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Mycotoxins stand out as some of the most threatening natural contaminants in food. Among these, aflatoxin B1

(AFB1) and fumonisin B1 (FB1) are prominent fungal metabolites, representing significant food safety risks due to

their widespread co-occurrence in various food commodities and their profound toxic effects on humans.
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1. Introduction

Mycotoxin contamination in food represents serious threats toward public health . Mycotoxins are known as toxic

secondary metabolites, produced by several toxigenic fungal species, which invade agricultural/farm produce,

under certain favorable environmental conditions . Currently, more than 400 mycotoxins (including aflatoxins,

citrinin, culmorin, ochratoxins, fumonisins, patulin, zearalenone, diacetoxyscirpenol, sterigmatocystin, nivalenol, T-

2, HT-2, deoxynivalenol, enniatins, beauvericin, moniliformin, fusaproliferin, fusaric acid, mycophenolic acid,

alternariol, alternariol monomethyl ether, tenuazonic acid, and ergot alkaloid) have been documented from a wide

array of toxigenic fungal species, from Aspergillus, Fusarium, Penicillium, and Claviceps purpurea genera .

Among them, aflatoxin B1 (AFB1) and fumonisin B1 (FB1) are the most prominent compounds linked to a variety of

serious human health disorders .

AFB1 is a difuranocoumarin derivative (Figure 1), produced mainly by toxigenic Aspergillus flavus and Aspergillus

parasiticus species, and it contaminates different crops, such as nuts, dried fruits, oilseeds, and maize and other

cereals. Since the discovery of AFB1 in 1960, after the famous incidence where it killed 100,000 young turkeys in

the UK, which was called, at that time, Turkey X disease, several fatal outbreaks have been associated with the

consumption of AFB1-contaminated food, as reported in India (the states of Gujrat and Rajasthan in 1974) and in

Kenya (Eastern and Central Provinces, in 2004 ). The International Agency for Research on Cancer (IARC)

classified AFB1 as a carcinogenic agent (group 1 carcinogens), due to its potent hepatocellular carcinoma (HCC) in

human . Other toxic effects of AFB1 include immunotoxic, mutagenic, and teratogenic properties in humans 

. To protect the public against these effects, several national and international organizations have set regulatory

limits for many mycotoxins in different food commodities, according to several factors, such as the toxic effect,

contamination rate, and exposure. For instance, the European Union (EU) has set different regulatory limits for

AFB1 in ready-to-eat dried figs (6 μg/kg), different types of nuts (5 μg/kg for hazelnuts and Brazil nuts; 8 μg/kg for

almonds, pistachios, and apricot kernels; and 2 μg/kg for groundnuts), maize (2 μg/kg), and dried spices (5 μg/kg)

.
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Figure 1. Chemical structure of aflatoxin B1.

FB1, a sphingosine analogue compound (Figure 2), was the first member of the fumonisin family to be described

and characterized, in 1988, after isolation from the F. moniliforme MRC 826 fungus. The toxin is mainly produced

by Fusarium verticillioides and Fusarium proliferatum species in cereals, including in corn (maize) and corn-based

foods, but also in other cereals, such rice, oat, rye, barley, and wheat , and several foodborne outbreaks due

to the consumption of FB1-contaminated food have been reported over the years in the world . The IARC

classified FB1 as a class 2B carcinogen (possible human carcinogen) . It was suggested that FB1 could be

associated with the incidence of esophageal cancer in humans in some areas of the world where FB1-

contaminated maize is consumed daily, such as South Africa, Iran, and China . The toxin poses other toxic

effects, such as immunotoxicity, hepatotoxicity, and nephrotoxicity. The EU has set a maximum limit of 2000 μg/kg

for the sum of FB1 and FB2 in processed maize for the final consumer . Recently, the European Food Safety

Authority (EFSA) has lowered the tolerated daily intake of FB1 to 1 μg/kg bw/day .
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Figure 2. Chemical structure of fumonisin B1.

