous fungi produce secondary metabolites known as mycotoxins. They are
ubiquitous natural contaminants of human food, animal feed, and agricultural products, the
most commonly encountered being aflatoxins, ochratoxins, zearalenone (ZEA), fumonisins,
trichothecenes, and patulin, which are produced by the fungal genera Aspergillus, Penicil-
lium, and Fusarium [12,39–45]. Currently, the functional significance of these molecules is
speculative and elusive [46,47]. Some proposed functions of mycotoxins are the attainment
of a competitive advantage of the producer fungus over other microbiota in the ecolog-
ical niche and anti-fungivore insect activity in the trophic niche [47–49]. Another is the
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potentiation of fungal invasion in plant hosts through mimicking plant effector molecules
modulating plant growth or inducing programmed cell death and tissue necrosis to ac-
cess plant nutrients for fungal utilization [50]. Recent data suggest that in aflatoxigenic
fungi, aflatoxins are antioxidants, in other words, natural scavengers of reactive oxygen
species (ROS), an adaptation that enhances fungal survival under oxidative stress (OS)
conditions [51,52].

Epidemiological Studies of Dietary Mycotoxins: A Brief Overview

Due to a favorable climate for fungal growth and inadequate regulation, outbreaks
of acute mycotoxicosis involving deaths are common in SSA, SEA, South Asia, and China
along tropical and sub-tropical zones [35,53,54]. There have been frequent reports of acute
aflatoxicosis in Uganda, India, Kenya, Tanzania, Taiwan, Malaysia, and the USA, among
other countries [5,6,55]. In Kenya, there have been 10 documented episodes of acute
aflatoxicosis in humans and 5 in animals, with the severest being in 2004, which resulted in
317 cases and 125 mortalities of humans [6,56–59]. In SSA, exposure to mycotoxins is largely
underreported, with few scanty data, mostly chronic, and characterized by co-occurrence
of multiple mycotoxins with possible synergistic interaction [19,60,61]. These contaminants
are widespread in human food and animal feed matrices in this region [9]. In Uganda,
Wokorach et al. [60] reported a high prevalence of aflatoxins, fumonisins, ochratoxins, and
deoxynivalenol (DON) co-occurring in sorghum, maize, groundnut, and millet, and their
daily intakes exceeding regulatory thresholds. Southern Africa had aflatoxins in maize and
peanut products, fumonisin in maize products, and patulin in apple juice [62]. High AFB1
levels with large portions of samples surpassing regulatory thresholds were detected in
maize and groundnuts from Tanzania [10,63] and maize from Rwanda [64]. In Kenya, a high
prevalence of aflatoxin, ochratoxin A (OTA) in rice, and aflatoxin and fumonisin in maize
with large non-compliance to regulatory standards were observed [9,65,66]. Indeed, surveys
conducted in Kenya between 1960 and 2018 show high rates of non-compliance to dietary
aflatoxin thresholds for maize, peanuts, sorghum, and milk products and astronomically
high for animal feed [65,67,68]. Mycotoxin contamination has also been reported in both
fruit juices and dried fruits [20,54,62]. Of particular health concern are aflatoxin hazards in
dried fruits, which are associated with toxigenic fungal contamination, especially during
the drying process [5,10,20,54,69]. Aflatoxin residues in milk and cereals in Kenya, notably
important components of weaning and children’s foods [9,70–73] and maternal blood at
delivery in Kenya and Nigeria [6], as well as fumonisin in breast milk in Ethiopia [74],
indicate pediatric and infantile exposure.

In feed analyzed globally, aflatoxins, fumonisins, DON, ZEA, and OTA, largely in
co-occurrence, have been detected [69]. In poultry feed, levels above regulatory thresholds
of multiple mycotoxins, most prominently fumonisin B1 (FB1) and AFB1 in Nigeria [75],
ZEA, fumonisin, DON, OTA, and aflatoxins in South Africa [76], and aflatoxin in Uganda
and Cameroon were observed [20,77]. Peanuts and maize are aflatoxin-high-risk feed
ingredients for the preparation of poultry feed [75,77]. Co-occurrence of AFB1, FB1, ZEA,
and DON in fish feed from Nigeria was reported [78]. In Kenya, Rodrigues et al. [79]
reported B-trichothecenes, fumonisins, ZEA, aflatoxins, and OTA residues in animal feed,
which, particularly for aflatoxin, were above regulatory limits. AFB1, DON, ergot alkaloids,
fumonisins, HT-2 toxin, OTA, T-2 toxin, and ZEA are mycotoxins that contaminate feed
raw materials, and finished dairy feed and poultry feed [19,70,72]. Frequently, there is
concurrent contamination with a high non-compliance rate for aflatoxin content [19]. In
Kenya, aflatoxin content was detected in commercial broiler feed, with large portions of
samples surpassing FAO/WHO and FDA regulatory limits [80]. There is also a gap in
knowledge/or scanty information on the prevalence of dietary non-aflatoxin mycotoxins,
albeit their food safety significance. Again, there is scant information on aflatoxin in food
and feed items other than maize, particularly for broiler feed, whose prevalence of aflatoxin
residues data are inadequate and outdated.
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3. Aflatoxins

Because of their wide prevalence and toxicity, aflatoxins have raised public health
concerns [4,5]. They were first discovered in poultry by British scientists in 1961 when more
than 100,000 turkeys and other farm animals died from a condition then termed Turkey
‘X’ disease in the United Kingdom, whose cause was later found to be aflatoxins in animal
feed originating in Brazil [81,82]. Aflatoxins are produced by Aspergillus fungi [83]. Some
aflatoxin-producing species are A. flavus, A. parasiticus, A. nomius, A. minisclerotigenes, A.
arachidicola, and A. australis, whose aflatoxigenic strains are found in agricultural commodi-
ties, food, and feed [5,46,51]. Albeit numerous aflatoxigenic fungi among the Aspergillus
species, only A. flavus and A. parasiticus are of public health significance [84].

3.1. Types

Several aflatoxin molecules naturally occur as fungal or animal metabolites, namely
aflatoxin B1 (AFB1), AFB2, AFB2a, AFP1, AFQ1, AFQ2a, aflatoxicol (AFL), AFL H1, AFL
M1, AFG1, AFG2, AFG2a, AFM1, AFM2, AFGM1, AFGM2, AFGM2a, AFB3 (parasiticol),
aspertoxin, and AFB1 8,9 epoxide [83,85]. The four primary types designated as aflatoxin B1,
B2, G1, and G2 [86], together with AFB3 and aspertoxin, are natural dietary contaminants of
plant-based food matrices [22], while AFM1, P1, Q1, aflatoxicol, and AFGM1 are carryover
contaminants in either animal-based food items, human and animal excretory products, or
animal and breast milk [83,87–90]. A. flavus produces B-type aflatoxins, while sA. parasiticus
secretes both B- and G-aflatoxin types [87], the most prevalent and toxic being AFB1 [85,91].
B-aflatoxins or G-aflatoxins are primary aflatoxins. The letters “B” and “G” derived,
respectively, from blue (425 nm) and green-blue (540 nm) fluorescence emission under
ultraviolet (UV) light by the toxins isolated by thin-layer chromatography, and “1” or “2”
denote a major or minor molecule, respectively [92–94].

3.2. Nomenclature and Structure

By chemical structure, B-aflatoxins, AFB2a, AFP1, AFQ1, AFQ2a, aflatoxicol, aflatoxi-
col H1, and aflatoxicol M1 are classified as “difurocoumarocyclopentenones,” characterized
by a fusion of the cyclopentenone ring to the lactone ring of the coumarin structure, and
G-aflatoxins, AFG1, AFG2, AFG2a, AFGM1, AFGM2, AFGM2a, are designated “difuro-
coumarolactones” [83,93,95]. As shown in Figure 1, the skeleton structure of primary
aflatoxins is a 3-component molecule comprising of a coumarin nucleus, a difuran moiety,
and either a cyclo-pentene ring for B-aflatoxins or a six-sided lactone ring for G-aflatoxins,
giving a categorizing criterion for difurocoumarocyclopentenones and difurocoumarolac-
tones groups of aflatoxins, respectively [5,83]. AFB1, a difurocoumarocyclopentenone, has
an unsaturated furan moiety with a highly reactive C8=C9 double bond, potentiating the
molecule to activation by CYP450 enzymes [5]. The furan ring and coumarin group, in
particular the lactone moiety, are vital for the toxicity of aflatoxin molecules and targets of
degradation and detoxification.

3.3. Physical and Chemical Properties

Aflatoxins form clear to pale-yellow crystals and are fluorescent intensely under
UV light [35]. Values of spectral characteristics could vary depending on factors such
as solvent environment. For AFB1, the maximum fluorescence spectrum is 365 nm for
excitation and 425 nm for emission in trichloroethylene/chloroform [86,96,97]. AFB1 is
insoluble in non-polar solvents, slightly soluble in water (10–30 µg/mL), freely soluble in
moderately polar organic solvents (chloroform and methanol), and particularly dimethyl
sulfoxide [35,98]. The chemical properties of AFB1 are a molecular weight of 312.06 g/mol,
a chemical formula of C17H12O6, and a melting point of 268.5 ◦C [5,35,96]. It has strong
thermal stability even above 100 ◦C but is unstable to UV light or pH conditions below 3
and above 10 [98].
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Figure 1.  Basic structures of primary aflatoxins. (A) Difurocoumarocyclopentenones: 
B-aflatoxins; (B) difurocoumarolactones: G-aflatoxins. The bifuran moiety (highlighted in 
blue) associated with AFB1, G1, and other aflatoxins have an unsaturated C8=C9 double 
bond, which is prone to enzymatic insult (bio-activation), conferring the molecule’s high 
toxicity and carcinogenicity. The backbone of the molecule is the coumarin nucleus 
(shown in green). Highlighted in red are cyclo-pentene ring (for difurocoumarocyclo-
pentenones) and lactone ring (for difurocoumarolactones).  (Source: Benkerroum [5]). 
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Figure 1. Basic structures of primary aflatoxins. (A) Difurocoumarocyclopentenones: B-aflatoxins;
(B) difurocoumarolactones: G-aflatoxins. The bifuran moiety (highlighted in blue) associated with
AFB1, G1, and other aflatoxins have an unsaturated C8=C9 double bond, which is prone to enzymatic
insult (bio-activation), conferring the molecule’s high toxicity and carcinogenicity. The backbone
of the molecule is the coumarin nucleus (shown in green). Highlighted in red are cyclo-pentene
ring (for difurocoumarocyclopentenones) and lactone ring (for difurocoumarolactones). (Source:
Benkerroum [5]).

3.4. Toxicokinetics

Toxicokinetics involves physicochemical processes of absorption (A), distribution (D),
metabolism/biotransformation (M), and excretion/elimination (E) of a toxicant by the body,
a paradigm abbreviated as ADME [99,100] or LADME when liberation (L) for accessibility
of the toxin from a matrix such as food is involved [101,102]. For AFB1, ADME processes
follow first-order kinetics; that is, the rate of each toxicokinetic segment is proportional to
the toxicant level [35,103]. Figure 2 illustrates the toxicokinetic events of AFB1 in humans
and animals.

3.4.1. Absorption

Important determinants of absorption are size, lipophilicity, hydrophobicity of guest
molecules, and the age of the host organism, among other factors [103,104]. Aflatoxins
have low molecular weight and high liposolubility, predisposing them to rapid absorp-
tion through the mucosa of the respiratory tract by inhalation or the gastrointestinal tract
(GIT) through the oral route via a non-elucidated passive mechanism into mesenteric
venous blood [35,93,95,103,105]. Indeed, aflatoxin can also be absorbed via vaginal mu-
cosa, suggesting passive diffusion as the probable mechanism of absorption [105]. Other
experimental routes of aflatoxin administration are percutaneous, intratracheal, intraperi-
toneal, and intraduodenal instillation applications, which deliver the toxin to the blood
system [35,103,104]. Oral/dietary intake is the most important route of exposure to myco-
toxins, including aflatoxins [101], and, therefore, the focus of the present study.

A review of toxicokinetic studies employing radiometric methods identified small
intestines as an important site of toxin absorption where rapid first-order passive diffusion
of AFB1 into mesenteric venous blood occurs; the duodenum is the most competent region
of toxin uptake [103]. Age-related variation due to differences in intestinal epithelium
lipid composition, with young animals having higher uptake than older ones, was also
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noted, confirming lipophilicity as a determinant of aflatoxin absorption. Further, there was
evidence of a hepatoprotective strategy involving enteric first-pass effect biotransformation
in gastrointestinal mucosa during AFB1 absorption [103]. Cows orally exposed to AFB1
at 4 µg/kg b.w., followed by another of 40 µg/kg b.w., showed a Cmax of 3.8 ng/mL and
a Tmax of 35 min [89]. AUC, Tmax, and Cmax values showed species variation due to
differences in AFB1 intake, gastrointestinal absorption, animal health, and especially the
activity of CYP450 enzymes. In humans exposed to dietary AFB1, Tmax was about 1 h [35].
These data indicate rapid absorption of AFB1 via the GIT into the systemic circulation.
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3.4.2. Distribution

Once in the systemic circulation, AFB1 is distributed to various tissues, including the
liver, its main target organ, and the site of xenobiotic metabolism [93,101], with similar
patterns after intratracheal instillation and oral administration in rats [35]. The distribution
process is influenced by the volume of distribution (vd, an index of affinity between a toxi-
cant and tissues), plasma protein binding, tissue accumulation (the partition between blood
and specific tissues), and permeability across specialized physiological barriers [103,104].
A review by Hsieh and Wong [103] observed that a high value of vd indicates extensive
tissue toxicant sequestration and increased species susceptibility to AFB1 toxicity. Toxin
residue levels rapidly decrease in the kidney and liver, with most of the hepatic retained
AFB1 being irreversibly bound to tissue macromolecules, especially serum albumin at the
site of intestinal absorption, a vital detoxification mechanism [103].

3.4.3. Metabolism

AFB1 undergoes activation (phase I) and conjugation (phase II) reactions [92,103],
mainly via the mercapturic acid pathway [106]. Phase I metabolism involves oxidation
(peroxidation, hydroxylation, o-demethylation), ketoreduction, and hydrolysis. AFB1 is
mainly bio-transformed by hepatic and extra-hepatic membrane-bound cytochrome P450
(CYP450) microsomal monooxygenase enzymes to hydroxylated (AFM1, AFQ1), hydrated
(8-hydroxy derivative, AFB2a or hemiacetal), o-demethylated (AFP1) metabolites, and
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epoxidated to AFB1-endo and -exo (8, 9) epoxides, or reduced via AFB1 reductase to
aflatoxicol, AFL [87,89,92,107,108]. AFL is considered a storage form as it can be oxidized
back to AFB1 by AFL dehydrogenase [94,97]. AFP1 can further be hydroxylated to 4,9a-
dihydroxyaflatoxin B1 (AFM1-P1) [97]. Both exo- and endo-epoxides can be detoxified
by rapid spontaneous or epoxide hydrolase (EPHX)-catalyzed hydrolysis to AFB1-8,9 di-
hydrodiol (AFB1-dhd), which undergoes furofuran ring opening to a dialdehyde (AFB1
α-hydroxydialdehyde) to form protein adducts by undergoing Schiff-base formation with
lysine in serum albumin [97,109,110]. The dialdehyde can further be detoxified to a dial-
cohol through reduction catalyzed by aflatoxin aldehyde reductase (AFAR) [41,93,97,110].
Hepatic and extra-hepatic activation of AFB1 is also mediated by prostaglandin H synthase
(PHS) and lipoxygenases [111,112] or CYP3A enzymes in enterocytes and lipoxygenase and
PHS in kidneys and lungs [41,113,114]. Phase II reactions include glutathione S-conjugation,
glucuronidation, sulfonation, acetylation, methylation, and amino acid conjugation of the
parent compound or its Phase I metabolites, respectively, mediated by glutathione-S-
transferases (GSTs), uridine 5′ diphosphate (UDP)-glucuronosyltransferases (UGTs), sulfo-
transferases (SULTs), acetyltransferases (NATs), methyltransferases, and aminoacyl-tRNA
synthetase enzymes [41,97,115]. This is the principal detoxification pathway of AFBO via
conjugation to the antioxidant glutathione (GSH) through a nucleophilic trapping process
where electrophilic AFBO is conjugated with GSH in a reaction mediated by GSTs [85,97].
This conjugate undergoes hydrolysis and N-acetylation, forming a hydrophilic species,
mercapturic acid (aflatoxin-mercapturate) [106,115]. AFM1, AFQ1, AFP1, and aflatoxin
M1-P1 and aflatoxicol are conjugated with uridine diphophate (UDP)-glucuronic acid
(glucuronidation) and sulfates (sulfonation) in reactions catalyzed by UGTs and SULTs,
respectively [35,87,97,103,116].

3.4.4. Excretion

A toxicant is excreted either as a parent molecule or its metabolites [99]. The toxi-
cokinetic modeling parameters for excretion are elimination half-life (t1/2), elimination
rate constant (kel), and clearance (CL), particularly renal clearance [99,117,118]. CL is the
volume of blood from which a toxicant is irreversibly eliminated or cleared per unit of time,
while t1/2 is derived from kel [99,119]. Oral administration of AFB1 in rats at 0.72, 18.1,
and 600 µg/kg body weight yielded kel of 0.01 h−1 and half-lives of 53.3–91.8 h [117,119].
More rapid toxicant elimination characterized by shorter half-lives and larger elimination
constants is observed in more resistant animal species. Intraperitoneal administration of
AFB1 in pregnant mice at 20 mg/kg led to a serum half-life of 0.3 h in the first 90 min and
an elimination constant of 3.0 µg/min [118], while a plasma half-life of 15.5 h was observed
in cows orally exposed to AFB1 [89].

AFB1 excretion is most prominent via biliary, urinary, and milk pathways in that
order [35,90,103]. More than 2-fold AFB1 excretion occurs through the biliary system
compared to urine, the major biliary metabolites being AFB1-Glutathione (AFB1-GSH)
and AFP1-Glucuronide; about 10–20% is excreted in the urine in the first 24 h [103]. A
review by these authoors shows that the main urinary metabolites in humans and rats
are AFM1, AFB1-N7-guanine (AFB1-N7-Gua), and AFP1, the major one for these species
and monkeys being AFM1, while mice are the only species known to urinary excrete
free AFQ1. Indeed, a recent review notes that urinary AFQ1 is rare in both humans and
animals [96]. Also, urinary intact AFM1 has been detected in humans [90]. AFB1-N7-Gua,
a pro-mutagenic adduct, is removed by nucleotide (NER) and base excision repair (BER)
pathways and excreted in urine [4,106]. Alongside these, urinary thiol metabolites, AFB1-
GSH, and mercapturic acid (N-acetylcystein or AFB1-Cys-Gly), are detected in humans
and animals [35,96,106,115]. Urinary AFB1-dialcohol has also been detected in humans
and animals [41]. Glucuronide and/or sulfate conjugates of aflatoxins M1, P1, Q1, B2a, and
aflatoxicol are excreted in urine and feces [96,97,110,120]. The AFB1 metabolite excreted in
the milk of food animals is mainly AFM1, but trace levels of AFQ1, AFM4, AFB2, AFP1,
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AFG1, AFL M1, and AFL H1 have also been reported [72,83,88,89,96,103]. In poultry,
excretion of AFB1, AFM1, AFB2a, and AFL in eggs has been reported [31–33,82,95].

The last line of body protection against a toxicant is the expulsion of its phase II
metabolites out of target cells. Active translocation of some xenobiotics through cell
membranes involving transporters has been described [97,104]. For AFB1, active transport
of AFB1-GSH out of cells by two ATP-dependent efflux pumps, namely P-glycoprotein
and glutathione S-conjugate carrier [41,110], and extracellular traps (ETs) formation in
macrophages that degrade AFB1 via an OS-induced mechanism have been proposed. Lastly,
data show a correlation between sensitivity to a toxicant and its excretion kinetics. Animal
resistance to the carcinogenicity of AFB1 is negatively correlated with the conversion
efficiency of AFB1 to AFP1 and water-soluble metabolites [103,121]. The level of urinary
excretion of thiol metabolites (AFB1 mercapturate, together with sulfate and glucuronide
conjugates, etc.) is higher in species that are more resistant to the carcinogenicity of
AFB1 [35,103].

3.5. Toxicodynamics

All mechanisms by which AFB1 exerts its effects are not well understood [114,122].
There are two known modes of aflatoxin poisoning, both involving genotoxicity, immuno-
toxicity, and acute poisoning by targeting functional macromolecules and immunocom-
petent cells (Figure 3) [4]. One mechanism is bio-activation by CYP450 enzymes to AFB1-
exo-8,9 epoxide (AFBO), an electrophile that insults cellular nucleophiles (nucleic acids,
phospholipids, and proteins), inducing cellular dysfunction [123–125]. Briefly, the carbon
double bond at position 8,9 potentiates AFB1 for bio-transformation to highly electrophilic
AFBO [98,122,126], which binds DNA by alkylation targeting the N7 position of the gua-
nine base [4,35,110,127,128] to form 8,9-dihydro-8-(N7-guanyl)-9-hydroxy-AFB1 (AFB1-N7-
Gua), a pro-mutagenic lesion [114,129]. AFBO-generated DNA adducts predominantly
AFB1-N7-Gua, and the more stable ring-opened AFB1-formamidopyrimidine (AFB1-FAPY)
and 2,3-dihydro-2-(N-formyl-2,3,6-triamino-4-oxopyrimidine-N-yl)-3-hydroxy AFB1 (AFB1
III) cause missense G-to-T (AGG to AGT) point transversion mutation in the 3rd nucleotide
of codon 249 of the p53 gene [110,114,130,131]. This causes the substitution of amino
acid arginine with serine, modifying the functionality of the mutant gene product, which
promotes the development of hepatocellular carcinoma, HCC [93,113,114,116,132–134].
AFB1-FAPY and AFB1 III are more stable and refractory to NER [4,110], making BER vital
for their removal, but are not excreted in biofluids [96,129].

Aflatoxin-mediated OS is the other mechanism [135] involving AFBO-initiated forma-
tion of reactive species (RS) capable of oxidizing DNA bases [85,122,136], lipids [4,137,138],
and proteins [129,139,140]. AFBO-generated ROS are superoxide anion (O2-, the primary
ROS), hydrogen peroxide (H2O2) resulting from dismutation of O2-, hydroxyl free radicals
(.OH) via Fenton reaction involving H2O2, and hydroperoxyl radical [137]. The most com-
mon reactive nitrogen species (RNS) is nitric oxide (NO) [141]. Aflatoxins initiate excessive
generation of free radicals, usually ROS or RNS, subsequently inducing oxidative or ni-
trosative stress, respectively, when there is a homeostatic imbalance between pro-oxidants’
(free radicals) levels and the antioxidant system’s ability to detoxify them [4,138,141,142].
Direct insults by free radicals or downstream breakdown of toxic molecules lead to various
pathological sequelae such as cellular damage, altered gene expression, and, ultimately,
disease [137,143]. AFB1-induced elevated ROS production causes an oxidative attack on
lipids, nucleic acids, and proteins, altering their cellular functions and inducing pathologi-
cal lesions such as lipid peroxidation (LPO), oxidative DNA damage, modification of the
antioxidant defense system, and immunosuppression [4,136,144]. Proposed mechanisms
of aflatoxin-mediated immunosuppression include increased expression of pro-apoptosis
proteins caspases and Bax and decreased expression of anti-apoptosis protein Bcl-2 trig-
gered by increased OS [145–147], leading to apoptosis of lymphoid organs and reduced
production of humoral factors [148,149]. Another possible pathway is OS-mediated block-
ing of protein synthesis, inhibition of macrophage migration, blocking of complement
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hemolytic activity, reduced lymphocyte proliferation through insults on lymphoid organs,
and impaired lymphocytic cytokine production [138,150–152].
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toxicity, and immunotoxicity.

In aflatoxicosis, OS is characterized by reduced activities of antioxidative enzymes
such as glutathione peroxidase (GPX), glutathione reductase, catalase (CAT), total super-
oxide dismutase (SOD), depletion of intracellular antioxidants (glutathione, GSH), and
increased malondialdehyde (MDA) in broiler chicken [146,153], rats [85,141,154], and
mice [153]. There are elevated levels of reactive species (RS), such as NO, MDA, and
ROS in rats [85,141], H2O2, MDA in mice [153], and MDA in broiler chickens [146,155].
Further, OS-associated apoptosis occurs in hepatocytes [156] and splenic lymphocytes, in-
dicative of AFB1-mediated immunosuppression in broiler chickens [146,155] and testicular
cells of sheep [156]. Interestingly, AFB1 also induces ROS-mediated autophagy [85,142].
Dai et al. [85] identified excess ROS production, DNA injury, OS, LPO, apoptosis, mito-
chondrial dysfunction, autophagy, necrosis, and inflammatory response as the molecular
mechanisms implicated in the pathways of AFB1-induced cytotoxicity and cell death.

Oxidative attack on lipids containing carbon double bonds, mostly polyunsaturated
fatty acids (PUFAs) in cell membranes by free radicals, leads to LPO and generation of
breakdown reactive aldehydes, namely 4-hydroxy-2-nonenal (4-HNE) and MDA [136,137].
Ayala et al. [138] noted that the production of free radicals is triggered by exogenous stimuli
such as environmental toxins to initiate the LPO process, a chain reaction generating MDA
and 4-HNE, which attack proteins and DNA. MDA and 4-HNE adducts are involved in
cellular processes and have injurious effects, including protein/DNA crosslinking, which
causes modification of biochemical properties of biomolecules, resulting in pathological
lesions [138]. AFB1-generated RS, including downstream LPO-generated MDA and 4-HNE,
are capable of inducing protein damage by oxidizing side chain amino acids such as lysine,
arginine, and threonine to yield carbonyl derivatives and protein carbonyl [136,139,140].
The molecular mechanism for AFB1-mediated growth reduction in animals and humans is
not known [53]. One proposed pathway is apoptosis due to AFB1-driven DNA damage-
blocking growth, as was observed in nematodes [157]. Loss of enzyme function is another
possible mechanism, where protein synthesis is impaired through structural modification
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by crosslinking of MDA and 4-HNE with elongation factor-2, which catalyzes ribosome
translocation along m-RNA during the elongation phase of translation [138,158].

Hydroxyl radicals initiate oxidative DNA insult, inducing DNA mutation, cell apopto-
sis, replication aberrations, and genomic instability [137]. The major molecular lesion of
oxidative DNA damage is 8-hydroxydeoxyguanosine (8-OHdG), another mutagenic adduct
resulting from insults of DNA-guanine by OS-generated hydroxyl radical [4]. 8-OHdG and
AFBO are involved in the initiation stage of carcinogenesis [159]. Unlike AFBO-generated
DNA adducts, 8-OHdG does not specifically target the p53 gene [4]. It is responsible
for OS-mediated genotoxicity associated with AFB1, triggering gene mutation through
base modification by mispairing with adenine during DNA replication, initiating G–C to
T–A transversion point mutations prevalent in mutated oncogenes and tumor suppressor
genes [4,137,144]. It is a potent genotoxin with mutagenic effects in mammals, bacteria [137],
and birds [136]. To minimize 8-OHdG accumulation within the genome, antioxidants and
free radical-scavenging enzymes, notably the BER, are the defense and repair mechanisms
that counter its effects [4,144].

3.6. Toxicity

Toxicological outcomes of dietary aflatoxins are acute toxicity, sometimes resulting
in death, and various chronic manifestations, depending on microsomal activity, species,
breed, age, sex, nutrition, environmental stress, concomitant exposures, dose, and duration
of exposure [39,94,148,160,161]. Genotoxicity, mutagenicity, and carcinogenicity of AFB1
are attributed to DNA damage by AFBO [4,35,114,127] and ROS [92,136], as detailed in Sec-
tion 3.5. AFB1 has a wide tissue tropism, its main target organ being the liver, and is a potent
hepatotoxin and hepatocarcinogen in man and many animal species [5,159,162,163]. Acute
aflatoxicosis is characterized by acute hepatitis, jaundice, hepatosplenomegaly, lethargy, de-
pression, nausea, anorexia, ascites, leg edema, febrile episodes, tachycardia, fatty infiltration
(hepatic lipidosis), hemorrhagic and centrilobular necrosis of the liver, bile duct hyper-
plasia/proliferation, aflatoxin residues, AFB1-protein adducts, notably lysine adducts,
and a high mortality rate [4,5,10,55,94,95]. Effects of chronic aflatoxicosis are generally
mutagenicity and carcinogenicity, reduced animal productivity [94,164], growth faltering,
immunomodulation [53,158,161], broad dysfunctions in GIT [165,166], damage of several
organs [5,94,97,167], and reproductive defects [4,94,168]. Although CYP450 enzymes are
found in almost all cells, their levels in different tissues vary significantly [97]. This explains
the observed differences in the risk of aflatoxin poisoning for various organs, such as the
liver, kidneys, small intestines, and lungs [4,97].

3.6.1. Toxicity in Humans

Naturally occurring aflatoxins are classified as Group 1 carcinogens, that is, potently
carcinogenic to humans [35]. Of these, AFB1 is the most potent mutagen, followed by
AFG1, while AFB2 and AFG2 are non-mutagenic [35,127]. Their metabolites, AFL, AFM1,
AFLH1, and AFQ1, have increasing mutagenic activity in that order, while AFP1 and
AFB2a are non-mutagenic. AFBO-generated (AFB1-N7-Gua, AFB1-FAPY, and AFB1 III)
and OS-associated (8-OHdG) DNA adducts confer epigenetic changes via corruption of
specifically tumor suppressor p53 protein (TP53 or Guardian of the Genome), or various
oncogenes and tumor suppressor genes, respectively [4,114]. TP53 is a transcription factor
encoded by the p53 gene that regulates cell survival, apoptosis, senescence, and DNA
repair [169,170]. Its inactivation by transverse point missense mutation in the p53 gene is
a hallmark of carcinogenesis, with the mutant p53 protein losing its tumor suppression
function or corrupted to promote oncogenesis [130,133,169,170]. Missense mutations are
more common in areas with a high prevalence of dietary aflatoxin, chronic hepatitis B virus
(HBV) or hepatitis C virus infections, and alcohol consumption [35,114,133,134,169,171].

AFB1 has been linked to cancers, most prominently hepatocellular tumors, in several
animals [114,129,160]. In humans, AFB1 is suspected to be associated with cervical [8],
lung [158], and esophageal cancers [7] and is strongly linked to HCC [35,114,122]. Using
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urinary aflatoxin [53,122], a significant positive effect of dietary aflatoxin on HCC develop-
ment and increased risk of HCC due to interaction between aflatoxin and HBV infection was
demonstrated in SSA, including Kenya, SEA, and China, with co-occurrence of HBV infec-
tion posing an extremely high risk, especially in high prevalence areas [35,39,54,57,114,172].
This interaction is actually more consistent with additive rather than multiplicative ef-
fects [4,6,114,122,172,173]. Indeed, AFB1, on its own, has significant carcinogenic potency
in the development of HCC in humans [172,173]. Increased risk of HCC in GSTM1-null
genotype humans [35] and transgenic mice deficient in Xeroderma pigmentosum A, a protein
critical for NER of damaged DNA [35,122], suggests genetic polymorphism plays a vital
role in aflatoxin-mediated HCC. These data form the basis of analysis of HCC risk in the
human population in areas with chronic aflatoxicosis and HBV infection employing a
deterministic approach [5,174,175]. The risk is a product of AFB1’s carcinogenic potency (a
function of seropositive and seronegative individuals for the surface antigen of HBV) and
estimated daily intake per body weight [88]. There is a dearth of comprehensive updated
risk analyses for HCC associated with dietary aflatoxin in maize, dairy products, and other
common staple foods.

An association between aflatoxin intake and growth retardation in humans, a condi-
tion termed childhood stunting or growth faltering [53,114,158,176] has been reported in
Kenya [6], Tanzania [63], and the Gambia [177]. Because of their lower body weight, higher
rate of metabolism, and inferior toxin detoxification capacity, children are more susceptible
to aflatoxin poisoning than adults [63]. Indeed, chronic exposure to high AFB1 levels at
infancy in Gambian children was associated with growth faltering, an effect that was more
pronounced when exposure commenced in utero [177]. This condition, which causes early
life morbidity and mortality, requires effective intervention and mitigation strategies to
protect in utero, infantile, and pediatric individuals from aflatoxin poisoning. It is, however,
possible that, due to confounding factors, the association between aflatoxin exposure and
growth in children and in utero could be overestimated in the observation research above.
A study employing a randomized control trial design to eliminate this shortfall showed
no causal link between child linear growth and dietary aflatoxin exposure in Kenya [178].
They further observed age-specific effects that need further research. Cohort studies also
did not show any relationship between aflatoxin exposure and child growth in Nepal [179]
and in Bangladesh [180].

3.6.2. Toxicity in Animals

Aflatoxicosis in domestic animals is characterized by general unthriftiness, anorexia,
GIT problems, reduced feed utilization efficiency, and mortality, among other problems
[95,125,160,161,163]. Impaired productivity in terms of growth rate and feed conversion
efficiency in broiler chicken [161,181,182] and pigs [183], egg production and hatchability in
layer chicken, and milk production in dairy cattle have been observed in aflatoxin-exposed
animals [22,82,94,125,184] resulting from aflatoxin-induced multiple organ dysfunction [37].
This is preceded by inappetence [94,161,182] due to toxicity [164]. In addition, AFB1 induces
nutrient malabsorption and metabolism aberrations [94,166,168,181]. Dietary aflatoxin also
adversely affects the quality or characteristics of edible animal products. These include
toxic residues in milk, eggs, and meat, poor eggshell quality in layer poultry, and bruising
in broiler carcasses [27,34,37,82,95,160,185,186]. Generally, the performance response to
aflatoxin exposure is a reduction in both feed intake and growth rate in pigs and broiler
chickens [161,183].

3.6.3. Immunotoxicity in Humans and Animals

Various components of the immune system exhibit differential responses to afla-
toxin poisoning. Cellular responses and non-specific humoral factors such as complement
and interferon are impaired by relatively lower levels of aflatoxin [160]. On the other
hand, T-lymphocytes are more sensitive than B-cells [187]. AFB1 inhibition effects on
cell-mediated immunity (CMI) include thymic aplasia, inhibition of macrophage phago-



Toxins 2024, 16, 483 12 of 31

cytosis, delayed cutaneous hypersensitivity, reduced delayed-type hypersensitivity, and
cutaneous basophil hypersensitivity (CBH), suppressed graft-versus-host response, re-
duced lymphoblastogenesis, delayed and reduced lymphocyte proliferation, and leukocyte
migration [151,160,187,188]. At the organ level, AFB1 induces CMI suppression charac-
terized by thymus atrophy and aplasia with reduced percentages of mature thymocytes,
thymus architectural loss, and increased apoptotic thymocytes in broiler chickens [147].
AFB1 depresses adaptive and innate components of the immune system [4,82,189]. An in-
hibited immune cell proliferation index characterized by delayed and reduced lymphocyte
proliferation in response to vaccine antigen and a depressed percentage of specialized T-cell
subsets indicates impaired lymphocyte activation in AFB1-exposed humans, poultry such
as broiler chickens, and other animals [152,187]. These immunosuppressive effects could
lead to poor vaccine response, reduced therapeutic efficacy, increased susceptibility to in-
fections [4,158,190] in humans and animals, and aggravate disease pathogenesis [191–194].
Indeed, experimental chronic exposure to AFB1 impaired vaccine response in pigs [188],
and poultry, including chicken [82,189,195].

Concerning humoral immunity (HI), AFB1 induces immunosuppression characterized
by atrophy, disruption of normal architecture, and functional impairment of immune-
competent organs such as the bursa of Fabricius, spleen, and thymus in broilers
[30,147,148,196–199]. The bursa of Fabricius, responsible for the maturation of B and
memory cells and therefore important for antibody production and adaptive immunity,
is generally a major target of aflatoxins in poultry [197]. In addition to experimentally
inducing atrophy of the bursa of Fabricius in broiler chickens [196] and of the spleen
in layer chickens [200], AFB1 also triggers massive apoptosis of splenic lymphocytes in
broiler chickens [146]. This immunosuppression may lead to decreased antibody titers and
reduced vaccine efficacy [30,82,151,189,198,201–203]. In humans naturally exposed to di-
etary aflatoxin, lowered, reduced salivary immunoglobulin A secretion was observed [158].
Up-regulation of pro-inflammatory (IL-6, IFN-γ) and regulatory (IL-10) cytokines and
inhibition of complement activity are remarkable effects of aflatoxins on non-specific hu-
moral factors [150,152,160]. However, aflatoxins induce a hormetic response exhibiting
dose-dependent biphasic effects on HI in chickens and other animals. This is particu-
larly their effect on the alternative pathways of complement activation, characterized by
low-dose stimulation and high-dose inhibition depending on the level and duration of
exposure [114,152,187,189,204].

3.7. Detection of Dietary Aflatoxin

Measurement of dietary aflatoxin is a 3-step process that constitutes the mycotoxin
sampling plan: sample selection, its preparation, and toxin detection/quantification
[22,23,205–207]. These steps are sampling stages, which are critical for accurate and precise
measurement necessary for true and reliable estimation of the characteristic [208–210]. Chro-
matographic methods, namely thin-layer chromatography (TLC), liquid chromatography
(LC), gas chromatography, and their improved versions such as high-performance (HP) TLC
(HPTLC), HPLC, ultra HPLC (UHPLC), LC-mass spectrometry (MS) (LC-MS), LC tandem
MS (LC-MS/MS), and immunochemical methods/immunoassays are employed for detec-
tion and quantification [40,54,66,75,79,211,212]. Other methods are spectroscopy and emerg-
ing approaches based on hyperspectral imaging, aptamers, fluorescence/near-infrared
spectroscopy, molecularly imprinted polymers (MIPs), surface plasmon resonance detec-
tion, optical waveguide light-mode spectroscopy, nanotechnology, and acetylcholinesterase
inhibition [6,22,40,54,92,94,212,213]. Indeed, molecular imprinting technology-enhanced
solid phase extraction is a promising state-of-the-art sample clean-up approach that
will drastically reduce the matrix effect during the analysis of real samples for dietary
mycotoxins [214].

Immunoassays apply antigen–antibody reaction binding specificity to detect aflatoxin
and include enzyme-linked immunosorbent assays (ELISAs), radioimmunoassay, lateral
flow immunoassays (immunodipsticks), and immunoaffinity fluorometry [54,64,65]. Oth-
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ers are fluorescence polarization immunoassay, biosensors, and biosensor-based devices
comprising the mycotoxin-specific antibody and a transducing element (enzyme, pep-
tide, aptamer, or MIPs) that converts the change in physical variable produced by the
antibody-mycotoxin reaction into a measurable signal [22,54,212,213]. Due to superior
sensitivity, specificity, rapidity, simplicity, cost-effectiveness, and high sample throughput
with low sample volume, the application of immunoassays is widespread and accepted
for the quantification of dietary aflatoxins [6,40,92]. Competitive ELISA (cELISA), the
predominant method and a preferable tool when the antigen is a hapten with a single
epitope, has two variants available for aflatoxin analysis [22,215]. Direct inhibition cELISA
has been employed to determine aflatoxin in animal feed and human foods, including
milk [64–66,70–73,216], while Mutegi et al. [67] applied indirect cELISA to quantify AFB1 in
peanut products. Highly sensitive nanotechnology-based immunoassays such as cELISAs
have been developed [40,54,212,217].

Aflatoxin analysis, however, starts with sample selection followed by sample prepara-
tion until a test portion is acquired, which is then subjected to pre-treatments such as clean-
up and concentration manipulations prior to toxin detection and quantification [22,206].
Sample selection involves the identification of a sampling unit from which incremental
samples are selected by random collection of an adequate number and size from various
localities and pooled to give an aggregate sample [75,206,218,219]. Sampling tools and
procedures are sources of bias that can violate the requirement of an equal chance of being
selected [220]. Sample preparation entails representative mass reduction of the aggregate
sample to laboratory sample [22] through dry milling, random reduction [16,19,206,221],
and then random identification of the test portion, which is further homogenized by wet
milling/water slurries [15,210,219]. To minimize matrix effects and enrich extract, the sam-
ple undergoes pre-treatment [22], commonly solvent extraction and clean-up solid-phase
extraction (SPE) [92,94,221]. In classical SPE, the solvent removes the analyte from the
sample, facilitated by agitation, then spinning or filtration before enrichment and clean-
up [22]. Aflatoxin is separated from other unwanted interfering materials based on relative
solubility by selectively moving from the aqueous to the polar organic component of the sol-
vent mixture [40]. Several systems have been developed for sample clean-up to disengage
interfering substances prior to mycotoxin quantification by advanced equipment such as
HPLC. These are SPE (octadecylsilane/C18, immuno-affinity, and multifunctional columns,
MIPs), instrumental solvent extraction systems (microwave-assisted and ultrasonic prod-
ucts), and extraction-clean-up–concentration combination products (QuEChERS, matrix
solid-phase dispersion, dispersive liquid–liquid micro-extraction) [40,92,94]. Quick, easy,
cheap, effective, rugged, and safe (QuEChERS) system is a multi-mycotoxin SPE system.