Both AFB1 and FB1 can co-occur in a variety of agricultural commodities, especially maize . Therefore,

humans are frequently co-exposed to both toxins on a daily basis. This co-exposure is likely to increase in the

future when considering climate change as it is expected that the above mentioned mycotoxin-producing fungal

species will be more toxigenic and, therefore, produce more AFB1 and FB1 at higher levels than those usually

detected in the last decades . In general, the co-exposure to two or more toxins may lead to additive,

synergistic, or antagonist toxic effects . EFSA has already developed some approaches for the exposure

assessment of multiple pesticides and other contaminants in humans. Yet, the question regarding what the toxic

outcome would be from the co-exposure to AFB1 and FB1, at different doses or scenarios of exposure, still

remains unanswered.

2. Overview of the Toxic Effects of AFB1 In Vitro

Most of the available toxicological knowledge on aflatoxins is related to AFB1. AFB1 in different cell lines for human

liver, kidney, intestines, bronchia, male genital system, bone, bone marrow, mammary gland, colon, and brain.

Most studies focused on liver, intestine, and kidney as the main toxic effects of AFB1 include hepatotoxicity,

enterotoxicity, and nephrotoxicity, respectively. The main selected models to investigate the toxicity of AFB1 in liver

and intestine were HepG2 (human hepatocellular carcinoma) cells and Caco-2 (human colorectal adenocarcinoma)

cells. HepG2 cells, originally derived from liver biopsies of a 15-year-old Caucasian male with a differentiated

hepatocellular carcinoma, are frequently used as an in vitro alternative to primary human hepatocytes for studying

the hepatotoxicity of xenobiotics. This is owing to their highly differentiation capability, and displaying many of the

genotypic features of normal liver cells . Also, these cells are able to synthesize plasma proteins, bile acid, and

glycogen, as well as other functions, such as cholesterol and triglyceride metabolism, lipoprotein metabolism and

transport, and insulin signaling. The Caco-2 cells have been applied in various intestinal studies with a high

flexibility, high repeatability, and low cost . In particular, as a model of intestinal epithelial barrier, it can

spontaneously differentiate into a monolayer of cells with the characteristic of absorbing intestinal epithelial cells,

with a brush border layer.

Once it is absorbed by the small intestine, AFB1 is metabolized in hepatic cells by cytochrome CYP450s enzymes,

predominantly liver-localized enzymes, to the ultimate carcinogen AFB1-exo-8,9-epoxide . This intermediate

highly electrophilic metabolite reacts chemically with DNA and, therefore, causes mutations. However, AFB1 is also

metabolized into many hydroxylation compounds through the P450 system, including aflatoxin Q1, aflatoxin P1,

aflatoxin B2a, aflatoxin M1, aflatoxicol, and aflatoxicol H1 . Apoptosis or programmed cell death is an

evolutionarily conserved mechanism for the selective removal of aging, damaged, or other unwanted cells . This

mechanism plays a fundamental role in many physiological processes, and its deregulation can lead to a variety of

pathological conditions, including carcinogenesis . In Figure 3, AFB1 mainly activate apoptosis, by inducing

several pathways: (1) oxidative stress, (2) mitochondrial pathway, (3) endoplasmic reticulum (ER) stress response,

(4) Fas/FasL (Fas ligand) signaling pathway, (5) tumor necrosis factor-alpha (TNF-α) signal pathway (a key

cytokine involved in inflammation, immunity, cellular homeostasis, and tumor progression) . Oxidative
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stress is defined as an imbalance between the increased ROS and a low antioxidant mechanism activity. Increased

oxidative stress can lead to damage to the cellular structure . In oxidative stress, AFB1 can decrease antioxidant

protein activities (glutathione, superoxide dismutase, and catalase), and increase the concentration of

malondialdehyde, to trigger reactive oxygen species (ROS) production . In addition, the oxidative stress caused

by AFB1 disrupts mitochondrial function to induce apoptosis, and the manifestation is DNA damage . DNA

damage can disrupt mitochondrial homeostasis, and induce metabolic pathways resulting in mitochondrial

dysfunction . Studies showed that AFB1 increased the expression of anti-apoptotic proteins (Bcl-2 and Bcl-XL),

significant mediators of apoptosis (caspase-9, caspase-3, and caspase-8), and decreased the expression of pro-

apoptotic proteins (Bax, Bak, and Bid), to induce mitochondrial dysfunction and apoptosis . Recent studies also

showed that AFB1 exposure increased the ER stress via the activation of p53, AMP-activated protein kinase, the

mammalian target of rapamycin (mTOR), and the c-Jun NH2-terminal kinases . Among these activations

under the ER stress, AFB1 activated p53 signaling, to disrupt mitochondrial function, to invoke cell apoptosis .