The largest uncertainty associated with the measurement of aflatoxin content is due to
its heterogeneity, leading to variability [17,22,219]. It is difficult to acquire a representative
sample that accurately estimates true aflatoxin content [21,23]. Development of improved
analytical methods often focuses on downstream steps, yet the sample selection step is the
largest source of variability, followed by sample preparation, while quantification is the
smallest contributor [6,13,23,205,206,219]. There is a need for a reliable test procedure with
improved accuracy and precision for the estimation of true aflatoxin content in chicken
feed [25]. Recent data on aflatoxin contamination in figs [219] and maize [16] suggest that
optimization of upstream procedures can considerably reduce measurement uncertainty.
For instance, optimizing sample selection procedures and then incorporating a wet milling
(water slurring) step in the sample preparation procedure, a more efficient comminution
procedure than dry milling, is a critical modification [13,15–17,206,210,218,222].

3.8. Management of Dietary Aflatoxicosis

Aflatoxin management requires a multi-faceted approach employing various interven-
tion/mitigation strategies, the most promising being chemoprotection and enterosorption.
The different strategies employed for the management of dietary mycotoxins are given in
Table 1. Chemoprotection by yeast extracts, pharmaceutical and phytochemical products,
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vitamins, and trace minerals involves modulation of toxin activation and detoxification
pathways, while enterosorption entails selective, effective adsorption and sequestration of
dietary hazards blocking their bioavailability in the GIT, a mechanism utilized by clay afla-
toxin binders [6,158]. Legislative control involves institutional regulation where thresholds
of dietary mycotoxins are established and stipulated in regulatory standards, and compli-
ance is enforced by official entities [223]. These include FAO/WHO’s Codex Alimentarius,
the Kenya Bureau of Standards, KEBS [224,225], the US Food and Drug Administration,
FDA [226], the European Union, EU [227], and the East African Community, EAC. In
developing countries, aflatoxin levels above legal limits are common [228,229], indicating
low-risk awareness, a lack of enforcement of regulatory limits, and an official nonchalant
attitude [53,230]. Currently, there is a need for a comprehensive review update of the
national and regional human food and animal feed contaminants regulatory systems in
relation to dietary mycotoxin as a food safety hazard in the SSA.

Table 1. Various management strategies against aflatoxin poisoning.

Mitigation Strategy/Product References

Good agricultural practice (GAP) [5,6,86,95,231]

Legislative control: Institutional regulation [53,223–228,230]

Physical methods: Sorting, heat treatment, hermetic storage bags, irradiation, and cold
plasma technology [54,91,95,126,231]

Traditional chemical methods
Treatment with chemicals: Salts, acidic/alkaline compounds, ozone, and
chitosan nanoparticles [54,212]

Nixtamalization [70,91]

Chemo-protection (xenobiotic metabolism modulation)
Pharmaceuticals: oltipraz, butylated hydroxytoluene, ethoxyquin, indole-3- carbinol,
and phenethyl isothiocyanate [35,232–234]

Phytochemicals: beta-caryophyllene, chlorophyllin, curcumin, ferulic acid, flavonoids,
kolaviron (a natural biflavonoid), luteolin, and lycopene [35,85,125,136,149,153,154,235–240]

Nutraceuticals: Dietary vitamins (A, C, and E) and essential trace minerals (zinc,
selenium, and functional amino acids) [42,149,155,241,242]

Biocontrol
Probiotics: bacteria, yeast species, mannan-oligosaccharides, and combination of
probiotics with toxin-degrading enzyme [42,149]

Experimental probiotics: Bacillus, Lactobacillus, Saccharomyces, Trichoderma, Penicillium,
Pseudomonas, Ralstonia, Burkholderia, Streptomyces, Stenotrophomonas, Bacillus, Serratia,
Pediococcus, and Lactococcus

[18,54,212,243,244]

Aflatoxin biopesticides: Afla-guardR®, AF36R®, Aflasafe® [5,54,69,86,95,149,212,231]

Gastrointestinal detoxification using dietary AMAs
Inorganic AMAs: Aluminosilicates: hydrated aluminosilicates (HSCAS, e.g.,
Novasil+), phyllosilicates (montmorillonite, smectites, and beidellite), and
tectosilicates (zeolite/clinoptilolite), bentonite, activated charcoal, kaolin, and
diatomaceous earth

[54,148,231,245–249]

Organic AMAs: Humic acid, yeast (Saccharomyces cerevisiae), polysaccharide-based
adsorbents, mainly yeast cell wall-based mannan, glucans, plant-derived
glucomannan and glucan, mannanoligosaccharides, esterified glucomannan, lactic
acid bacteria, and hybrids of inorganic–organic AMAs

[37,149,188,231,247,248,250–255]

Synthetic AMAs: Cholestyramine, polyvinylpyrrolidone [54,231,252]

Strategies under experimentation
Nutritional Strategy: Nutraceuticals such as functional amino acids [42,149,155,242]

Other novel strategies: Vaccination, predictive modeling, antidote, and
nanotechnology-based mold inhibitors [42,211,223]

Other aflatoxin mitigation strategies include good agricultural practice [5,6,86,230], nu-
tritional supplementation with nutraceuticals [42,149,155,241,242], and physical methods
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such as irradiation and plasma technology [54,91,95,126]. Where food items comprised of
heat-sensitive nutrients, for instance, fruit materials, are involved, traditional non-thermal
techniques such as cold plasma technology, irradiation with UV light or γ-rays, and ozone
treatment are more desirable for aflatoxin detoxification [54,91,126]. These methods sup-
press toxigenic Aspergillus spp. and degrade the aflatoxin molecule. Plasma technology,
an electrical energization of gaseous matter at various levels of atmospheric pressure, is
an upcoming practical, cost-effective decontamination approach and a suitable alternative
to thermal-based methods [91]. A promising biocontrol technology for dietary aflatoxins
involves adjustment of soil microbiome through the application of genetically modified
atoxigenic fungal antagonist strains, which displace toxigenic strains from ecological niches
by biocompetitive exclusion [5,54,69,95,149,212,231]. Many aflatoxin biopesticidal products,
such as Afla-guardR, AF36R, and Aflasafe, have been developed and registered in many
countries [5,86]. Other biocontrol agents are probiotics [18,54,243,244] and probiotics with
toxin-degrading enzymes [42]. Treatment with chemicals, including nixtamalization, is an-
other effective control strategy [54,70,91,212,256]. Novel strategies under experimentation
are vaccination [211], predictive technology [223], antidote development, and nano-based
mold inhibitors [42].

Nutraceutical agents such as dietary vitamins (A, C, and E) and essential trace
minerals (zinc, selenium, and functional amino acids) play protective roles as antioxi-
dants [42,149,155,241,242]. Amelioration of aflatoxicosis effects through modulating xeno-
biotic metabolism using chemo-protective pharmaceuticals and phytochemical agents is
an active area of research. Pharmaceuticals include aflatoxin-blocking agents modulating
both phase I and II reactions, notably oltipraz, butylated hydroxytoluene, ethoxyquin,
indole-3-carbinol, and phenethyl isothiocyanate [35,232–234]. Phytochemicals act as free
radical scavengers against aflatoxin poisoning [125]. They include chlorophyllin [35,235], lu-
teolin [154], flavonoids [238], kolaviron, a natural biflavonoid [236], ß-caryophyllene [239],
curcumin, a natural polyphenol [85,149,153,257], ferulic acid [240], and lycopene, a carotenoid
pigment [136,237]. The development of effective adsorbents/binders, biodegrading en-
zymes, and probiotics to ameliorate mycotoxin effects by remediation or GIT detoxification
is ongoing [42,69]. In-feed anti-mycotoxin additives (AMAs) target mycotoxins by ad-
sorbing, binding, or detoxifying by bio-transformation are available, but there are many
products marketed as AMAs whose efficacy is largely unknown [258]. Indeed, many AMAs
are ineffective [259]. A good AMA effectively sequestrates mycotoxin(s), ameliorates toxin’s
injurious effects, is non-toxic (free from heavy metals and dioxins), cost-effective, has no
adverse effects on edible animal products, does not mask mycotoxins, is stable to feed
processing procedures, and its use and efficacy must be verifiable [231,260]. It has high
and broad-spectrum adsorption capacity and binds mycotoxins selectively and irreversibly
at different pH levels. In addition, it does not interfere with nutrients and therapeutic
drugs [247,248].

Mycotoxin binders are broadly categorized as inorganic (mineral clays, activated
charcoal), organic, mixed inorganic/organic AMAs, and synthetic polymers. Clay min-
erals are a diverse group of aluminosilicates classified according to their structure, com-
prising mainly hydrated aluminosilicates (hydrated sodium calcium aluminosilicates:
HSCAS), phyllosilicates (montmorillonite, smectites, and beidellite), and tectosilicates
(zeolite/clinoptilolite) [54,148,231,249]. HSCASs, such as Novasil Plus, have high cation ex-
change capacity and selectively immobilize aflatoxin by chemisorption through the complex
formation by the ß-keto-lactone or bilactone moieties of aflatoxin and metal ions of HSCAS
during digestion, therefore blocking its bioavailability from the GIT [245–248]. Synthetic
polymers, such as cholestyramine and polyvinylpyrrolidone, are also used as aflatoxin
binders [54,231,252]. Other inorganic mineral binders are bentonite, activated charcoal
from pyrolysis of organic materials, kaolin, diatomaceous earth [30,148,231,247], and a
novel magnetic reduced graphene oxide composite, a nano-adsorbent with high adsorption
efficiency for AFB1 [261]. The limitations of clays are that they are non-biodegradable and
often accumulate in manure, contaminated with toxic metals and dioxins, and therefore,
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they necessitate rigorous testing before use. They also have a narrow binding spectrum
in favor of aflatoxins [247,262,263]. Some also adsorb trace nutrients [249]. The devel-
opment of organic binders such as polymeric organic polysaccharide-based adsorbents
addresses these drawbacks [264,265]. In Kenya, chicken manure is used by dairy and crop
producers [266], making organic binders more environmentally friendly. Additionally,
yeast-based binders such as mannanoligosaccharides have nutritional [250,252] and im-
munomodulatory values [201]. There is a dearth of information on the effectiveness of
locally and commercially available feed additive products imported and touted as “my-
cotoxin binders” [5,37,258]. In addition to this uncertainty and despite their widespread
use, these products are neither governed by food safety standards nor can they be detected
analytically, making their regulation very difficult. Rigorous and continuous evaluation
of these products to ascertain their efficacy as ameliorating agents against the effects of
animal aflatoxicosis is necessary [69,259].

Common organic binders are humic acid, yeast (Saccharomyces cerevisiae), polysaccharide-
based adsorbents mainly yeast cell-wall-based mannan, glucan, plant-derived glucoman-
nan and glucan, mannanoligosaccharides, esterified glucomannan (EGM), lactic acid bacte-
ria, and hybrids of inorganic–organic AMA products [37,149,188,231,247,250,252]. These
products, especially yeast cell-wall-based adsorbents, exhibit different absorption mecha-
nisms, such as hydrogen bonding and ionic or hydrophobic interaction for sequestering
mycotoxins [248,252]. The cell wall of S. cerevisiae is a complex structure with many compo-
nents [252,255,267], of which β-D glucans provide accessible binding sites for sequestrating
mycotoxins [251–254], whose binding efficacy depends on both its molecular structure and
of mycotoxins [268].

The amelioration activity of AMA has been evaluated (Table 2). In vitro binding
efficacy of activated charcoal, sodium and calcium bentonite, and EGM products for
AFB1 [255,269,270], yeast-based products for AFB1 and ZEA [247], EGM for AFB1, OTA,
and T-2 toxin [201], and of various clays for OTA and ZEA [271] was demonstrated at pH
values of GIT. An in vitro study demonstrated the high binding capacity of NovaSil Plus®

and AFB1 with no interaction with vitamin A [272]. Yeast and plant-based adsorbents,
including glucomannan, protect animals against mycotoxicosis [54,188]. Glucomannan
is protective against aflatoxicosis in merino rams [273] and horses [231], while Novasil
Plus® reduced AFM1 levels in cattle milk [274]. In humans, in situ, detoxification potential
of bentonite clay binder and fumonisin esterase [275] and effective, safe reduction in
bioavailability of dietary aflatoxins by NovaSil, a calcium montmorillonite clay, were
demonstrated [276,277]. However, it has been proposed that aflatoxin-binding technology
is not ethically acceptable for humans due to food safety concerns [278]. Precisely, this
will conflict with established food safety infrastructure that discourages consumption of
aflatoxin-contaminated food.

Table 2. Studies to investigate the efficacy of various AMAs. In situ, in vitro, and in vivo systems
have been employed to evaluate the amelioration activity of several anti-mycotoxin products.

Type of Mycotoxin AMAs Evaluated Experimental Evaluation System References

AFB1 Activated charcoal, sodium, calcium
bentonite, EGM products in vitro [255,269,270]

AFB1, ZEA Yeast-based products in vitro [247]
OTA, T-2 toxin EGM in vitro [201]
OTA, ZEA Various clays in vitro [271]
AFB1 NovaSil Plus in vitro [272]
AFB1 Glucomannan Broiler chicken [201,251,279,280]
AFB1 Glucomannan Quails [281]
AFB1 Glucan Layer chicken [28]
AFB1 Activated charcoal, bentonite Broiler chicken [282]
AFB1 Mycosorb® Broiler chicken [80]
AFB1 Bentonite Broiler chicken [186]
AFB1 NovaSil Plus Broiler chicken [163,279,283,284]
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Table 2. Cont.

Type of Mycotoxin AMAs Evaluated Experimental Evaluation System References

AFB1 Yeast (S. cerevisiae)-zeolite Broiler chicken [250,285]
AFB1 Glucomannan Merino rams [273]
AFB1 Glucomannan Horses [231]
AFB1 Novasil Plus Dairy cows [274]
AFB1 + FB1 Bentonite clay-fumonisin esterase Humans (in situ) [275]
Total aflatoxins Novasil Humans (in situ) [276,277]

Key: EGM = Esterified glucomannan.

In poultry, dietary glucomannan showed a protective effect against aflatoxicosis in
broiler chicken [201,251,279,280] and quails [281], while glucan protected layer chicken [28].
In broiler chicken, activated charcoal and bentonite reduced aflatoxicosis-induced hepatic
lesions, restored a number of immune cells, and improved their general performance,
with the most effective binder being bentonite [30,282]. Mycosorb® restored aflatoxin-
altered feed conversion efficiency [80]. Dietary bentonite reduced liver AFB1 residues by
half [186], and NovaSil Plus® counteracted aflatoxin-induced serum biochemical lesions,
altered organ weights [163], and generally alleviated the effects of aflatoxicosis in broiler
chicken [279,283,284]. Similarly, a hybrid AMA yeast (S. cerevisiae)-zeolite ameliorated
the impact of aflatoxicosis in broiler chicken [250,285]. Meta-analysis of anti-aflatoxin
additives in poultry feed showed that inorganic binders are more protective, followed by
antioxidants, and organic binders in that order [248]. Novasil Plus® (phyllosilicate clay:
calcium montmorillonite, BASF®), Myosorb A+® (Saccharomyces cerevisiae yeast cell wall
extract, HSCAS, algae oil; Alltech® Inc.), and Mycofix Select 3.0® (synergistic adsorbent
minerals; bio-degrading enzyme: FUMzyme-producing Coriobacteriaceae bacterium: BBSH;
bio-protective phytochemicals: plant and algae extracts; Biomin®) are among the nine
commercially available AMAs in Kenya that need evaluation [258]. Modern broiler breeds
have a more efficient nutrient conversion system, requiring faster hepatic metabolism [189].
This makes them more susceptible to the effects of AFB1 due to up-scaled xenobiotic
metabolism. Continuous evaluation of the effects of dietary AFB1 on the performance
of emerging new broiler breeds is, therefore, necessary. Identification of an appropriate
broad-spectrum dietary AMA against aflatoxicosis is a high priority.

4. Conclusions

This review highlights that in spite of all the research that has been conducted since
aflatoxins were discovered in the 1960s, many issues relating to them and the other mycotox-
ins are still not well understood. The functional significance of mycotoxins in fungal biology
is still under investigation, with some potential roles being enhancing ecological niche
advantage, anti-fungivore activity, facilitating host invasion, and oxidative stress adapta-
tion. In food toxicology, mycotoxins, especially aflatoxins, are important dietary toxicants.
Toxicodynamics of AFB1 primarily involves two mechanisms of toxicity: bio-activation
and oxidative stress (OS). However, the biochemistry of aflatoxin poisoning is still not
fully understood. Dietary aflatoxin induces significant toxicity implicated in both acute
and chronic health conditions in humans and animals. Acute aflatoxicosis prominently
causes extensive liver damage, while chronic exposure induces genotoxicity/mutagenicity,
carcinogenicity, and immunosuppression. In food animals, chronic aflatoxicosis causes
poor animal performance and introduces violative residues in edible animal products. The
ubiquity of mycotoxins, as well as the lack of/or inadequate enforcement of regulations in
many countries, means that the health burdens associated with mycotoxins are likely to
persist. While it was not possible to list all studies on the occurrence of various mycotoxins
in this review, it seems evident that their prevalence is very high, and what is described in
the literature is probably just the tip of the iceberg.