High concentrations of AFB1 (100 and 105 μM) suppressed p53 protein expression, and low doses of AFB1

exposure (10 and 16.9 μM) ameliorated this protein expression . From the signaling pathways

summarized above, mitochondria were essential mediators of these pathways. In addition to AFB1 impairing organ

function by inducing apoptosis through these signaling pathways, the toxin can specifically disrupt cytochrome

P450 activities, to trigger liver damage .

Figure 3. Mechanisms of aflatoxin B1 (AFB1) and fumonisin B1 (FB1) toxicity.

3. Overview of the Toxic Effects of FB1 In Vitro

FB1 is a water-soluble molecule, and typically has a low bioavailability (3–6%). It is rapidly distributed in liver and

kidney, extensively biotransformed, and rapidly excreted, mostly in feces . It is reported that the hydrolytic

biotransformation metabolites, pHFB1 and HFB1, are present in limited amounts in body tissues . FB1 toxicities

in cell models of liver, intestine, bone, colon, brain, esophagus, and endothelia. As FB1 toxicities are associated

with hepatotoxicity and enterotoxicity, most of these studies (n = 14) investigated the effect of FB1 in liver and
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intestine in which HepG2 and Caco-2 cells were the in vitro models of choice, accounting for 100% and 60%,

respectively.

Around 57% of the presented 14 studies indicated that FB1 toxicity was related to the biosynthesis of sphingolipids,

which are fundamental components of eukaryotic cells . In addition to playing structural roles in cell membranes

(including the synthesis of metabolites of ceramide, sphingosine, and sphingosine-1-phosphate), sphingolipids

have attracted attention as bioactive signaling molecules involved in regulating cell growth, differentiation, aging,

and apoptosis . As the chemical structure of FB1 resembles sphingolipids, FB1 interferes with the metabolism of

sphinganine and sphingosine in the synthesis of ceramide in mitochondria, complicating the sphingolipid

biosynthesis pathway, and causing mitochondrial fragmentation . Ceramide synthases are integral membrane

proteins of the ER, and FB1 could inhibit ceramide synthases . Based on the above studies , it

indicates that FB1 could inhibit ceramide synthases, to affect all pathways and, consequently, invoking cell

apoptosis. The mechanisms behind FB1-induced toxicity (Figure 3) include the induction of oxidative stress, the

mitochondrial pathway, and ER stress (mTOR) . In the oxidative stress pathway, FB1 has been shown to

induces cytotoxicity, lipid peroxidation, ROS, and DNA damage in cell models of the liver, intestine, brain, and

endothelia . In the mitochondrial pathway, FB1 have the toxic effect to induce mitochondrial dysfunction 

. Chen et al. reported, using Seahorse Respirometry Analysis, that FB1 induced mitochondrial membrane

potential (MMP) damage and mitochondrial dysfunction, to disrupt the electron transport chain (ETC), and inhibit

ATP production, after exposure for 24 h, in both HepG2 cells and Caco-2 cells . Also, Khan et al. reported an

alteration in MMP and ATP production following the exposure of oesophageal (SNO) cancer cells to FB1 for 48 h

. In the ER stress pathway, FB1 is attributed to the activation of the IRE1 α -JNK axis, the suppression of mTOR,

and the activation of LC3I/II to reduce cellular apoptosis and autophagy in HepG2 cells . In summary, FB1 could

inhibit ceramide synthases, induce oxidative stress, disrupt mitochondrial pathway, and suppress the ER stress

pathway to show the toxic effects to the human based on the in-vitro data.

4. Combined Toxicity of AFB1 and FB1 in Human Cells

The combined exposure to AFB1 and FB1 is of concern to public health. It has been reported that a synergistic

interaction between AFB1 and FB1 is present via the induction of cell apoptosis . Du et al. showed a

synergistic interaction after HepG2 cell exposure to two sets of combinations: (1) 0.1 μM AFB1 and one μM FB1,

(2) 5 μM AFB1 and 85 μM FB1 for 24 h. This synergistic interaction is related to the expression of apoptosis

proteins (Bax, Caspase 3, and p53) via immunocytochemistry analysis . Also, the authors reported that the

synergetic proapoptotic activity of AFB1 and FB1 was likely caused by different mechanisms, due to the expression

of the antagonistic caspase 8 . In addition, the study by Mary et al., suggested a possible synergistic interaction

toward genotoxicity in BRL-3A cells a mixture of AFB1 (20 μM) and FB1 (30 μM) after 48 h. including an increase in

the arachidonic acid metabolism, cytochrome P450 activity, and p53 protein levels . In this interaction, they

argued that AFB1 had a major input into the mixture’s prooxidant activity, with cytochrome P450 and arachidonic

acid being ROS contributors, but that FB1 was weak at invoking these pathways . Chen et al. have also

reported that the mixture of AFB1 (25.6 μM) and FB1 (224 μM) significantly increased the p53 protein, and
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downregulated the mitochondrial complexes in HepG2 cells . Although the selected concentrations in the binary

mixture of AFB1 and FB1 is different than the above mentioned studies, the ratio of both toxins is less than 20, and

the synergistic interaction is still valid in hepatocytes. In addition, the same authors demonstrated that FB1 is

contributing more than AFB1 to the mixture effects, based on RNA transcriptomic analysis , which is consistent

with previous studies that showed that the binary mixture of AFB1 and FB1 would synergistically raise the

hepatocarcinogenic properties. As shown in Figure 3, with AFB1 and FB1 having different mechanisms of action,

there could be a potential of promoting each other via crossing pathways. In liver tumors, when AFB1 and FB1

were combined, the disruption of sphingolipid metabolism was promoted, which suggested that alterations in the

associated sphingolipid signaling pathways were potentially responsible for the promotional activity of FB1 toward

AFB1 . Furthermore, FB1 could promote hepatocarcinogenesis when co-exposed to along with AFB1 .

Similarly, Torres et al. stated that FB1 has a potential to modulate AFB1 hepatoxicity, because FB1 could inhibit

ceramide synthases, and the inhibition of sphingolipid signaling pathways could contribute to the tumorigenicity of

AFB1 . Therefore, within some ranges of combined AFB1 and FB1, they could cause synergistic toxicity in

humans. At a lower ratio of combination (lower than 20) for both mycotoxins, the interaction is synergistic in the

process of apoptosis in hepatic cells, such as the expression of the apoptosis-associate Bax and Bcl-2 proteins.

However, when the combined ratio is slightly higher, the interaction of the two mycotoxins would no longer show an

apparent synergistic effect but gradually tend toward an additive effect . The combination of AFB1 (10 μM) and

FB1 (300 μM) only increased the Bax, Caspase-8, Caspase-3, and p53, without a synergistic effect in HepG2 cells,

and the combined ratio of AFB1 and FB1 is 30 (FB1/AFB1). On the other hand, an antagonistic interaction between

AFB1 and FB1 may happen. McKean et al. mentioned a weak antagonistic effect in HepG2 cells of AFB1 and FB1

. The combined AFB1 (1 μM) and FB1 (399 μM) did not reduce the cell viability of HepG2 cells after 24 h, and

this combination ratio (FB1: 399 μM/AFB1: 1 μM = 399) is the highest applied in vitro concentrations found in the

literature . The summarized data showed that the combined ratio of AFB1 and FB1 could be the main parameter

that affects the interaction of both toxins in hepatic cells. In their study, a strong additive interaction was found in

BEAS-2B (human bronchial epithelial) cells after exposure to the combined AFB1 (100 μM) and FB1 (355.1 μM)

over 24 h . The interaction between these two toxins would vary, depending on the organs. These findings

indicate that the interaction of AFB1 and FB1 is mainly manifested as a synergistic effect, and the

additive/synergistic effect is primarily regulated by their ratio and organs. Therefore, the AFB1 and FB1 mixture

may enhance toxic effects, and carry a more significant risk factor than their individual presence.
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