Effective mitigation strategies depend on reliable detection and management method-
ologies of the dietary hazard. There are still pending issues relating to the optimization
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of aflatoxin residue estimation methods. Despite having a trend towards more advanced,
specific, and sensitive analytical methods with enhanced detection capabilities, more at-
tention should be paid to representative selection and preparation of samples, which is
crucial for reliable measurement of dietary aflatoxins. Management of dietary aflatoxins
is multi-faceted, employing different intervention strategies and a holistic approach inte-
grating chemoprotection, enterosorption, good agricultural practices, and regulatory and
biocontrol measures. Chemoprotection based on modification of xenobiotic metabolism
and enterosorption (using aflatoxin binders), which ameliorate the effects of aflatoxin
by altering the hazard’s toxicokinetics, are the most applied approaches. Nevertheless,
effective mitigation strategies are yet to be established. For the time being, surveillance
employing predictive technology and mitigation strategies employing biocontrol agents
such as aflatoxin bio-pesticides, probiotics, or probiotics with toxin-degrading enzymes,
and aflatoxin sequestration using binders seem to be promising approaches.
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·OH hydroxyl free radicals
4-HNE 4-hydroxy-2-nonenal
8-OHdG 8-hydroxydeoxyguanosine
ADME absorption, distribution, metabolism and excretion
AFAR aflatoxin aldehyde reductase
AFB1 aflatoxin B1
AFB1-GSH aflatoxin B1-glutathione
AFBO AFB1-exo-8,9 epoxide
AFB1 III 2,3-dihydro-2-(N-formyl-2,3,6-triamino-4-oxopyrimidine-N-yl)-3-hydroxy

AFB1
AFB1-Cys-Gly aflatoxin B1-Cysteine-Glycine adduct
AFB1-dhd AFB1-dihydrodiol
AFB1-FAPY AFB1-formamidopyrimidine
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AFB1-N7-Gua 8,9-dihydro-8-(N7-guanyl)-9-hydroxy-AFB1
AFB2 aflatoxin B2
AFB2a aflatoxin B2a
AFB3 aflatoxin B3
AFBO aFB1-exo-8,9 epoxide
AFG1 aflatoxin G1
AFG2 aflatoxin G2
AFG2a aflatoxin G2a
AFGM1 aflatoxin M1
AFGM2 aflatoxin GM2
AFGM2a Aflatoxin GM2a
AFL aflatoxicol
AFL H1 aflatoxicol H1
AFL M1 aflatoxicol M1‘
AFM1 aflatoxin M1
AFM1-P1 4,9a-dihydroxyaflatoxin B1
AFM2 aflatoxin M2
AFP1 aflatoxin P1
AFQ1 aflatoxin Q1
AFQ2a aflatoxin Q2a
AMAs anti-mycotoxin additives
AUC area undet the curve
Bax Bcl-2-associated protein x
Bcl B-cell leukemia
BER base excision repair system
C18 octadecyl
CAT catalase
CBH cutaneous basophil hypersensitivity
CL clearance
Cmax maximum plasma concentration
CMI cell-mediated immunity
CYP450 cytochrome P450 system
DNA deoxyribonucleic acid
DON deoxynivalenol
EAC East African Community
EGM esterified glucomannan
EPHX epoxide hydrolase
ETs extracellular traps
EU European Union
ELISA enzyme-linked immunosorbent assay
cELISA competitive enzyme-linked immunosorbent assay
FAO Food and Agriculture Organization of the United Nations
FB1 fumonisin B1
FDA Food and Drugs Administration, United States of America
GIT gastrointestinal tract
GPX glutathione peroxidase
GSH glutathione
GSTs glutathione-S-transferases
H2O2 hydrogen peroxide
HBV hepatitis B virus
HCC hepatocellular carcinoma
HI humoral immunity
HPLC high performance liquid chromatography.
HPTLC high-performance thin layer chromatography
HSCAS hydrated sodium calcium aluminosilicates
IFN-γ interferon-gamma
IL-10 interleukin 10
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IL-6 interleukin 6
KEBS Kenya Bureau of Standards
kel elimination rate constant
LADME liberation, absorption, distribution, metabolism and excretion
LC liquid hromatography
LC-MS liquid chromatography-mass spectrometry
LC-MS/MS liquid chromatography–tandem mass spectrometry
LPO lipid peroxidation
MDA malondialdehyde
MIPs molecularly imprinted polymers
m-RNA messenger ribonucleic acid
MS mass spectrometry
NATs acetyltransferases
NER nucleotide excision repair system
NO nitric oxide
O2-, superoxide anion
OS oxidative stress
OTA ochratoxin A
8-OHdG 8-hydroxydeoxyguanosine
p53 gene protein 53 gene
PHS prostaglandin H synthase
QuEChERS quick, easy, cheap, effective, rugged, and safe
RNS reactive nitrogen species
ROS reactive oxygen species
SEA South-East Asia
SOD superoxide dismutase
SPE solid-phase extraction
SSA sub-Saharan Africa
SULTs sulfotransferases
TLC thin-layer chromatography
Tmax time it takes for a toxin to attain maximum concentration in circulation
UDP uridine 5′ diphosphate
UGTs uridine 5′ diphosphate –glucuronosyltransferases
UHPLC ultra high performance liquid chromtography
UV ultraviolet
vd volume of distribution
WHO World Health Organisation
ZEA zearalenone
RS reactive species
USA United States of America
PUFAs polyunsaturated fatty acids

References
1. WHO. Estimating the Burden of Foodborne Diseases; WHO: Geneva, Switzerland, 2015; Available online: https://www.who.int/

activities/estimating-the-burden-of-foodborne-diseases (accessed on 26 July 2024).
2. Trench, P.C.; Narrod, C.; Roy, D.; Tiongco, M. Responding to health risks along the value chain. 2020 Conference Conference

paper 50. In Proceedings of the Leveraging Agriculture for Improving Nutrition and Health, New Delhi, India, 10–12 February
2011; pp. 1–54.

3. BLGG. Study on the Kenyan Animal Feeds and Fodder Sub-Sectors. Summary (Report Sub-Report I). In Part of the “Kenya
Market-Led Dairy Programme” of SNV/Kenya Netherlands Development Organization; BLGG Consortium: Vejen, Denmark, 2013.

4. Benkerroum, N. Chronic and acute toxicities of aflatoxins: Mechanisms of action. Int. J. Environ. Res. Public Health 2020, 17, 423.
[CrossRef] [PubMed]

5. Benkerroum, N. Aflatoxins: Producing-molds, structure, health issues and incidence in Southeast Asian and Sub-Saharan African
Countries. Int. J. Environ. Res. Public Health 2020, 17, 1215. [CrossRef] [PubMed]

6. Omara, T.; Kiprop, A.K.; Wangila, P.; Wacoo, A.P.; Kagoya, S.; Nteziyaremye, P.; Odero, M.P.; Nakiguli, C.K.; Obakiro, S.B. The
Scourge of Aflatoxins in Kenya: A 60-Year Review (1960 to 2020). J. Food Qual. 2021, 2021, 899839. [CrossRef]

7. Kigen, G.; Busakhala, N.; Kamuren, Z.; Rono, H.; Kimalat, W.; Njiru, E. Factors associated with the high prevalence of oesophageal
cancer in Western Kenya: A review. Infect. Agents Cancer 2017, 12, 59. [CrossRef]

https://www.who.int/activities/estimating-the-burden-of-foodborne-diseases
https://www.who.int/activities/estimating-the-burden-of-foodborne-diseases
https://doi.org/10.3390/ijerph17020423
https://www.ncbi.nlm.nih.gov/pubmed/31936320
https://doi.org/10.3390/ijerph17041215
https://www.ncbi.nlm.nih.gov/pubmed/32070028
https://doi.org/10.1155/2021/8899839
https://doi.org/10.1186/s13027-017-0169-y


Toxins 2024, 16, 483 21 of 31

8. Zhang, J.; Orang’o, O.; Tonui, P.; Tong, Y.; Maina, T.; Kiptoo, S.; Muthoka, K.; Groopman, J.; Smith, J.; Madeen, E.; et al. Detection
and concentration of plasma aflatoxin is associated with detection of oncogenic human papillomavirus in Kenyan women. Open
Forum Infect. Dis. 2019, 7, ofz354. [CrossRef]

9. Kibugu, J.; Mburu, D.; Munga, L.; Lusweti, F.; Grace, D.; Lindahl, J. Mycotoxin hazards in the Kenyan food and feed market- a
retrospective study. Afr. J. Food Agric. Nutrtion Dev. 2022, 22, 19306–19325. [CrossRef]

10. Kinyenje, E.; Kishimba, R.; Mohamed, M.; Mwafulango, A.; Eliakimu, E.; Kwesigabo, G. Aflatoxicosis outbreak and its associated
factors in Kiteto, Chemba and Kondoa Districts, Tanzania. PLoS Glob. Public Health 2023, 3, e0002191. [CrossRef]

11. Craig, A.M.; Blythe, L.L.; Spencer, P.S. Mold mycotoxins and tremorgens. Ref. Modul. Neurosci. Biobehav. Psychol. 2024. [CrossRef]
12. Alshannaq, A.; Yu, J.-H. Occurrence, toxicity, and analysis of major mycotoxins in food. Int. J. Environ. Res. Public Health 2017,

14, 632. [CrossRef]
13. Whitaker, T.B.; Slate, A.B. Comparing the USDA/AMS subsampling mill to a vertical cutter mixer type mill used to comminute

shelled peanut samples for aflatoxin analysis. Peanut Sci. 2012, 39, 69–81. [CrossRef]
14. Ozer, H.; Basegmez, H.O.; Whitaker, T.B.; Slate, A.B.; Giesbrecht, F.G. Sampling dried figs for aflatoxin—Part 1: Variability

associated with sampling, sample preparation, and analysis. World Mycotoxin J. 2017, 10, 31–40. [CrossRef]
15. Oulkar, D.; Goon, A.; Dhanshetty, M.; Khan, Z.; Satav, S.; Banerjee, K. High-sensitivity direct analysis of aflatoxins in peanuts and

cereal matrices by ultra-performance liquid chromatography with fluorescence detection involving a large volume flow cell. J.
Environ. Sci. Health Part B 2018, 53, 255–260. [CrossRef]

16. Kumphanda, J.; Matumba, L.; Whitaker, T.B.; Kasapila, W.; Sandahl, J. Maize meal slurry mixing: An economical recipe for precise
aflatoxin quantitation. World Mycotoxin J. 2019, 12, 203–212. [CrossRef]

17. Kibugu, J.; Mdachi, R.; Munga, L.; Mburu, D.; Whitaker, T.; Huynh, T.P.; Grace, D.; Lindahl, J.F. Improved sample selection and
preparation methods for sampling plans used to facilitate rapid and reliable estimation of aflatoxin in chicken feed. Toxins 2021,
13, 216. [CrossRef] [PubMed]

18. Bata-Vidacs, I.; Kosztik, J.; Mortl, M.; Szekacs, A.; Kukolya, J. Aflatoxin B1 and sterigmatocystin binding potential of non-
Lactobacillus LAB Strains. Toxins 2020, 12, 799. [CrossRef]

19. Kemboi, D.C.; Ochieng, P.E.; Antonissen, G.; Croubels, S.; Scippo, M.-L.; Okoth, S.; Kangethe, E.K.; Faas, J.; Doupovec, B.;
Lindahl, J.F.; et al. Multi-mycotoxin occurrence in dairy cattle and poultry feeds and feed ingredients from Machakos town,
Kenya. Toxins 2020, 12, 762. [CrossRef]

20. Nakavuma, J.; Kirabo, A.; Bogere, P.; Nabulime, M.M.; Kaaya, A.N.; Gnonlonfin, B. Awareness of mycotoxins and occurrence of
aflatoxins in poultry feeds and feed ingredients in selected regions of Uganda. Int. J. Food Contam. 2020, 7, 1. [CrossRef]

21. Matumba, L.; Whitaker, T.; Slate, A.; De Saeger, S. Current trends in sample size in mycotoxin in grains. Are we measuring
accurately? Toxins 2017, 9, 276.

22. Pereira, C.S.; Sara, C.C.; Fernandes, J.O. Prevalent mycotoxins in animal feed: Occurrence and analytical methods. Toxins 2019,
11, 290. [CrossRef]

23. Whitaker, T.B. Sampling foods for mycotoxins. Food Addit. Contam. 2006, 23, 50–61. [CrossRef]
24. Grace, D.; Kang’ethe, E.; Lindahl, J.; Atherstone, C.; Wesonga, T. Aflatoxin: Impact on animal health and productivity. In Building

an Aflatoxin Safe East African Community—Technical Policy Paper 4; IITA: Dar es Salam, Tanzania, 2015.
25. Grace, D.; Lindahl, J.; Atherstone, C.; Kang’ethe, E.; Nelson, F.; Wesonga, T.; Manyong, V. Aflatoxin standards for feed. In Building

an Aflatoxin Safe East African Community–Technical Policy Paper 7. Knowledge Platform2015 Situational Analysis for East Africa Region;
USAID: Washington, DC, USA; International Institute for Tropical Agriculture: Ibadan, Nigeria; International Livestock Research
Institute: Nairobi, Kenya, 2015.

26. Hoerr, F.J. Mycotoxicoses (Chapter 31). In Diseases of Poultry; Saif, Y.M., Fadly, A.M., Glisson, J.R., McDougald, L.R., Nolan, L.K.,
Swayne, D.E., Eds.; Blackwell Publishing Professional: Ames, IA, USA, 2008; pp. 1197–1229.

27. Denli, M.; Blandon, J.C.; Guynot, M.E.; Salado, S.; Perez, J.F. Effects of dietary Afladetox on performance, serum biochemistry,
histopathological changes, and aflatoxin residues in broilers. Poult. Sci. 2009, 88, 1444–1451. [CrossRef] [PubMed]

28. Siloto, E.V.; Sartori, D.R.S.; Oliveira, E.F.A.; Sartori, J.R.; Fascina, V.B.; Berto, D.A. Performance and egg quality of laying hens fed
diets containing aflatoxin, fumonisin and adsorbent. Braz. J. Poult. Sci. 2011, 13, 21–28. [CrossRef]

29. Herzallah, S.M. Aflatoxin B1 residues in eggs and flesh of laying hens fed aflatoxin B1 contaminated diet. Am. J. Agric. Biol. Sci.
2013, 8, 156–161. [CrossRef]

30. Indresh, H.C.; Devegowda, G.; Ruban, S.W.; Shivakumar, M.C. Effects of high grade bentonite on performance, organ weights
and serum biochemistry during aflatoxicosis in broilers. Vet. World 2013, 6, 313–317. [CrossRef]

31. Oliveira, C.A.; Kobashigawa, E.; Reis, T.A.; Mestieri, L.; Albuquerque, R.; Correa, B. Aflatoxin B1 residues in eggs of laying hens
fed a diet containing different levels of the toxin. Food Addit. Contam. 2000, 17, 459–462. [CrossRef]

32. Oliveira, C.A.; Rosmaninho, J.F.; Castro, A.L.; Butkeraitis, P.; Reis, T.A.; Correa, B. Aflatoxin B1 residues in eggs of laying Japanese
quail after long-term administration of rations containing low levels of the aflatoxin B1. Food Addit. Contam. 2003, 20, 648–653.
[CrossRef]

33. Oliveira, C.A.F.; Pedroso, D.d.L.; Ogido, R.; Albuquerque, R.d.; Correa, B. The carry-over of aflatoxin B1 and fumonisin B residues
from feeds to eggs of laying quails. Braz. J. Food Technol. III JIPCA Jan. 2006, 2006, 60–64.

34. Hussain, Z.; Khan, M.Z.; Khan, A.; Javed, I.; Saleemi, M.K.; Mahmood, S.; Asi, M.R. Residues of aflatoxin B1 in broiler meat:
Effect of age and dietary aflatoxin B1 levels. Food Chem. Toxicol. 2010, 48, 3304–3307. [CrossRef]

https://doi.org/10.1093/ofid/ofz354
https://doi.org/10.18697/ajfand.106.20995
https://doi.org/10.1371/journal.pgph.0002191
https://doi.org/10.1016/B978-0-323-95702-1.00190-1%3Cmonospace%3E.%3C/monospace%3E
https://doi.org/10.3390/ijerph14060632
https://doi.org/10.3146/PS11-17.1
https://doi.org/10.3920/WMJ2016.2052
https://doi.org/10.1080/03601234.2017.1410416
https://doi.org/10.3920/WMJ2018.2415
https://doi.org/10.3390/toxins13030216
https://www.ncbi.nlm.nih.gov/pubmed/33809813
https://doi.org/10.3390/toxins12120799
https://doi.org/10.3390/toxins12120762
https://doi.org/10.1186/s40550-020-00079-2
https://doi.org/10.3390/toxins11050290
https://doi.org/10.1080/02652030500241587
https://doi.org/10.3382/ps.2008-00341
https://www.ncbi.nlm.nih.gov/pubmed/19531716
https://doi.org/10.1590/S1516-635X2011000100004
https://doi.org/10.3844/ajabssp.2013.156.161
https://doi.org/10.5455/vetworld.2013.313-317
https://doi.org/10.1080/02652030050034037
https://doi.org/10.1080/0265203031000119025
https://doi.org/10.1016/j.fct.2010.08.016


Toxins 2024, 16, 483 22 of 31

35. IARC. Chemical agents and related occupations. IARC Monographs on the evaluation of carcinogenic risks to humans, Volume
100 F. In A Review of Human Carcinogens by an IARC Working Group; IARC: Lyon, France, 2012.

36. Bruneel, B.; Segers, L.; van der Aa, A.; Detavernier, C.; De Boevre, M.; De Saeger, S. Comparison of commercial available complex
mycotoxin binders on in vitro mycotoxin binding properties. Toxins 2017, 2017, 276.

37. Fouad, A.M.; Ruan, D.; El-Senousey, H.K.; Chen, W.; Jiang, S.; Zheng, C. Harmful effects and control strategies of aflatoxin B1
produced by Aspergillus flavus and Aspergillus parasiticus strains on Poultry. Rev. Toxins 2019, 11, 176. [CrossRef]

38. Cheli, F. Mycotoxin contamination management tools and efficient strategies in feed industry. Toxins 2020, 12, 480. [CrossRef]
[PubMed]

39. Kensler, T.W.; Roebuck, B.D.; Wogan, G.N.; Groopman, J.D. Aflatoxin: A 50-year odyssey of mechanistic and translational
toxicology. Toxicol. Sci. 2011, 120, S28–S48. [CrossRef] [PubMed]

40. Singh, J.; Mehta, A. Rapid and sensitive detection of mycotoxins by advanced and emerging analytical methods: A review. Food
Sci. Nutr. 2020, 8, 2183–2204. [CrossRef] [PubMed]

41. Tran, V.N.; Viktorova, J.; Ruml, T. Mycotoxins: Biotransformation and bioavailability assessment using caco-2 cell monolayer.
Toxins 2020, 12, 628. [CrossRef]

42. Deng, J.; Huang, J.-C.; Xu, Z.-J.; Liu, Y.; Karrow, N.A.; Liu, M.; Sun, L.-H. Remediation strategies for mycotoxins in animal feed.
Toxins 2023, 15, 513. [CrossRef]

43. Freire, F.D.C.O.; da Rocha, M.E.B. Impact of Mycotoxins on Human Health. In Fungal Metabolites; Reference Series in Phytochem-
istry; Mérillon, J., Ramawat, K., Eds.; Springer: Cham, Switzerland, 2016.

44. Frisvad, J.C.; Smedsgaard, J.; Larsen, T.O.; Samson, R.A. Mycotoxins, drugs and other extrolites produced by species in Penicillium
subgenus Penicillium. Stud. Mycol. 2004, 49, 201–241.

45. Garello, M.; Piombo, E.; Buonsenso, F.; Prencipe, S.; Valente, S.; Meloni, G.R.; Marcet-Houben, M.; Gabaldon, T.; Spadaro, D.
Several secondary metabolite gene clusters in the genomes of ten Penicillium spp. raise the risk of multiple mycotoxin occurrence
in chestnuts. Food Microbiol. 2024, 122, 104532. [CrossRef]

46. CAST. Mycotoxins: Risks in plants, animals and human systems. In Task Force Report No. 139 January 2003; Council for Agricultural
Science and Technology: Ames, IA, USA, 2003.

47. Reverberi, M.; Ricelli, A.; Zjalic, S.; Fabbri, A.A.; Fanelli, C. Natural functions of mycotoxins and control of their biosynthesis in
fungi. Appl. Microbiol. Biotechnol. 2010, 87, 899–911. [CrossRef]

48. Fox, E.M.; Howlett, B.J. Secondary metabolism: Regulation and role in fungal biology. Curr. Opin. Microbiol. 2008, 11, 481–487.
[CrossRef]

49. Rohlfs, M. Fungal secondary metabolite dynamics in fungus–grazer interactions: Novel insights and unanswered questions.
Front. Microbiol. 2015, 5, 788. [CrossRef]

50. Pusztahelyi, T.; Holb, I.J.; Pócsi, I. Secondary metabolites in fungus-plant interactions. Front. Plant Sci. 2015, 6, 573. [CrossRef]
[PubMed]

51. Oloo, R.G.; Okoth, S.; Wachira, P.; Mutiga, S.; Ochieng, P.; Kago, L.; Nganga, F.; Entfellner, J.B.D.; Ghimire, S. Genetic profiling of
aspergillus isolates with varying aflatoxin production potential from different maize-growing regions of Kenya. Toxins 2019,
11, 467. [CrossRef] [PubMed]

52. Finotti, E.; Parroni, A.; Zaccaria, M.; Domin, M.; Momeni, B.; Fanelli, C.; Reverberi, M. Aflatoxins are natural scavengers of
reactive oxygen species. Sci. Rep. 2021, 11, 16024. [CrossRef]

53. Gong, Y.Y.; Watson, S.; Routledge, M.N. Aflatoxin exposure and associated human health effects, a review of epidemiological
studies. Food Saf. 2016, 4, 14–27. [CrossRef] [PubMed]

54. Shabeer, S.; Asad, S.; Jamal, A.; Ali, A. Aflatoxin contamination, its impact and management strategies: An updated review.
Toxins 2022, 14, 307. [CrossRef]

55. Peraica, M.; Radic, B.; Lucic, A.; Pavlovic, A. Toxic effects of mycotoxins in humans. Bull. World Health Organ. 1999, 77, 754–766.
56. Ngindu, A.; Kenya, P.; Ocheng, D.M.; Omondi, T.N.; Ngare, W.; Gatei, D.; Johnson, B.K.; Ngira, J.A.; Nandwa, H.; Jansen, A.J.; et al.

Outbreak of acute hepatitis caused by aflatoxin poisoning in Kenya. Lancet 1982, 319, 1346–1348. [CrossRef]
57. Azziz-Baumgartner, E.; Lindblade, K.; Gieseker, K.; Rogers, H.S.; Kieszak, S.; Njapau, H.; Schleicher, R.; McCoy, L.F.; Misore, A.;

DeCock, K.; et al. Case-control study of an acute aflatoxicosis outbreak, Kenya, 2004. Environ. Health Perspect. 2005, 113, 1779–1783.
[CrossRef]

58. Probst, C.; Njapau, H.; Cotty, P.J. Outbreak of an Acute Aflatoxicosis in Kenya in 2004: Identification of the Causal Agent. Appl.
Environ. Microbiol. 2007, 73, 2762–2764. [CrossRef]

59. FAO. Situation Analysis: Improving Food Safety in the Maize Value Chain in Kenya. Report Prepared for FAO by Prof. Erastus Kang’ethe
College of Agriculture and Veterinary Science University of Nairobi, September 2011; Food and Agriculture Organization of the United
Nations: Rome, Italy, 2011; 89p.

60. Wokorach, G.; Landschoot, S.; Anena, J.; Audenaert, K.; Echodu, R.; Haesaert, G. Mycotoxin profile of staple grains in northern
Uganda: Understanding the level of human exposure and potential risks. Food Control 2021, 122, 107813. [CrossRef]

61. Lopes, P.; Sobral, M.M.C.; Lopes, G.R.; Martins, Z.E.; Passos, C.P.; Petronilho, S.; Ferreira, I.M.P.L.V.O. Mycotoxins’ Prevalence in
Food Industry By-Products: A Systematic Review. Toxins 2023, 2023, 249. [CrossRef] [PubMed]

62. Misihairabgwi, J.M.; Ezekiel, C.N.; Sulyok, M.; Shephard, G.S.; Krska, R. Mycotoxin contamination of foods in Southern Africa: A
10-year review (2007–2016). Crit. Rev. Food Sci. Nutr. 2019, 59, 43–58. [CrossRef] [PubMed]

https://doi.org/10.3390/toxins11030176
https://doi.org/10.3390/toxins12080480
https://www.ncbi.nlm.nih.gov/pubmed/32751047
https://doi.org/10.1093/toxsci/kfq283
https://www.ncbi.nlm.nih.gov/pubmed/20881231
https://doi.org/10.1002/fsn3.1474
https://www.ncbi.nlm.nih.gov/pubmed/32405376
https://doi.org/10.3390/toxins12100628
https://doi.org/10.3390/toxins15090513
https://doi.org/10.1016/j.fm.2024.104532
https://doi.org/10.1007/s00253-010-2657-5
https://doi.org/10.1016/j.mib.2008.10.007
https://doi.org/10.3389/fmicb.2014.00788
https://doi.org/10.3389/fpls.2015.00573
https://www.ncbi.nlm.nih.gov/pubmed/26300892
https://doi.org/10.3390/toxins11080467
https://www.ncbi.nlm.nih.gov/pubmed/31404960
https://doi.org/10.1038/s41598-021-95325-8
https://doi.org/10.14252/foodsafetyfscj.2015026
https://www.ncbi.nlm.nih.gov/pubmed/32231900
https://doi.org/10.3390/toxins14050307
https://doi.org/10.1016/S0140-6736(82)92411-4
https://doi.org/10.1289/ehp.8384
https://doi.org/10.1128/AEM.02370-06
https://doi.org/10.1016/j.foodcont.2020.107813
https://doi.org/10.3390/toxins15040249
https://www.ncbi.nlm.nih.gov/pubmed/37104187
https://doi.org/10.1080/10408398.2017.1357003
https://www.ncbi.nlm.nih.gov/pubmed/28799776


Toxins 2024, 16, 483 23 of 31

63. Gichohi-Wainaina, W.N.; Kimanya, M.; Muzanila, Y.C.; Kumwenda, N.C.; Msere, H.; Rashidi, M.; Mponda, O.; Okori, P. Aflatoxin
contamination, exposure among rural smallholder farming Tanzanian mothers and associations with growth among their children.
Toxins 2023, 15, 257. [CrossRef]

64. Nishimwe, K.; Wanjuki, I.; Karangwa, C.; Darnell, R.; Harvey, J. An initial characterization of aflatoxin B1 contamination of maize
sold in the principal retail markets of Kigali, Rwanda. Food Control 2017, 73, 574–580. [CrossRef]

65. Mutiga, S.K.; Were, V.; Hoffmann, V.; Harvey, J.W.; Milgroom, M.G.; Nelson, R.J. Extent and drivers of mycotoxin contamination:
Inferences from a survey of Kenyan maize mills. Phytopathology 2014, 104, 1221–1231. [CrossRef]

66. Mutiga, D.K.; Mutuku, J.M.; Koskei, V.; Gitau, J.K.; Ng’ang’a, F.; Musyoka, J.; Chemining’wa, G.N.; Murori, R. Multiple
mycotoxins in Kenyan rice. Toxins 2021, 13, 203. [CrossRef]

67. Mutegi, C.; Wagacha, M.; Kimani, J.; Otieno, G.; Wanyama, R.; Hell, K.; Christie, M.E. Incidence of aflatoxin in peanuts (Arachis
hypogaea Linnaeus) from markets in Western, Nyanza and Nairobi Provinces of Kenya and related market traits. J. Stored Prod.
Res. 2013, 52, 118–127. [CrossRef]

68. Mutegi, C.K.; Cotty, P.J.; Bandyopadhyay, R. Prevalence and mitigation of aflatoxins in Kenya (1960-to date). World Mycotoxin J.
2018, 11, 341–357. [CrossRef]

69. Schatzmayr, G.; Streit, E. Global occurrence of mycotoxins in the food and feed chain: Facts and figures. World Mycotoxin J. 2013,
6, 213–222. [CrossRef]

70. Ngaira, V.M.; Lusweti, F.N.; Oduho, G.W.; Masinde, J.W.; Onyango, R.M.A. Assessment of aflatoxin in dairy feeds, milk, blood
and evaluation of mitigation measures in North of Rift Valley counties, Kenya. Afr. J. Educ. Sci. Technol. 2013, 1, 211–216.

71. Obade, M.; Andang’o, P.; Obonyo, C.; Lusweti, F. Exposure of children 4 to 6 months of age to aflatoxin in Kisumu County, Kenya.
Afr. J. Food Agric. Nutr. Dev. 2015, 15, 9949–9963. [CrossRef]

72. Senerwa, D.M.; Sirma, A.J.; Mtimet, N.; Kang’ethe, E.K.; Grace, D.; Lindahl, J.F. Prevalence of aflatoxin in feeds and cow milk
from five counties in Kenya. Afr. J. Food Agric. Nutr. Dev. 2016, 16, 11004–11021. [CrossRef]

73. Lindahl, J.F.; Kagera, I.N.; Grace, D. Aflatoxin M1 levels in different marketed milk products in Nairobi, Kenya. Mycotoxin Res.
2018, 34, 289–295. [CrossRef]

74. Mesfin, A.; Lachat, C.; Gebreyesus, S.H.; Roro, M.; Tesfamariam, K.; Belachew, T.; De Boevre, M.; De Saeger, S. Mycotoxins
exposure of lactating women and its relationship with dietary and pre/post-harvest practices in rural Ethiopia. Toxins 2023,
15, 285. [CrossRef] [PubMed]

75. Akinmusire, O.O.; El-Yuguda, A.-D.; Musa, J.A.; Oyedele, O.A.; Sulyok, M.; Somorin, Y.M.; Ezekiel, C.N.; Krska, R. Mycotoxins in
poultry feed and feed ingredients in Nigeria. Mycotoxin Res. 2019, 35, 149–155. [CrossRef] [PubMed]

76. Mokubedi, S.M.; Njobeh, P.B.; Phoku, J.Z. Fungal and mycotoxins contamination of poultry feeds from feed manufacturer in
selected provinces of South Africa. Toxins 2017, 9, 276.

77. Kana, J.R.; Gnonlonfin, B.G.J.; Harvey, J.; Wainaina, J.; Wanjuki, I.; Skilton, R.A.; Teguia, A. Assessment of aflatoxin contamination
of maize, peanut meal and poultry feed mixtures from different agroecological zones in Cameroon. Toxins 2013, 5, 884–894.
[CrossRef]

78. Olorunfemi, M.F.; Odebode, A.C. Detection of diverse fungi metabolites in fish feeds from Nigeria. Toxins 2017, 2017, 276.
79. Rodrigues, I.; Handl, J.; Binder, E.M. Mycotoxin occurrence in commodities, feeds and feed ingredients sourced in the Middle

East and Africa. Food Addit. Contam. Part B 2011, 4, 168–179. [CrossRef]
80. Thuita, F.N. The effects of aflatoxin contaminated feed with or without a commercial binder on broiler performance. In Animal

Sciences; Egerton University: Njoro, Kenya, 2019.
81. Wannop, C.C. The histopathology of Turkey ‘X’ disease in Great Britain. Avian Dis. 1961, 5, 371. [CrossRef]
82. Chen, X.; Grenier, B.; Applegate, T.J. Aflatoxins in Poultry. 2013. Available online: https://www.extension.purdue.edu/extmedia/

AS/AS-615-W.pdf (accessed on 12 October 2024).
83. Ramadan, N.A.; Al-Ameri, H.A. Aflatoxins. In Aflatoxins-Occurrence, Detoxification, Determination and Health Risks; Abdulrauf,

L.B., Ed.; IntechOpen: London, UK, 2022.
84. Moretti, A.; Susca, A.; Mule, G.; Logrieco, A.F.; Proctor, R.H. Molecular biodiversity of mycotoxigenic fungi that threaten food

safety. Int. J. Food Microbiol. 2013, 167, 57–66. [CrossRef] [PubMed]
85. Dai, C.; Tian, E.; Hao, Z.; Tang, S.; Wang, Z.; Sharma, G.; Jiang, H.; Shen, J. Aflatoxin B1 toxicity and protective effects of curcumin:

Molecular mechanisms and clinical implications. Antioxidants 2022, 11, 2031. [CrossRef] [PubMed]
86. Kumar, P.; Mahato, D.K.; Kamle, M.; Mohanta, T.K.; Kang, S.G. Aflatoxins: A global concern for food safety, human health and

their management. Front. Microbiol. 2017, 7, 2170. [CrossRef]
87. Turner, P.C. The molecular epidemiology of chronic aflatoxin driven impaired child growth. Scientifica 2013, 2013, 152879.

[CrossRef]
88. Sirma, A.J.; Makita, K.; Randolph, D.G.; Senerwa, D.; Lindahl, J.F. Aflatoxin exposure from milk in rural Kenya and the

contribution to the risk of liver cancer. Toxins 2019, 11, 469. [CrossRef]
89. Guo, W.; Fan, Z.; Fan, K.; Meng, J.; Nie, D.; Tangni, E.K.; Li, Z.; Zhao, Z.; Han, Z. In vivo kinetics and biotransformation of

aflatoxin B1 in dairy cows based on the establishment of a reliable UHPLC MS/MS method. Front. Chem. 2021, 9, 809480.
[CrossRef]

90. Ali, N.; Habib, A.; Mahmud, F.; Tuba, H.R.; Degen, G.H. Aflatoxin M1 analysis in urine of mill workers in Bangladesh: A pilot
study. Toxins 2024, 16, 45. [CrossRef]

https://doi.org/10.3390/toxins15040257
https://doi.org/10.1016/j.foodcont.2016.09.006
https://doi.org/10.1094/PHYTO-01-14-0006-R
https://doi.org/10.3390/toxins13030203
https://doi.org/10.1016/j.jspr.2012.10.002
https://doi.org/10.3920/WMJ2018.2362
https://doi.org/10.3920/WMJ2013.1572
https://doi.org/10.18697/ajfand.69.14020
https://doi.org/10.18697/ajfand.75.ILRI04
https://doi.org/10.1007/s12550-018-0323-4
https://doi.org/10.3390/toxins15040285
https://www.ncbi.nlm.nih.gov/pubmed/37104223
https://doi.org/10.1007/s12550-018-0337-y
https://www.ncbi.nlm.nih.gov/pubmed/30484071
https://doi.org/10.3390/toxins5050884
https://doi.org/10.1080/19393210.2011.589034
https://doi.org/10.2307/1587768
https://www.extension.purdue.edu/extmedia/AS/AS-615-W.pdf
https://www.extension.purdue.edu/extmedia/AS/AS-615-W.pdf
https://doi.org/10.1016/j.ijfoodmicro.2013.06.033
https://www.ncbi.nlm.nih.gov/pubmed/23859402
https://doi.org/10.3390/antiox11102031
https://www.ncbi.nlm.nih.gov/pubmed/36290754
https://doi.org/10.3389/fmicb.2016.02170
https://doi.org/10.1155/2013/152879
https://doi.org/10.3390/toxins11080469
https://doi.org/10.3389/fchem.2021.809480
https://doi.org/10.3390/toxins16010045


Toxins 2024, 16, 483 24 of 31

91. Kamano, H.M.; Okoth, M.; Wambui-Kogi, M.; Kuloba, P. Use and efficacy of low temperature plasma in foods: Promising
intervention on aflatoxin control in maize in Kenya. Afr. J. Food Agric. Nutr. Dev. 2021, 21, 18662–18675. [CrossRef]

92. Do, J.H.; Choi, D.-K. Aflatoxins: Detection, toxicity, and biosynthesis. Biotechnol. Bioprocess Eng. 2007, 12, 585–593. [CrossRef]
93. Bbosa, G.S.; Kitya, D.; Lubega, A.; Ogwal-Okeng, J.; Anokbonggo, W.W.; Kyegombe, D.B. Review of the biological and health

effects of aflatoxins on body organs and body systems. In Aflatoxins—Recent Advances and Future Prospects; Razzaghi-Abyaneh,
M., Ed.; InTech: Rijeka, Croatia, 2013; pp. 239–265.

94. Peles, F.; Sipos, P.; Gyori, Z.; Pfliegler, W.F.; Giacometti, F.; Serraino, A.; Pagliuca, G.; Gazzotti, T.; Pocsi, I. Adverse effects,
transformation and channeling of aflatoxins into food raw materials in livestock. Front. Microbiol. 2019, 10, 2861. [CrossRef]

95. Lizarraga-Paulin, E.G.; Moreno-Martínez, E.; Miranda-Castro, S.P. Aflatoxins and Their Impact on Human and Animal Health:
An Emerging Problem. In Aflatoxins—Biochemistry and Molecular Biology; Guevara-González, R.G., Ed.; InTech: Rijeka, Croatia,
2011; pp. 255–282.

96. Benkerroum, N. Retrospective and prospective look at aflatoxin research and development from a practical standpoint. Int. J.
Environ. Res. Public Health 2019, 16, 3633. [CrossRef] [PubMed]

97. Diaz, G.J.; Murcia, H.W. Biotransformation of aflatoxin B1 and its relationship with the differential toxicological response to
aflatoxin in commercial poultry species. In Aflatoxins–Biochemistry and Molecular Biology; Guevara-Gonzalez, R.G., Ed.; InTech:
Rijeka, Croatia, 2011; pp. 3–20.

98. Marchese, S.; Polo, A.; Ariano, A.; Velotto, S.; Costantini, S.; Severino, L. Aflatoxin B1 and M1: Biological properties and their
involvement in cancer development. Toxins 2018, 10, 214. [CrossRef] [PubMed]

99. Muztaba, M. Toxicokinetics. 2017. Available online: https://www.slideshare.net/mohammadmuztaba/toxicokinetics-72869166
(accessed on 3 March 2024).

100. Rajpoot, K.; Tekabe, M.; Sharma, M.C.; Arafat, B.; Tekade, R.K. Pharmacokinetics and toxicokinetics considerations. Adv. Pharm.
Prod. Dev. Res. 2022, 2, 1–26.

101. Dellafiora, L.; Dall’Asta, C.; Galaverna, G. Toxicodynamics of mycotoxins in the framework of food risk assessment-An in silico
perspective. Toxins 2018, 10, 52. [CrossRef] [PubMed]

102. Dima, C.; Assadpour, E.; Dima, S.; Jafari, S.M. Bioavailability and bioaccessibility of food bioactive compounds; overview and
assessment by in vitro methods. Compr. Rev. Food Sci. Food Saf. 2020, 19, 2862–2884. [CrossRef]

103. Hsieh, D.P.H.; Wong, J.J. Pharmacokinetics and excretion of aflatoxins. In The Toxicology of Aflatoxins: Human Health, Veterinary,
and Agricultural Significance; Eaton, D.L., Groopman, J.D., Eds.; Academic Press: San Diego, CA, USA, 1994; pp. 73–88.

104. Heringa, M.G.; Brandon, E.F.A.; Bessems, J.G.; Bos, P.M.J. Integration of Toxicokinetics and Toxicodynamics Testing Essential for Risk
Assessment; RIVM Letter Report 055212001/2013; National Institute for Public Health and the Environment: Bilthoven, The
Netherlands, 2013.

105. Gallo, A.; Moschini, M.; Masoero, F. Aflatoxins absorption in the gastro-intestinal tract and in the vaginal mucosa in lactating
dairy cows. Ital. J. Anim. Sci. 2008, 7, 53–63. [CrossRef]

106. Hanna, P.E.; Anders, M.W. The mercapturic acid pathway. Crit. Rev. Toxicol. 2019, 49, 819–929. [CrossRef]
107. Kuilman, M.E.; Maas, R.F.; Fink-Gremmels, J. Cytochrome P450-mediated metabolism and cytotoxicity of aflatoxin B1 in bovine

hepatocytes. Toxicol. In Vitro 2000, 14, 321–327. [CrossRef]
108. Slobodchikova, I.; Sivakumar, R.; Rahman, M.S.; Vuckovic, D. Characterization of phase I and glucuronide phase II metabolites of

17 mycotoxins using liquid chromatography-high-resolution mass spectrometry. Toxins 2019, 11, 433. [CrossRef]
109. Wild, C.P.; Gong, Y.Y. Mycotoxins and human disease: A largely ignored global health issue. Carcinogenesis 2009, 31, 71–82.

[CrossRef]
110. Ziglari, T.; Allameh, A. The significance of glutathione conjugation in aflatoxin metabolism. In Aflatoxins-Recent Advances and

Future Prospects; Razzaghi-Abyaneh, M., Ed.; IntechOpen: London, UK, 2013; pp. 267–286.
111. Battista, J.R.; Marnett, L.J. Prostaglandin H synthase-dependent epoxidation of aflatoxin B1. Carcinogenesis 1985, 6, 1227–1229.

[CrossRef] [PubMed]
112. Liu, L.; Massey, T.E. Bioactivation of aflatoxin B1 by lipoxygenases, prostaglandin H synthase and cytochrome P450 monooxyge-

nase in guinea-pig tissues. Carcinogenesis 1992, 13, 533–539. [CrossRef] [PubMed]
113. Wild, C.P.; Turner, P.C. The toxicology of aflatoxins as a basis for public health decisions. Mutagenesis 2002, 17, 471–481. [CrossRef]
114. Awuchi, C.G.; Ondari, E.N.; Nwozo, S.; Odongo, G.A.; Eseoghene, I.J.; Twinomuhwezi, H.; Ogbonna, C.U.; Upadhyay, A.K.;

Adeleye, A.O.; Okpala, C.O.R. Mycotoxins’ toxicological mechanisms involving humans, livestock and their associated health
concerns: A review. Toxins 2022, 14, 167. [CrossRef]

115. Jancova, P.; Siller, M. Phase drug metabolism. In Topics on Drug Metabolism; Paxton, D.J., Ed.; IntechOpen: London, UK, 2012; 60p.
116. Coulombe, R.A. Biological action of mycotoxins. J. Dairy Sci. 1993, 76, 880–891. [CrossRef]
117. Coulombe, R.A.; Sharma, R.P. Clearance and excretion of intratracheally and orally administered aflatoxin B1 in the rat. Food

Chem. Toxicol. 1985, 23, 827–830. [CrossRef]
118. Bastaki, S.A.; Osman, N.; Kochiyil, J.; Shafiullah, M.; Padmanabhan, R.; Abdulrazzaq, Y.M. Toxicokinetics of aflatoxin in pregnant

mice. Int. J. Toxicol. 2010, 29, 425–431. [CrossRef]
119. Firmin, S.; Gandia, P.; Morgavi, D.P.; Houin, G.; Jouany, J.P.; Bertin, G.; Boudra, H. Modification of aflatoxin B1 and ochratoxin A

toxicokinetics in rats administered a yeast cell wall preparation. Food Addit. Contam. 2010, 27, 1153–1160. [CrossRef]

https://doi.org/10.18697/ajfand.104.20950
https://doi.org/10.1007/BF02931073
https://doi.org/10.3389/fmicb.2019.02861
https://doi.org/10.3390/ijerph16193633
https://www.ncbi.nlm.nih.gov/pubmed/31569703
https://doi.org/10.3390/toxins10060214
https://www.ncbi.nlm.nih.gov/pubmed/29794965
https://www.slideshare.net/mohammadmuztaba/toxicokinetics-72869166
https://doi.org/10.3390/toxins10020052
https://www.ncbi.nlm.nih.gov/pubmed/29360783
https://doi.org/10.1111/1541-4337.12623
https://doi.org/10.4081/ijas.2008.53
https://doi.org/10.1080/10408444.2019.1692191
https://doi.org/10.1016/S0887-2333(00)00025-4
https://doi.org/10.3390/toxins11080433
https://doi.org/10.1093/carcin/bgp264
https://doi.org/10.1093/carcin/6.8.1227
https://www.ncbi.nlm.nih.gov/pubmed/3926338
https://doi.org/10.1093/carcin/13.4.533
https://www.ncbi.nlm.nih.gov/pubmed/1576704
https://doi.org/10.1093/mutage/17.6.471
https://doi.org/10.3390/toxins14030167
https://doi.org/10.3168/jds.S0022-0302(93)77414-7
https://doi.org/10.1016/0278-6915(85)90283-2
https://doi.org/10.1177/1091581810369565
https://doi.org/10.1080/19440041003801174


Toxins 2024, 16, 483 25 of 31

120. Mykkanen, H.; Zhu, H.; Salminen, E.; Juvonen, R.O.; Ling, W.; Ma, J.; Polychronaki, N.; Kemilainen, H.; Mykkanen, O.; Salminen,
S.; et al. Fecal and urinary excretion of aflatoxin B1 metabolites (AFQ1, AFM1 and AFB-N7-guanine) in young Chinese males. Int.
J. Cancer 2005, 115, 879–884. [CrossRef]

121. Wong, Z.A.; Hsieh, D.P.H. The comparative metabolism and toxicokinetics of aflatoxin B1 in the monkey, rat, and mouse. Toxicol.
Appl. Pharmacol. 1980, 55, 115–125. [CrossRef]

122. Wu, H.-C.; Santella, R. The role of aflatoxins in hepatocellular carcinoma. Hepat. Mon. 2012, 12, e7238. [CrossRef]
123. Zhuang, Z.; Huang, Y.; Yang, Y.; Wang, S. Identification of AFB1-interacting proteins and interactions between RPSA and AFB1.

J. Hazard. Mater. 2016, 301, 297–303. [CrossRef] [PubMed]
124. Rushing, B.R.; Selim, M.I. Structure and oxidation of pyrrole adducts formed between aflatoxin B2a and biological amines. Chem.

Res. Toxicol. 2017, 30, 1275–1285. [CrossRef] [PubMed]
125. Umaya, S.R.; Vijayalakshmi, Y.C.; Sejian, V. Exploration of plant products and phytochemicals against aflatoxin toxicity in broiler

chicken production: Present status. Toxicon 2021, 200, 55–68. [CrossRef] [PubMed]
126. Zhao, D.; Xie, H.; Lei Gao, L.; Zhang, J.; Li, Y.; Mao, G.; Zhang, H.; Wang, F.; Lam, S.S.; Song, A. Detoxication and bioconversion

of aflatoxin B1 by yellow mealworms (Tenebrio molitor): A sustainable approach for valuable larval protein production from
contaminated grain. Ecotoxicol. Environ. Saf. 2022, 242, 113935. [CrossRef]

127. Wong, J.J.; Hsieh, D.P.H. Mutagenicity of aflatoxins related to their metabolism and carcinogenic potential. Proc. Natl. Acad. Sci.
USA 1976, 73, 2241–2244. [CrossRef]

128. Chu, Y.-H.; Saffhill, R. Errors in DNA synthesis induced by aflatoxin BI modification of poly (dC-dG). Carcinogenesis 1983, 4,
643–646. [CrossRef]

129. McCullough, A.K.; Lloyd, R.S. Mechanisms underlying aflatoxin-associated mutagenesis—Implications in carcinogenesis. DNA
Repair 2019, 77, 76–86. [CrossRef]

130. Bennett, J.W.; Klich, M. Mycotoxins. Clin. Microbiol. Rev. 2003, 16, 497–516. [CrossRef]
131. Dragusel, R. Biomarkers of Mycotoxin Exposure in Humans. In Department for Risk Assessment Sciences; Faculty of Medicine,

Utrecht University: Utrecht, The Netherlands, 2011.
132. Kiessling, K.-H. Biochemical mechanism of action of mycotoxins. Pure Appl. Chem. 1986, 58, 327–338. [CrossRef]
133. Gerbes, A.L.; Caselmann, W.H. Point mutations of the P53 gene, human hepatocellular carcinoma and aflatoxins. J. Hepatol. 1993,

19, 312–315. [CrossRef] [PubMed]
134. Kirk, G.D.; Camus-Randon, A.-M.; Mendy, M.; Goedert, J.J.; Merle, P.; Trepo, C.; Brechot, C.; Hainaut, P.; Montesano, R. Ser-249

p53 mutations in plasma DNA of patients with hepatocellular carcinoma from The Gambia. J. Natl. Cancer Inst. 2000, 92, 148–153.
[CrossRef] [PubMed]

135. Guindon, K.A.; Bedard, L.L.; Massey, T.E. Elevation of 8-hydroxydeoxyguanosine in DNA from isolated mouse lung cells
following in vivo treatment with aflatoxin B1. Toxicol. Sci. 2007, 98, 57–62. [CrossRef]

136. Wan, X.; Ji, H.; Ma, H.; Yang, Z.; Li, N.; Chen, X.; Chen, Y.; Yang, H.; Wang, Z. Lycopene alleviates aflatoxin B1 induced liver
damage through inhibiting cytochrome 450 isozymes and improving detoxification and antioxidant systems in broiler chickens.
Ital. J. Anim. Sci. 2022, 21, 31–40. [CrossRef]

137. Klaunig, J.E.; Kamendulis, L.M.; Hocevar, B.A. Oxidative stress and oxidative damage in carcinogenesis. Toxicol. Pathol. 2010, 38,
96–109. [CrossRef]

138. Ayala, A.; Munoz, M.F.; Arguelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-Hydroxy-2-Nonenal. Oxidative Med. Cell. Longev. 2014, 2014, 360438. [CrossRef]

139. Madhusudhanan, N.; KavithaLakshmi, S.N.; Shanmugasundaram, K.R.; Shanmugasundaram, E.R.B. Oxidative damage to lipids
and proteins induced by aflatoxin B1 in fish (Labeo rohita)—Protective role of Amrita Bindu. Environ. Toxicol. Pharmacol. 2004, 17,
73–77. [CrossRef]

140. Fernando, N.; Wickremesinghe, S.; Niloofa, R.; Rodrigo, C.; Karunanayake, L.; de Silva, H.J.; Wickremesinghe, A.R.;
Premawansa, S.; Rajapakse, S.; Handunnetti, S.M. Protein carbonyl as a biomarker of oxidative stress in severe leptospirosis, and
its usefulness in differentiating leptospirosis from dengue infections. PLoS ONE 2016, 11, e0156085. [CrossRef]

141. Rotimi, O.A.; Rotimi, S.O.; Goodrich, J.M.; Adelani, I.B.; Agbonihale, E.; Talabi, G. Time-course effects of acute aflatoxin B1
exposure on hepatic mitochondrial lipids and oxidative stress in rats. Front. Pharmacol. 2019, 10, 467. [CrossRef]

142. An, Y.; Shi, X.; Tang, X.; Wang, Y.; Shen, F.; Zhang, Q.; Wang, C.; Jiang, M.; Liu, M.; Yu, L. Aflatoxin B1 induces reactive oxygen
species-mediated autophagy and extracellular trap formation in macrophages. Front. Cell. Infect. Microbiol. 2017, 7, 53. [CrossRef]

143. Gaweł, S.; Wardas, M.; Niedworok, E.; Wardas, P. Malondialdehyde (MDA) as a lipid peroxidation marker. Wiad. Lek. 2004, 57,
453–455. [PubMed]

144. Kau, H.C.; Tsai, C.C.; Lee, C.F.; Kao, S.C.; Liu, J.H.; Wei, Y.H. Increased oxidative DNA damage, 8-hydroxydeoxyguanosine, in
human pterygium. Eye 2006, 20, 826–831. [CrossRef] [PubMed]

145. Tsujimoto, Y. Role of Bcl-2 family proteins in apoptosis: Apoptosomes or mitochondria? Genes Cells 1998, 3, 697–707. [CrossRef]
[PubMed]

146. Chen, J.; Chen, K.; Yuan, S.; Peng, X.; Fang, J.; Wang, F.; Cui, H.; Chen, Z.; Yuan, J.; Geng, Y. Effects of aflatoxin B1 on oxidative
stress markers and apoptosis of spleens in broilers. Toxicol. Ind. Health 2013, 32, 278–284. [CrossRef]

https://doi.org/10.1002/ijc.20951
https://doi.org/10.1016/0041-008X(80)90227-6
https://doi.org/10.5812/hepatmon.7238
https://doi.org/10.1016/j.jhazmat.2015.08.053
https://www.ncbi.nlm.nih.gov/pubmed/26372695
https://doi.org/10.1021/acs.chemrestox.7b00002
https://www.ncbi.nlm.nih.gov/pubmed/28514848
https://doi.org/10.1016/j.toxicon.2021.06.017
https://www.ncbi.nlm.nih.gov/pubmed/34228958
https://doi.org/10.1016/j.ecoenv.2022.113935
https://doi.org/10.1073/pnas.73.7.2241
https://doi.org/10.1093/carcin/4.5.643
https://doi.org/10.1016/j.dnarep.2019.03.004
https://doi.org/10.1128/CMR.16.3.497-516.2003
https://doi.org/10.1351/pac198658020327
https://doi.org/10.1016/S0168-8278(05)80587-2
https://www.ncbi.nlm.nih.gov/pubmed/8301066
https://doi.org/10.1093/jnci/92.2.148
https://www.ncbi.nlm.nih.gov/pubmed/10639517
https://doi.org/10.1093/toxsci/kfm073
https://doi.org/10.1080/1828051X.2021.2017803
https://doi.org/10.1177/0192623309356453
https://doi.org/10.1155/2014/360438
https://doi.org/10.1016/j.etap.2004.03.002
https://doi.org/10.1371/journal.pone.0156085
https://doi.org/10.3389/fphar.2019.00467
https://doi.org/10.3389/fcimb.2017.00053
https://www.ncbi.nlm.nih.gov/pubmed/15765761
https://doi.org/10.1038/sj.eye.6702064
https://www.ncbi.nlm.nih.gov/pubmed/16113633
https://doi.org/10.1046/j.1365-2443.1998.00223.x
https://www.ncbi.nlm.nih.gov/pubmed/9990505
https://doi.org/10.1177/0748233713500819


Toxins 2024, 16, 483 26 of 31

147. Chen, K.; Shu, G.; Peng, X.; Fang, J.; Cui, H.; Chen, J.; Wang, F.; Chen, Z.; Zuo, Z.; Deng, J.; et al. Protective role of sodium selenite
on histopathological lesions, decreased T-cell subsets and increased apoptosis of thymus in broilers intoxicated with aflatoxin B1.
Food Chem. Toxicol. 2013, 59, 446–454. [CrossRef]

148. Mahmood, T.; Pasha, T.N.; Khattak, F.M. Comparative evaluation of different techniques for aflatoxin detoxification in poultry
feed and its effect on broiler performance. In Aflatoxins-Detection, Measurement and Control; Torres-Pacheco, D.I., Ed.; InTech:
Rijeka, Croatia, 2011; pp. 237–250.

149. Limaye, A.; Yu, R.-C.; Chou, C.-C.; Liu, J.-R.; Cheng, K.-C. Protective and detoxifying effects conferred by dietary selenium and
curcumin against AFB1-mediated toxicity in livestock: A review. Toxins 2018, 10, 25. [CrossRef]

150. Bondy, G.S.; Pestka, J.J. Immunomodulation by fungal toxins. J. Toxicol. Environ. Health Part B 2000, 3, 109–143.
151. Oguz, H.; Hadimli, H.H.; Kurtoglu, V.; Erganis, O. Evaluation of humoral immunity of broilers during chronic aflatoxin (50 and

100 ppb) and clinoptilolite exposure. Rev. Méd. Vét. 2003, 154, 483–486.
152. Meissonnier, M.M.; Pinton, P.; Laffitte, J.; Cossalter, A.-M.; Gong, Y.Y.; Wild, C.P.; Bertin, G.; Galtier, P.; Oswald, I.P. Immunotoxicity

of aflatoxin B1: Impairment of the cell-mediated response to vaccine antigen and modulation of cytokine expression. Toxicol.
Appl. Pharmacol. 2008, 231, 142–149. [CrossRef]

153. Wang, Y.; Liu, F.; Zhou, X.; Liu, M.; Zang, H.; Liu, X.; Shan, A.; Feng, X. Alleviation of oral exposure to aflatoxin B1-induced renal
dysfunction, oxidative stress, and cell apoptosis in mice kidney by curcumin. Antioxidants 2022, 11, 1082. [CrossRef]

154. Zaki, M.S.A.; Abadi, A.M.; El-kott, A.F.; Mohamed, G.; Alrashdi, B.M.; Eid, R.A.; Salem, E.T. Protective efficacy of luteolin against
aflatoxin B1-induced toxicity, oxidative damage, and apoptosis in the rat liver. Environ. Sci. Pollut. Res. 2023, 30, 52358–52368.
[CrossRef] [PubMed]

155. Wang, F.; Shu, G.; Peng, X.; Fang, J.; Chen, K.; Cui, H.; Chen, Z.; Zuo, Z.; Geng, J.; Geng, Y.; et al. Protective Effects of Sodium
selenite against aflatoxin B1-induced oxidative stress and apoptosis in broiler spleen. Int. J. Environ. Res. Public Health 2013, 10,
2834–2844. [CrossRef] [PubMed]

156. Lin, L.; Cao, Q.; Zhang, C.; Xu, T.; Yue, K.; Li, Q.; Liu, F.; Wang, X.; Dong, H.; Huang, S.; et al. Aflatoxin B1 causes oxidative stress
and apoptosis in sheep testes associated with disrupting rumen microbiota. Ecotoxicol. Environ. Saf. 2022, 232, 113225. [CrossRef]
[PubMed]

157. Feng, W.-H.; Xue, K.S.; Tang, L.; Williams, P.L.; Wang, J.-S. Aflatoxin B1-induced developmental and DNA damage in Caenorhab-
ditis elegans. Toxins 2017, 9, 9. [CrossRef]

158. Williams, J.H.; Phyllips, T.D.; Jolly, P.E.; Stiles, J.K.; Jolly, C.M.; Aggarwal, D. Human aflatoxicosis in developing countries: A
review of toxicology, exposure, potential health consequences and interventions. Am. J. Clin. Nutr. 2004, 80, 1106–1122. [CrossRef]

159. Marin, D.E.; Taranu, I. Overview on aflatoxins and oxidative stress. Toxin Rev. 2012, 31, 32–43. [CrossRef]
160. Robens, J.F.; Richard, J.L. Aflatoxins in animal and human health. Rev. Environ. Contam. Toxicol. 1992, 127, 69–94.
161. Andretta, I.; Kipper, M.; Lehnen, C.R.; Hauschild, L.; Vale, M.M.; Lovatto, P.A. Meta-analytical study of productive and nutritional

interactions of mycotoxins in broilers. Poult. Sci. 2011, 90, 1934–1940. [CrossRef]
162. Clifford, J.I.; Rees, K.R. Aflatoxin: A site of action in the rat liver cell. Nature 1966, 209, 312–313. [CrossRef]
163. Bailey, C.A.; Latimer, G.W.; Barr, A.C.; Wigle, W.L.; Haq, A.U.; Balthrop, J.E.; Kubena, L.F. Efficacy of montmorillonite clay

(Novasil plus) for protecting full-term broilers from aflatoxicosis. J. Appl. Poult. Res. 2006, 15, 198–206. [CrossRef]
164. Akande, K.E.; Abubakar, M.M.; Adegbola, T.A.; Bogoro, S.E. Nutritional and health implications of mycotoxins in animal feeds:

A review. Pak. J. Nutr. 2006, 5, 398–403.
165. Roy, R.N.; Russell, R.I. Crohn’s disease and aflatoxins. JR Soc. Health 1992, 112, 277–279. [CrossRef] [PubMed]
166. Zhou, J.; Tang, L.; Wang, J.-S. Aflatoxin B1 induces gut-inflammation-associated fecal lipidome changes in F344 rats. Toxicol. Sci.

2021, 183, 363–377. [CrossRef] [PubMed]
167. Ortatatli, M.; Oguz, H. Ameliorative effects of dietary clinoptilolite on pathological changes in broiler chickens during aflatoxicosis.

Res. Vet. Sci. 2001, 71, 59–66. [CrossRef]
168. Bbosa, G.S.; Kitya, D.; Odda, J.; Ogwal-Okeng, J. Aflatoxins metabolism, effects on epigenetic mechanisms and their role in

carcinogenesis. Health 2013, 5, 14–34. [CrossRef]
169. Hussain, S.P.; Schwank, J.; Staib, F.; Wang, X.W.; Harris, C.C. TP53 mutations and hepatocellular carcinoma: Insights into the

etiology and pathogenesis of liver cancer. Oncogene 2007, 26, 2166–2176. [CrossRef]
170. Perri, F.; Pisconti, S.; Scarpati, G.D.V. P53 mutations and cancer: A tight linkage. Ann. Transl. Med. 2016, 4, 522. [CrossRef]
171. Kirk, G.D.; Turner, P.C.; Gong, Y.; Lesi, O.A.; Mendy, M.; Goedert, J.J.; Hall, A.J.; Whittle, H.; Hainaut, P.; Montesano, R.; et al.

Hepatocellular carcinoma and polymorphisms in carcinogen-metabolizing and DNA repair enzymes in a population with
aflatoxin exposure and hepatitis B virus endemicity. Cancer Epidemiol. Biomark. Prev. 2005, 14, 373–379. [CrossRef]

172. Kimani, P.M.; Kombe, Y.; Wamunyokoli, F.W.; Mbakaya, C.F.L.; Gathumbi, J.K. The additive effect of hepatitis B virus and
aflatoxin B1 to liver disease burden: A case study in Kitui, Makueni and Machakos counties, Kenya. Asian Inst. Res. J. Health Med.
Sci. 2019, 2, 312–331. [CrossRef]

173. Wu, H.-C.; Wang, Q.; Yang, H.; Ahsan, H.; Tsai, W.-Y.; Wang, L.-Y.; Chen, S.-Y.; Chen, C.-J.; Santella, R.M. Aflatoxin B1 exposure,
hepatitis B virus infection, and hepatocellular carcinoma in Taiwan. Cancer Epidemiol. Biomark. Prev. 2009, 18, 846–853. [CrossRef]

174. FAO; WHO; Expert Committee on Food Additives Meeting World Health Organization. International Programme on Chemical,
Safety. In Safety Evaluation of Certain Food Additives and Contaminants, Prepared by the Forty-Ninth Meeting of the Joint FAO/WHO

https://doi.org/10.1016/j.fct.2013.06.032
https://doi.org/10.3390/toxins10010025
https://doi.org/10.1016/j.taap.2008.04.004
https://doi.org/10.3390/antiox11061082
https://doi.org/10.1007/s11356-023-26085-3
https://www.ncbi.nlm.nih.gov/pubmed/36840879
https://doi.org/10.3390/ijerph10072834
https://www.ncbi.nlm.nih.gov/pubmed/23839060
https://doi.org/10.1016/j.ecoenv.2022.113225
https://www.ncbi.nlm.nih.gov/pubmed/35124419
https://doi.org/10.3390/toxins9010009
https://doi.org/10.1093/ajcn/80.5.1106
https://doi.org/10.3109/15569543.2012.730092
https://doi.org/10.3382/ps.2011-01470
https://doi.org/10.1038/209312a0
https://doi.org/10.1093/japr/15.2.198
https://doi.org/10.1177/146642409211200614
https://www.ncbi.nlm.nih.gov/pubmed/1469674
https://doi.org/10.1093/toxsci/kfab096
https://www.ncbi.nlm.nih.gov/pubmed/34358323
https://doi.org/10.1053/rvsc.2001.0487
https://doi.org/10.4236/health.2013.510A1003
https://doi.org/10.1038/sj.onc.1210279
https://doi.org/10.21037/atm.2016.12.40
https://doi.org/10.1158/1055-9965.EPI-04-0161
https://doi.org/10.31014/aior.1994.02.03.52
https://doi.org/10.1158/1055-9965.EPI-08-0697


Toxins 2024, 16, 483 27 of 31

Expert Committee on Food Additives (JEFCA) 1998; Food and Agriculture Organization of the United Nations World Health
Organization: Geneva, Switzerland, 1998.

175. Liu, Y.; Wu, F. Global burden of aflatoxin-induced hepatocellular carcinoma: A risk assessment. Environ. Health Perspect. 2010,
118, 818–824. [CrossRef] [PubMed]

176. Wu, F. Aflatoxin exposure and chronic human diseases: Estimates of burden of disease. In Aflatoxins Finding Solutions for Improved
Food Safety; Unnevehr, L., Grace, D., Eds.; International Food Policy Research Institute: Washington, DC, USA, 2013; pp. 12–13.

177. Turner, P.C.; Collinson, A.C.; Cheung, Y.B.; Gong, Y.; Hall, A.J.; Prentice, A.M.; Wild, C.P. Aflatoxin exposure in utero causes
growth faltering in Gambian infants. Int. J. Epidemiol. 2007, 36, 1119–1125. [CrossRef] [PubMed]

178. Hoffmann, V.; Jones, K.; Leroy, J.L. The impact of reducing dietary aflatoxin exposure on child linear growth: A cluster randomised
controlled trial in Kenya. BMJ Glob. Health 2018, 3, e000983. [CrossRef]

179. Mitchell, N.J.; Hsu, H.-H.; Chandyo, R.K.; Shrestha, B.; Bodhidatta, L.; Tu, Y.-K.; Gong, Y.-Y.; Egner, P.A.; Ulak, M.;
Groopman, J.D.; et al. Aflatoxin exposure during the first 36 months of life was not associated with impaired growth in Nepalese
children: An extension of the MAL-ED study. PLoS ONE 2017, 12, e0172124. [CrossRef]

180. Mahfuz, M.; Hasan, S.M.T.; Alam, M.A.; Das, S.; Fahim, S.M.; Islam, M.M.; Gazi, A.; Hossain, M.; A Egner, P.; Groopman, J.D.; et al.
Aflatoxin exposure was not associated with childhood stunting: Results from a birth cohort study in a resource-poor setting of
Dhaka, Bangladesh. Public Health Nutr. 2020, 24, 3361–3370. [CrossRef]

181. Osborne, D.J.; Hamilton, P.B. Steatorrhea during aflatoxicosis in chickens. Poult. Sci. 1981, 60, 1398–1404. [CrossRef]
182. Suganthi, R.U.; Suresh, K.P.; Parvatham, R. Effect of aflatoxin on feed conversion ratio in broilers: A meta-analysis. Asian-Aust. J.

Anim. Sci. 2011, 24, 1757–1762. [CrossRef]
183. Dersjant-Li, Y.; Verstegen, M.W.A.; Gerrits, W.J.J. The impact of low concentrations of aflatoxin, deoxynivalenol or fumonisin in

diets on growing pigs and poultry. Nutr. Res. Rev. 2003, 16, 223–239. [CrossRef]
184. Fernandez, A.; Verde, M.T.; Gascon, M.; Ramos, J.; Gomez, J.; Luco, D.F.; Chavez, G. Variations of clinical biochemical parameters

of laying hens and broiler chickens fed aflatoxin-containing feed. Avian Pathol. 1994, 23, 37–47. [CrossRef]
185. Khaled, A.; Moselhy, W.A.; Ibrahim, M.A.; Mahmoud, A.R.; El-Wahab, R.R.A. The effect of aflatoxin b1 contamination on the

antioxidant status of broilers’ liver and breast muscle. Adv. Anim. Vet. Sci. 2019, 7, 492–497. [CrossRef]
186. Ochieng, P.E.; Croubels, S.; Kemboi, D.; Okoth, S.; De Baere, S.; Cavalier, E.; Kang’ethe, E.; Faas, J.; Doupovec, B.; Gathumbi, J.; et al.

Effects of aflatoxins and fumonisins, alone or in combination, on performance, health, and safety of food products of broiler
chickens, and mitigation efficacy of bentonite and fumonisin esterase. J. Agric. Food Chem. 2023, 71, 13462–13473. [CrossRef]
[PubMed]

187. Mohsenzadeh, M.S.; Hedayati, N.; Riahi-Zanjani, B.; Karimi, G. Immunosuppression following dietary aflatoxin B1 exposure: A
review of the existing evidence. Toxin Rev. 2016, 35, 121–127. [CrossRef]

188. Meissonnier, G.; Raymond, I.; Laffitte, J.; Cossalter, A.; Pinton, P.; Benoit, E.; Bertin, G.; Galtier, P.; Oswald, I. Dietary glucomannan
improves the vaccinal response in pigs exposed to aflatoxin B1 or T-2 toxin. World Mycotoxin J. 2009, 2, 161–172. [CrossRef]

189. Yunus, A.W.; Razzazi-Fazeli, E.; Bohm, J. Aflatoxin B1 in affecting broiler’s performance, immunity, and gastrointestinal tract: A
review of history and contemporary issues. Toxins 2011, 3, 566–590. [CrossRef]

190. Kibugu, J.K.; Mdachi, R.E.; Kagira, J.M.; Muchiri, M.W.; Makumi, J.N.; Ngeranwa, J.J.N.; Auma, J.E.; Ngae, G.N. Effect of aflatoxin
B1 on the therapeutic efficacy of suramin against Trypanosoma brucei rhodesiense infection in mice. J. Protozool. Res. 2011, 21, 59–69.

191. Kibugu, J.K.; Makumi, J.N.; Ngeranwa, J.J.N.; Kagira, J.M.; Gathumbi, J.K.; Mwangi, J.N. Aggravation of pathogenesis mediated
by aflatoxin B1 in mice infected with Trypanosoma brucei rhodesiense. J. Protozool. Res. 2009, 19, 24–33.

192. Umar, S.; Younus, M.; Rehman, M.U.; Aslam, A.; Shah, M.A.A.; Munir, T.; Hussain, S.; Iqbal, F.; Fiaz, M.; Ullah, S. Role of
aflatoxin toxicity on transmissibility and pathogenicity of H9N2 avian influenza virus in turkeys. Avian Pathol. 2015, 44, 305–310.
[CrossRef]

193. Sun, Y.; Su, J.; Liu, Z.; Liu, D.; Gan, F.; Chen, X.; Huang, K. Aflatoxin B1 promotes influenza replication and increases virus related
lung damage via activation of TLR4 signaling. Front. Immunol. 2018, 9, 2297. [CrossRef]

194. Kibugu, J.; Munga, L.; Mburu, D.; Grace, D.; Lindahl, J.F. Exposure to chronic dietary aflatoxin poisoning is potentially
a compromising condition in COVID-19 patients in Africa. Afr. J. Food Agric. Nutr. Dev. 2021, 21, 6. Available online:
https://www.ajfand.net/Volume21/No6/lettertoeditor.html (accessed on 9 October 2024).

195. Sur, E.; Celik, I.; Oznurlu, Y.; Aydin, M.F.; Oguz, H.; Kurtoglu, V.; Ozaydin, T. Enzyme histochemical and serological investigations
on the immune system from chickens treated in ovo with aflatoxin B1 (AFB1). Rev. Méd. Vét. 2011, 162, 443–448.

196. Verma, J.; Johri, T.S.; Swain, B.K.; Ameena, S. Effect of graded levels of aflatoxin, ochratoxin and their combinations on the
performance and immune response of broilers. Br. Poult. Sci. 2004, 45, 512–518. [CrossRef] [PubMed]

197. Ekhlas, K.H. Histopathological changes of some internal organs in broilers fed aflatoxin. AL-Qadisiya J. Vet. Med.Sci. 2012, 11,
70–79.

198. Valchev, I.; Zarkov, I.; Grozeva, N.; Nikolov, Y. Effects of aflatoxin B1 on production traits, humoral immune response and
immunocompetent organs in broiler chickens. Agric. Sci. Technol. 2014, 6, 256–262.

199. Peng, X.; Bai, S.; Ding, X.; Zeng, Q.; Zhang, K.; Fang, J. Pathological changes in the immune organs of broiler chickens fed on corn
naturally contaminated with aflatoxins B1 and B2. Avian Pathol. 2015, 44, 192–199. [CrossRef] [PubMed]

https://doi.org/10.1289/ehp.0901388
https://www.ncbi.nlm.nih.gov/pubmed/20172840
https://doi.org/10.1093/ije/dym122
https://www.ncbi.nlm.nih.gov/pubmed/17576701
https://doi.org/10.1136/bmjgh-2018-000983
https://doi.org/10.1371/journal.pone.0172124
https://doi.org/10.1017/S1368980020001421
https://doi.org/10.3382/ps.0601398
https://doi.org/10.5713/ajas.2011.11124
https://doi.org/10.1079/NRR200368
https://doi.org/10.1080/03079459408418973
https://doi.org/10.17582/journal.aavs/2019/7.6.492.497
https://doi.org/10.1021/acs.jafc.3c01733
https://www.ncbi.nlm.nih.gov/pubmed/37655855
https://doi.org/10.1080/15569543.2016.1209523
https://doi.org/10.3920/WMJ2008.1127
https://doi.org/10.3390/toxins3060566
https://doi.org/10.1080/03079457.2015.1046813
https://doi.org/10.3389/fimmu.2018.02297
https://www.ajfand.net/Volume21/No6/lettertoeditor.html
https://doi.org/10.1080/00071660412331286226
https://www.ncbi.nlm.nih.gov/pubmed/15484726
https://doi.org/10.1080/03079457.2015.1023179
https://www.ncbi.nlm.nih.gov/pubmed/25734871


Toxins 2024, 16, 483 28 of 31

200. Zhao, L.; Feng, Y.; Wei, J.-T.; Zhu, M.-X.; Zhang, L.; Zhang, J.-C.; Karrow, N.A.; Han, Y.-M.; Wu, Y.-Y.; Guo, Y.-M.; et al. Mitigation
effects of bentonite and yeast cell wall binders on AFB1, DON, and OTA induced changes in laying hen performance, egg quality,
and health. Toxins 2021, 13, 156. [CrossRef]

201. Raju, M.V.L.N.; Devegowda, G. Esterified-glucomannan in broiler chicken diets-contaminated with aflatoxin, ochratoxin and T-2
toxin: Evaluation of its binding ability (in vitro) and efficacy as immunomodulator. Asian-Aust. J. Anim. Sci. 2002, 15, 1051–1056.
[CrossRef]

202. Pacha, T.N.; Farooq, M.U.; Khattak, F.M.; Jabbar, M.A.; Khan, A.D. Effectiveness of sodium bentonite and two commercial
products as aflatoxin absorbents in diets for broiler chickens. Anim. Feed Technol. 2007, 132, 103–110.

203. Hasan, G.; Toloei, T.; Habibi, M. Efficacy of esterified glucomannan, sodium bentonite and humic acid to counteract experimental
aflatoxicosis on antibody titers against Newcastle disease in broilers. Afr. J. Biotechnol. 2010, 9, 4127–4131.

204. Diaz, G.J.; Calabrese, E.; Blain, R. Aflatoxicosis in chickens (Gallus gallus): An example of hormesis? Poult. Sci. 2008, 87, 727–732.
[CrossRef]

205. Whitaker, T.B.; Dowell, F.E.; Hagler, J.W.M.; Giesbrecht, F.G.; Wu, J. Variability associated with sampling, sample preparation, and
chemical testing for aflatoxin in farmers’ stock peanuts. J. AOAC Int. 1994, 77, 107–116. [CrossRef]

206. Cheli, F.; Campagnoli, A.; Pinotti, P.; Fusi, E.; Dell’Orto, V. Sampling feed for mycotoxins: Acquiring knowledge from food. Ital. J.
Anim. Sci. 2009, 8, 5–22. [CrossRef]

207. FAO. Mycotoxin Sampling Tool. In User Guide, Version 1.0 (December 2013), Version 1.1; FAO: Rome, Italy, 2014.
208. Dragacci, S.; Grosso, F. Validation of Analytical Methods to Determine the Content of Aflatoxin, Ochratoxin and Patulin in Foodstuffs of

Vegetable Origin; European Commission BCR Information Chemical Analysis: Paris, France, 1999; pp. 1–40.
209. Gerlach, R.W.; Dobb, D.E.; Raab, G.A.; Nocerino, J.M. Gy sampling theories in environmental studies. 1. Assessing soil splitting

protocols. J. Chemom. 2002, 16, 321–328. [CrossRef]
210. Walker, M.; Colwell, P.; Cowen, S.; Ellison, S.L.R.; Gray, K.; Elahi, S.; Farnell, P.; Slack, P.; Burns, D.T. Aflatoxins in Groundnuts–

Assessment of the effectiveness of EU sampling and UK enforcement sample preparation procedures. J. Assoc. Public Anal.
(Online) 2017, 45, 1–22.

211. Kemboi, D.C.; Antonissen, G.; Ochieng, P.E.; Croubels, S.; Okoth, S.; Kangethe, E.K.; Faas, J.; Lindahl, J.F.; Gathumbi, J.K. A
review of the impact of mycotoxins on dairy cattle health: Challenges for food safety and dairy production in sub-Saharan Africa.
Toxins 2020, 12, 222. [CrossRef]

212. Alameri, M.M.; Kong, A.S.-Y.; Aljaafari, M.N.; Ali, H.A.; Eid, K.; Sallagi, M.A.; Cheng, W.-H.; Abushelaibi, A.; Lim, S.-H.E.;
Loh, J.-Y.; et al. Aflatoxin contamination: An overview on health issues, detection and management strategies. Toxins 2023, 15,
246. [CrossRef]

213. Ozer, H.; Basegmez, H.I.O.; Uludag, Y.; Esen, E.; Muhammad, T. Real time electrochemical profiling assay method for detection of
aflatoxin B1 in dried fig. Toxins 2017, 2017, 276.

214. Cavalera, S.; Anfossi, L.; Di Nardi, F.; Baggiani, C. Mycotoxins-imprinted polymers: A state of the art review. Toxins 2024, 16, 47.
[CrossRef]

215. Waliyar, F.; Reddy, S.V. Training Manual on “Aspergillus Flavus Seed Infection and Aflatoxin Estimation by ELISA” and Aflatoxin
Management Options in Groundnut; International Crops Research Institute for the Semi-Arid Tropics: Patancheru, Andhra Pradesh,
India, 2009.

216. Kang’ethe, E.K.; Langa, K.A. Aflatoxin B1 and M1 contamination of animal feeds and milk from urban centers in Kenya. Afr.
Health Sci. 2009, 9, 218–226.

217. Wei, L.; Xu, D.; Yuan, B.; Pang, C.; Xu, H.; Nie, K.; Yang, Q.; Ozkan, S.A.; Zhang, Y.; Guo, Y.; et al. A dynamic and pseudo-
homogeneous MBs-icELISA for the early detection of aflatoxin B1 in food and feed. Toxins 2023, 15, 660. [CrossRef]

218. Rashid, N.; Bajwa, M.A.; Rafeeq, M.; Khan, M.A.; Ahmad, Z.; Tariq, M.M.; Wadood, A.; Abbas, F. Prevalence of aflatoxin B1 in
finished commercial broiler feed from west central Pakistan. J. Anim. Plant Sci. 2012, 22, 6–10.

219. Ozer, H.; Basegmez, H.I.O.; Whitaker, T.B.; Slate, A.B.; Giesbrecht, F.G. Sampling dried figs for aflatoxin—Part II: Effect of
sampling plan design on reducing the risk of misclassifying lots. World Mycotoxin J. 2017, 10, 99–109. [CrossRef]

220. Whitaker, T.B. Sampling techniques. In Methods in Molecular Biology: Mycotoxin Protocols; Trucksess, M.W., Pohland, A.E., Eds.;
Humana Press Inc.: Totowa, NJ, USA, 2001; pp. 11–24.

221. Greco, M.V.; Franchi, M.L.; Golba, S.L.R.; Pardo, A.G.; Pose, G.N. Mycotoxins and mycotoxigenic fungi in poultry feed for
food-producing animals. Sci. World J. 2014, 2014, 968215. [CrossRef] [PubMed]

222. Spanjer, M.C.; Scholten, J.M.; Kastrup, S.; Jorissen, U.; Schatzki, T.F.; Toyofuku, N. Sample comminution for mycotoxin analysis:
Dry milling or slurry mixing? Food Addit. Contam. 2006, 23, 73–83. [CrossRef] [PubMed]

223. Nji, Q.N.; Babalola, O.O.; Mwanza, M. Aflatoxins in maize: Can their occurrence be effectively managed in Africa in the face of
climate change and food insecurity? Toxins 2022, 14, 574. [CrossRef] [PubMed]

224. Codex. General standard for contaminants and toxins in food and feed. CXS 193: 1995. Adopted in 1995 Revised in 1997, 2006,
2008, 2009 Amended in 2010, 2012, 2013, 2014, 2015. In Codex Alimentarius (International Food Standards); FAO: Rome, Italy; WHO:
Geneva, Switzerland, 2015; 59p.

225. KEBS. KS Codex Stan 193:1995 (ICS 67.050); General Standard for Contaminants in Feeds and Foods, 1st Edition. Kenya Bureau of
Standards (KEBS): Nairobi, Kenya, 2017.

https://doi.org/10.3390/toxins13020156
https://doi.org/10.5713/ajas.2002.1051
https://doi.org/10.3382/ps.2007-00403
https://doi.org/10.1093/jaoac/77.1.107
https://doi.org/10.4081/ijas.2009.5
https://doi.org/10.1002/cem.705
https://doi.org/10.3390/toxins12040222
https://doi.org/10.3390/toxins15040246
https://doi.org/10.3390/toxins16010047
https://doi.org/10.3390/toxins15110660
https://doi.org/10.3920/WMJ2016.2127
https://doi.org/10.1155/2014/968215
https://www.ncbi.nlm.nih.gov/pubmed/25126610
https://doi.org/10.1080/02652030500260439
https://www.ncbi.nlm.nih.gov/pubmed/16393817
https://doi.org/10.3390/toxins14080574
https://www.ncbi.nlm.nih.gov/pubmed/36006236


Toxins 2024, 16, 483 29 of 31

226. FDA. Sec. 683.100 Action Levels for Aflatoxins in Animal Food; U.S. Department of Health and Human Services Food and Drug
Administration Office of Regulatory Affairs and Center for Veterinary Medicine: Silver Spring, MD, USA, 2019.

227. EU. Amending Regulation (EC) No 1881/2006 Setting Maximum Levels for Certain Contaminants in Foodstuffs as Regards
Aflatoxins. In Commission Regulation (EU) No 165/2010 of 26 February 2010; Official Journal of the European Union: Luxembourg,
2010; pp. L 50/58–L 50/12.

228. Binder, E.M.; Tan, L.M.; Chin, L.J.; Handl, J.; Richard, J. Worldwide occurrence of mycotoxins in commodities, feeds and feed
ingredients. Anim. Feed. Sci. Technol. 2007, 137, 265–282. [CrossRef]

229. Rodrigues, I.; Naehrer, K. A three-year survey on the worldwide occurrence of mycotoxins in feedstuffs and feed. Toxins 2012, 4,
663–675. [CrossRef]

230. Chilaka, C.A.; Obidiegwu, J.E.; Chilaka, A.C.; Atanda, O.O.; Mally, A. Mycotoxin regulatory status in Africa: A decade of weak
institutional efforts. Toxins 2022, 14, 442. [CrossRef]

231. Jard, G.; Liboz, T.; Mathieu, F.; Guyonvarc’h, A.; Lebrihi, A. Review of mycotoxin reduction in food and feed: From prevention in
the field to detoxification by adsorption or transformation. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2011,
28, 1590–1609. [CrossRef]

232. Manson, M.M.; Ball, H.W.L.; Barrett, M.C.; Clark, H.L.; Judah, D.J.; Williamson, G.; Neal, G.E. Mechanism of action of dietary
chemoprotective agents in rat liver: Induction of phase I and II drug metabolizing enzymes and aflatoxin B1 metabolism.
Carcinogenesis 1997, 18, 1729–1738. [CrossRef]

233. Guengerich, F.P.; Johnson, W.W.; Shimada, T.; Ueng, Y.F.; Yamazaki, H.; Langouet, S. Activation and detoxication of aflatoxin B1.
Mutat. Res. 1998, 402, 121–128. [CrossRef] [PubMed]

234. Wang, J.S.; Shen, X.; He, X.; Zhu, Y.R.; Zhang, B.C.; Wang, J.B.; Qian, G.S.; Kuang, S.Y.; Zarba, A.; Egner, P.A.; et al. Protective
alterations in phase 1 and 2 metabolism of aflatoxin B1 by oltipraz in residents of Qidong, People’s Republic of China. J. Natl.
Cancer Inst. 1999, 91, 347–354. [CrossRef] [PubMed]

235. Egner, P.A.; Munoz, A.; Kensler, T.W. Chemoprevention with chlorophyllin in individuals exposed to dietary aflatoxin. Mutat.
Res. 2003, 523, 209–216. [CrossRef]

236. Farombi, E.O.; Nwaokeafor, I.A. Anti-oxidant mechanisms of kolaviron: Studies on serum lipoprotein oxidation, metal chelation
and oxidative membrane damage in rats. Clin. Exp. Pharmacol. Physiol. 2005, 32, 667–674. [CrossRef]

237. Sarker, M.T.; Wan, X.; Yang, H.; Wang, Z. Dietary lycopene supplementation could alleviate aflatoxin B1 induced intestinal
damage through improving immune function and anti-oxidant capacity in broilers. Animals 2021, 11, 3165. [CrossRef]

238. Lin, L.; Fu, P.; Chen, N.; Gao, N.; Cao, Q.; Yue, K.; Xu, T.; Zhang, C.; Zhang, C.; Liu, F.; et al. Total flavonoids of Rhizoma Drynariae
protect hepatocytes against aflatoxin B1-induced oxidative stress and apoptosis in broiler chickens. Ecotoxicol. Environ. Saf. 2022,
230, 113148. [CrossRef]

239. Da Silveira, A.R.; Rosa, E.V.F.; Sari, M.H.M.; Sampaio, T.B.; Santos, J.T.D.; Jardim, N.S.; Muller, S.G.; Oliveira, M.S.; Nogueira, C.W.;
Furian, A.F. Therapeutic potential of beta-caryophyllene against aflatoxin B1-Induced liver toxicity: Biochemical and molecular
insights in rats. Chem. Biol. Interact. 2021, 348, 109635. [CrossRef]

240. Wang, X.; Yang, F.; Na, L.; Jia, M.; Ishfaq, M.; Zhang, Y.; Liu, M.; Wu, C. Ferulic acid alleviates AFB1-induced duodenal barrier
damage in rats via up-regulating tight junction proteins, down-regulating ROCK, competing CYP450 enzyme and activating GST.
Ecotoxicol. Environ. Saf. 2022, 241, 113805. [CrossRef]

241. Chi, F.; Broomhead, J. The Effects of Mycotoxins in Swine: A Review for Swine Producers; Amlan International 410 N: Chicago, IL,
USA, 2008; 12p.

242. Saad-Hussein, A.; Moubarz, G.; Mohgah, S.A.; Wafaa, G.S.; Aya, H.M. Role of antioxidant supplementation in oxidant/antioxidant
status and hepatotoxic effects due to aflatoxin B1 in wheat miller workers. J. Complement. Integr. Med. 2019, 16, 2018-0218.
[CrossRef]

243. Huang, L.; Duan, C.; Zhao, Y.; Gao, L.; Niu, C.; Xu, J.; Li, S. Reduction of aflatoxin B1 toxicity by Lactobacillus plantarum C88: A
potential probiotic strain isolated from Chinese traditional fermented food “Tofu”. PLoS ONE 2017, 12, e0170109. [CrossRef]

244. Zhao, Y.; Wang, T.; Li, P.; Chen, J.; Nepovimova, E.; Long, M.; Wu, W.; Kuca, K. Bacillus amyloliquefaciens B10 can alleviate
aflatoxin B1-induced kidney oxidative stress and apoptosis in mice. Ecotoxicol. Environ. Saf. 2021, 218, 112286. [CrossRef]
[PubMed]

245. Phillips, T.D. Dietary clay in chemoprevention of aflatoxin-induced disease. Toxicol. Sci. 1999, 52, 118–126. [CrossRef] [PubMed]
246. Phillips, T.D.; Lemke, S.L.; Grant, P.G. Characterization of clay-based enterosorbents for the prevention of aflatoxicosis. Adv. Exp.

Med. Biol. 2002, 504, 157–171. [PubMed]
247. Fruhauf, S.; Schwartz, H.; Ottner, F.; Krska, R.; Vekirua, E. Yeast cell based feed additives: Studies on aflatoxin B1 and zearalenone.

Food Addit. Contam. 2012, 29, 217–231. [CrossRef] [PubMed]
248. Kolawole, O.; Siri-Anusornsak, W.; Petchkongkaw, A.; Meneely, J.; Elliott, C. The efficacy of additives for the mitigation of

aflatoxins in animal feed: A systematic review and network meta-analysis. Toxins 2022, 14, 707. [CrossRef]
249. Hernandez-Martinez, S.P.; Delgado-Cedeno, A.; Ramos-Zayas, Y.; Franco-Molina, M.A.; Mendez-Zamora, G.; Marroquin-Cardona,

A.G.; Kawas, J.R. Aluminosilicates as a double-edged sword: Adsorption of aflatoxin B1 and sequestration of essential trace
minerals in an in vitro gastrointestinal poultry model. Toxins 2023, 15, 519. [CrossRef]

250. Celyk, K.; Denly, M.; Savas, T. Reduction of toxic effects of aflatoxin B 1 by using baker yeast (Saccharomyces cerevisiae) in growing
broiler chicks diets. Rev. Bras. De Zootec. 2003, 32, 615–619. [CrossRef]

https://doi.org/10.1016/j.anifeedsci.2007.06.005
https://doi.org/10.3390/toxins4090663
https://doi.org/10.3390/toxins14070442
https://doi.org/10.1080/19440049.2011.595377
https://doi.org/10.1093/carcin/18.9.1729
https://doi.org/10.1016/S0027-5107(97)00289-3
https://www.ncbi.nlm.nih.gov/pubmed/9675258
https://doi.org/10.1093/jnci/91.4.347
https://www.ncbi.nlm.nih.gov/pubmed/10050868
https://doi.org/10.1016/S0027-5107(02)00337-8
https://doi.org/10.1111/j.0305-1870.2005.04248.x
https://doi.org/10.3390/ani11113165
https://doi.org/10.1016/j.ecoenv.2021.113148
https://doi.org/10.1016/j.cbi.2021.109635
https://doi.org/10.1016/j.ecoenv.2022.113805
https://doi.org/10.1515/jcim-2018-0218
https://doi.org/10.1371/journal.pone.0170109
https://doi.org/10.1016/j.ecoenv.2021.112286
https://www.ncbi.nlm.nih.gov/pubmed/33933810
https://doi.org/10.1093/toxsci/52.suppl_1.118
https://www.ncbi.nlm.nih.gov/pubmed/10630600
https://www.ncbi.nlm.nih.gov/pubmed/11922083
https://doi.org/10.1080/19440049.2011.630679
https://www.ncbi.nlm.nih.gov/pubmed/22145855
https://doi.org/10.3390/toxins14100707
https://doi.org/10.3390/toxins15090519
https://doi.org/10.1590/S1516-35982003000300013


Toxins 2024, 16, 483 30 of 31

251. Raju, M.V.L.N.; Devegowda, G. Influence of esterified-glucomannan on performance, organ morphology and haematology in
broilers exposed to individuals and combined mycotoxicosis (aflatoxin, ochratoxin, T-2 toxin). Br. Poult. Sci. 2000, 41, 640–650.
[CrossRef]

252. Huwig, A.; Freimund, S.; Kappeli, O.; Dutler, H. Mycotoxin detoxication of animal feed by different adsorbents. Toxicol. Lett.
2001, 122, 179–188. [CrossRef]

253. Bejaoui, A.; Mathieu, F.; Taillandier, P.; Lebrihi, A. Ochratoxin A removal in synthetic and natural grape juices by selected
oenological Saccharomyces strains. J. Appl. Microbiol. 2004, 97, 1038–1044. [CrossRef]

254. Yiannikouris, A.; Francois, J.; Poughan, L.; Dussap, C.G.; Bertin, G.; Jeminet, G. Adsorption of zearalenone by beta-D-Glucans in
the Saccharomyces cerevisiae cell wall. J. Food Prot. 2004, 67, 1195–1200. [CrossRef] [PubMed]

255. Shetty, P.H.; Hald, B.; Jespersen, L. Surface binding of aflatoxin B1 by Saccharomyces cerevisiae strains with potential decontami-
nating abilities in indigenous fermented foods. Int. J. Food Microbiol. 2007, 113, 41–46. [CrossRef] [PubMed]

256. Tenge, B.N.; Muiru, W.M.; Kimenju, W.J.; Kimaru, L.S.; Schwake-Anduschus, C.; Amata, L.R. Maize grains treatments for total
aflatoxin reduction for use as human food and livestock feed. World Mycotoxin J. 2024, 17, 109–118. [CrossRef]

257. Amminikutty, N.; Spalenza, V.; Jarriyawattanachaikul, W.; Badino, P.; Capucchio, M.T.; Colombino, E.; Schiavone, A.; Greco, D.;
D’Ascanio, V.; Avantaggiato, G.; et al. Turmeric powder counteracts oxidative stress and reduces AFB1 content in the liver of
broilers exposed to the EU maximum levels of the mycotoxin. Toxins 2023, 15, 687. [CrossRef]

258. Mutua, F.; Lindahl, J.; Grace, D. Availability and use of mycotoxin binders in selected urban and Peri-urban areas of Kenya. Food
Secur. 2019, 11, 359–369. [CrossRef]

259. Mallmann, C.; Dilkin, P. Brazilian mycotoxin experiences. Int. Pig Top. 2012, 27, 28–30.
260. Whitlow, L.W. Evaluation of mycotoxin binders. In Proceedings of the 4th Mid-Atlantic Nutrition Conference, Timonium, MD,

USA, 29–30 March 2006.
261. Zhang, C.; Zhou, H.; Cao, S.; Chen, J.; Qu, C.; Tang, Y.; Wang, M.; Zhu, L.; Liu, X.; Zhang, J.A. Magnetic reduced graphene oxide

nanocomposite: Synthesis, characterization, and application for high-efficiency detoxification of aflatoxin B1. Toxins 2024, 16, 57.
[CrossRef]

262. Kolossova, A.; Stroka, J.; Breidbach, A.; Kroeger, K.; Ambrosio, M.; Bouten, K.; Ulberth, F. Evaluation of the effect of mycotoxin
binders in animal feed on the analytical performance of standardised methods for the determination of mycotoxins in feeds. In JRC
Scientific and Technical Reports; European Commission Joint Research Centre Institute for reference Materials and measurements:
Luxembourg, 2009; 49p.

263. Jouany, J.P. Methods for preventing, decontaminating and minimizing the toxicity of mycotoxins in feeds. Anim. Feed Sci. Technol.
2007, 137, 342–362. [CrossRef]

264. Daneshyar, F.; Afzali, N.; Farhangfar, H. Effects of different levels of date pits in broilers’ feed contaminated with aflatoxin B1 on
broilers’ performance and carcass characteristic. Afr. J. Biotechnol. 2014, 13, 185–193.

265. Zaghini, A.; Martelli, G.; Roncada, P.; Simioli, M.; Rizzi, L. Mannanoligosaccharides and Aflatoxin B1 in Feed for Laying Hens:
Effects on Egg Quality, AflatoxinsB1 and M1 residues in eggs, and Aflatoxin B1 levels in liver. Poult. Sci. 2005, 84, 825–832.
[CrossRef]

266. Omiti, J.O.; Okuthe, S.O. An overview of the poultry sector and status of highly pathogenic Avian Influenza (HPAI) in
Kenya—Background paper. Collaborative research on pro-poor HPAI risk reduction. In Africa/Indonesia Team Working Pa-
per No. 4; IFPRI: Washington, DC, USA, 2009; 107p.

267. Koller, R.; Reihold, B.B.; Petrakova, E.; Yeh, H.J.; Ashwell, G.; Drgonova, J.; Kapteyn, J.C.; Klis, F.M.; Cabib, E. Architecture of the
yeast cell wall. Beta 1, 3-glucan interconnects mannoprotein, beta 1, 3-glucan, and chitin. J. Biol. Chem. 1997, 272, 17762–17775.

268. Jouany, J.-P.; Yiannikouris, A.; Bertin, G. The chemical bonds between mycotoxins and cell wall components of Saccharomyces
cerevisiae have been identified. Arch. Zootech. 2005, 8, 26–50.

269. Diaz, D.E.; Hagler, W.M.J.; Hopkins, B.A.; Whitlow, L.W. Aflatoxin binders I: In vitro binding assay for aflatoxin B1 by several
potential sequestering agents. Mycopathologia 2003, 156, 223–226. [CrossRef]

270. Diaz, D.E.; Hagler, W.M.J.; Blackwelder, J.T.; Eve, J.A.; Hopkins, B.A.; Anderson, K.L.; Jones, F.T.; Whitlow, L.W. Aflatoxin Binders
II: Reduction of aflatoxin M1 in milk by sequestering agents of cows consuming aflatoxin in feed. Mycopathologia 2004, 157,
233–241. [CrossRef]

271. Thimm, N.; Schwaighofer, B.; Ottner, F.; Froschl, H.; Greifenender, S.; Binder, E.M. Adsorption of mycotoxins. Mycotoxin Res.
2001, 17, 219–223. [CrossRef]

272. Afriyie-Gyawu, E. Safety and efficacy of Novasil clay as a dietary supplement to prevent aflatoxicosis. In Office of Graduate Studies;
Texas A&M University: College Station, TX, USA, 2004.

273. Donmez, N.; Donmez, H.; Keskin, E.; Kisadere, I. Effects of aflatoxin on some haematological parameters and protective
effectiveness of esterified glucomannan in merino rams. Sci. World J. 2012, 2012, 342468. [CrossRef]

274. Kuboka, M.; Njue, L.; Mutua, F.; Grace, D.; Lindahl, J. AFM1 secretion and efficacy of NovasilTM clay in Kenyan dairy cows.
Dairy 2022, 3, 220–232. [CrossRef]

275. Neckermann, K.; Claus, G.; De Baere, S.; Antonissen, G.; Lebrun, S.; Gemmi, C.; Taminiau, B.; Douny, C.; Scippo, M.-L.;
Schatzmayrf, D.; et al. The efficacy and effect on gut microbiota of an aflatoxin binder and a fumonisin esterase using an in vitro
simulator of the human intestinal microbial ecosystem (SHIME®). Food Res. Int. 2021, 145, 110395. [CrossRef]

https://doi.org/10.1080/713654986
https://doi.org/10.1016/S0378-4274(01)00360-5
https://doi.org/10.1111/j.1365-2672.2004.02385.x
https://doi.org/10.4315/0362-028X-67.6.1195
https://www.ncbi.nlm.nih.gov/pubmed/15222549
https://doi.org/10.1016/j.ijfoodmicro.2006.07.013
https://www.ncbi.nlm.nih.gov/pubmed/16996157
https://doi.org/10.1163/18750796-bja10006
https://doi.org/10.3390/toxins15120687
https://doi.org/10.1007/s12571-019-00911-4
https://doi.org/10.3390/toxins16010057
https://doi.org/10.1016/j.anifeedsci.2007.06.009
https://doi.org/10.1093/ps/84.6.825
https://doi.org/10.1023/A:1023388321713
https://doi.org/10.1023/B:MYCO.0000020587.93872.59
https://doi.org/10.1007/BF03036440
https://doi.org/10.1100/2012/342468
https://doi.org/10.3390/dairy3020018
https://doi.org/10.1016/j.foodres.2021.110395


Toxins 2024, 16, 483 31 of 31

276. Wang, P.; Afriyie-Gyawu, E.; Johnson, N.M.; Xu, L.; Tang, L.; Huebner, H.J.; Anknah, N.A.; Ofori-Adjei, D.; Ellis, W.; Jolly, P.E.; et al.
Novasil clay intervention in Ghanaians at high risk for aflatoxicosis: II. Reduction in biomarkers of aflatoxin exposure in blood
and urine. Food Addit. Contam. Part A Chem. Anal. Control Risk Assess. 2008, 25, 622–634. [CrossRef]

277. Marroquin-Cardona, A.; Deng, Y.; Garcia, J.F.; Johnson, N.; Mitchell, N.; Tang, L.; Robinson, A.; Taylor, J.; Wang, J.-S.;
Phillips, T. Mineral Characteristics and Safety of Montmorillonites as Potential Aflatoxin Enterosorbents. 2011. Available
online: https://scisoc.confex.com/scisoc/2011am/webprogram/Paper67644.html (accessed on 12 October 2024).

278. Ahlberg, S.; Randolph, D.; Okoth, S.; Lindahl, J. Aflatoxin binders in foods for human consumption—Can this be promoted safely
and ethically? Toxins 2019, 11, 410. [CrossRef]

279. Che, Z.; Liu, Y.; Wang, H.; Zhu, H.; Hou, Y.; Ding, B. The protective effects of different mycotoxin adsorbents against blood and
liver pathological changes induced by mold-contaminated feed in broilers. Asian-Aust. J. Anim. Sci. 2011, 24, 250–257. [CrossRef]

280. Dvorska, J.E.; Pappas, A.C.; Karadas, F.; Speake, B.K.; Surai, P.F. Protective effect of modified glucomannans and organic selenium
against antioxidant depletion in the chicken liver due to T-2 toxin-contaminated feed consumption. Comp. Biochem. Physiol. C
Toxicol. Pharmacol. 2007, 145, 582–587. [CrossRef] [PubMed]

281. Dvorska, J.E.; Surai, P.F. Protective effect of modified glucomannans against changes in antioxidant systems of quail egg and
embryo due to aurofusarin consumption. Asian-Aust. J. Anim. Sci. 2004, 17, 434–440. [CrossRef]

282. Mgbeahuruike, A.C.; Ejioffor, T.E.; Christian, O.C.; Shoyinka, V.C.; Karlsson, M.; Nordkvist, E. Detoxification of aflatoxin-
contaminated poultry feeds by 3 adsorbents, bentonite, activated charcoal, and fuller’s earth. J. Appl. Poult. Res. 2018, 27, 461–471.
[CrossRef]

283. Ledoux, D.R.; Rottinghaus, G.E.; Bermudez, A.J.; Alonso-Debolt, M. Efficacy of a hydrated sodium calcium aluminosilicate to
ameliorate the toxic effects of aflatoxin in broiler chicks. Poult. Sci. 1998, 77, 204–210. [CrossRef]

284. Gowda, N.K.; Ledoux, D.R.; Rottinghaus, G.E.; Bermudez, A.J.; Chen, Y.C. Efficacy of turmeric (Curcuma longa), containing a
known level of curcumin, and a hydrated sodium calcium aluminosilicate to ameliorate the adverse effects of aflatoxin in broiler
chicks. Poult. Sci. 2008, 87, 1125–1130. [CrossRef]

285. Kaki, S.; Moeini, M.M.; Cheraghi, J. Effects of zeolite and mycosorb on serum biochemical and hematological parameters of
broilers chicken aflatoxicosis. J. Blood Lymph 2012, 2, 105.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/02652030701598694
https://scisoc.confex.com/scisoc/2011am/webprogram/Paper67644.html
https://doi.org/10.3390/toxins11070410
https://doi.org/10.5713/ajas.2011.10022
https://doi.org/10.1016/j.cbpc.2007.02.005
https://www.ncbi.nlm.nih.gov/pubmed/17350343
https://doi.org/10.5713/ajas.2004.434
https://doi.org/10.3382/japr/pfy054
https://doi.org/10.1093/ps/78.2.204
https://doi.org/10.3382/ps.2007-00313

	Introduction 
	Mycotoxins 
	Aflatoxins 
	Types 
	Nomenclature and Structure 
	Physical and Chemical Properties 
	Toxicokinetics 
	Absorption 
	Distribution 
	Metabolism 
	Excretion 

	Toxicodynamics 
	Toxicity 
	Toxicity in Humans 
	Toxicity in Animals 
	Immunotoxicity in Humans and Animals 

	Detection of Dietary Aflatoxin 
	Management of Dietary Aflatoxicosis 

	Conclusions 
	References

