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Aflatoxins (AFs) are commonly contaminatingmycotoxins in foods andmedicinal materials.
Since they were first discovered to cause “turkey X” disease in the United Kingdom in the
early 1960s, the extreme toxicity of AFs in the human liver received serious attention. The
liver is the major target organ where AFs are metabolized and converted into extremely
toxic forms to engender hepatotoxicity. AFs influence mitochondrial respiratory function
and destroy normal mitochondrial structure. AFs initiate damage to mitochondria and
subsequent oxidative stress. AFs block cellular survival pathways, such as autophagy that
eliminates impaired cellular structures and the antioxidant system that copes with oxidative
stress, which may underlie their high toxicities. AFs induce cell death via intrinsic and
extrinsic apoptosis pathways and influence the cell cycle and growth via microribonucleic
acids (miRNAs). Furthermore, AFs induce the hepatic local inflammatorymicroenvironment
to exacerbate hepatotoxicity via upregulation of NF-κB signaling pathway and
inflammasome assembly in the presence of Kupffer cells (liver innate immunocytes).
This review addresses the mechanisms of AFs-induced hepatotoxicity from various
aspects and provides background knowledge to better understand AFs-related
hepatoxic diseases.
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INTRODUCTION

AFs produced by Aspergillus flavus and Aspergillus parasiticus fungi are a class of polysubstituted
difuranocoumarin compounds that exhibit mutagenic, teratogenic and immunosuppressive effects
in farm and laboratory animals, and primarily invade the liver to produce serious hepatotoxicity
(Mary et al., 2012; Wogan et al., 2012; Lin et al., 2014). AFs are commonly occurring mycotoxins that
are classified into diverse types, such as AFB1, B2, G1, and G2. AFB1 is the most strongly hepatotoxic
compound and hepatic carcinogen, and it is classified as a Group I carcinogenic agent by the
International Agency for Research on Cancer (IARC) (Baan et al., 2009). Epidemiological
investigations and experimental data indicate that dietary exposure to AFs is an important risk
factor for hepatocellular carcinoma (HCC), and HBV infection combined with AFs exposure causes
hepatotoxicity in areas of high exposure, such as South Asia, which increases the risk of HCC (Liu
et al., 2012; Chen et al., 2019b). AFs contamination is prevalent in warm humid climates and irrigated
hot deserts, which is serious for people’s health and economic aspects. Approximately 4.5 billion
people around the worldwide are exposed to AFs-contaminated foods (Hamid et al., 2013). And the
United States Food and Drug Administration (FDA) considers AFs as an inevitable contaminant of
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foods. So AFs are strictly banned in raw foods, processing
products as well as herbal medicines worldwide. The European
Pharmacopeia (EP) enacts strict limits for the presence of AFs in
phytomedicines, including 2 μg/kg for AFB1 and 4 μg/kg for total
AFs. Germany uses the same standard in any materials used in
manufacturing of medicinal products (Zhang et al., 2018).
Therefore, there is an absolute need to understand AFs
contamination from various aspects, for example, how AFs
contaminate foods and herbal medicines, how to rapidly and
accurately detect AFs, and more importantly, how AFs threaten
human health by inducing hepatotoxicity.

Fungi that produce AFs generally infect crops and spices,
including wheat, corn, cotton and nuts (Kumar et al., 2016).
Ruminants eating AFs-contaminated foods metabolize the toxins
and excrete AFM1 in milk, which induces pollution in the transfer
from crops into by-products and subsequent consumers
(Prandini et al., 2009). Contamination of natural products and
relevant by-products is divided into two phases: infection of
developing crops in the first phase and any stage from
maturation until consumption in the second phase (Cotty and
Jaime-Garcia, 2007). Damaged susceptible crops and climate
during the developing phase, crops caught by rain prior to or
during harvest, and temperature and humidity during the storage
phase are vital influencing factors for AFs contamination (Cotty
and Jaime-Garcia, 2007; Kumar et al., 2016). Therefore, pre- and
post-harvest management are critical practices for minimizing
AFs contamination (Mahuku et al., 2019; Pandey et al., 2019). For
nutrients in different grains, lipids from ground substrates
significantly increase the risk of AFs production, and other
nutrients, such as sugars and proteins, also are associated with
AFs production (Liu et al., 2016). In contrast, microbial
degradation of AFs has unique superiorities in the
detoxification of AFs because of biodegradation mechanisms
via modification of the structure of AFs or AFs absorption,
which is an environmentally friendly and lower cost strategy
(Verheecke et al., 2016; Afshar et al., 2020). Notably, ultraviolet
irradiation is an effective method for reducing or detoxifying AFs
via modification of a double bond in the terminal furan ring and
breaking of the lactone ring, which may be toxicological sites in
AFs (Mao et al., 2016).

Because AFs are derived from nature and structurally stable,
contamination of herbal medicines caused by unfavorable
environmental conditions may unavoidably occur in the field
or at any stage in the supply chain, such as collection, processing,
transportation, and storage. Different medicinal parts (seeds,
roots, etc.) of medicinal materials that contain more oils,
proteins, starches and sugars, such as Platycladi Semen,
Nelumbinis Semen and Polygalae Radix, have higher risks of
AFs contamination. Some animal medicines, such as Mylabris
and Hirudo, that have a high content of proteins are also more
susceptible to AFs contamination. AFs are also transferred into
decoctions, resulting in a potential risk to consumers, especially
whom take the herbal medicines directly or have a high
consumption rate (Nian et al., 2018; Zhang et al., 2018;
Raysyan et al., 2020). Notably, adverse reactions and toxicities
of herbal medicines may originate from this type of pollution
rather than the herbs themselves.

Because of the strong toxicity of AFs, it is not recommended to
set a safe tolerance level or non-toxic dose internationally. The
less we ingest, the safer we are. Therefore, methods to detect AFs
rapidly, accurately and economically at a very low concentration
are important for the safe use of foods and herbal medicines with
complex substrates. Chromatographic methods, including thin-
layer chromatography, high-performance liquid chromatography
(HPLC) tandem mass spectrometry, fluorescence detector (FLD)
and ultraviolet absorption detection (peak absorbance occurring
at 360 nm) are used to detect AFs after extraction and clean up
procedures (Ventura et al., 2004; D’Ovidio et al., 2006; Turner
et al., 2009; Kong et al., 2013; Wen et al., 2013; Zhang et al., 2018).
HPLC-FLD is widely used for AFs determination and is
recommended in many counties because of its high sensitivity
and selectivity (D’Ovidio et al., 2006; Kong et al., 2013; Wen et al.,
2013; Zhang et al., 2018). Rapid screening techniques as
qualitative assays, have important practical meanings in the
determination and quality control of foods and medicinal
materials for a large number of samples because of the
simplicity of sample preparation, relatively inexpensive
equipment and simple performance. Enzyme-linked
immunosorbent assay, lateral flow immunoassay, gold
immunochromatographic assay and aptamer-based lateral flow
assay, which are mostly based on interactions between antibodies
and antigens, are used to screen for the existence of AFs.
However, techniques to overcome interference from the
complicated matrix for the determination of trace AFs are
needed (Hu et al., 2018; Zhang et al., 2018; Raysyan et al., 2020).

AFs inevitably exist in foods and herbal medicines and are one
of the major causes of hepatic steatosis, necrosis, eventual
cirrhosis and HCC (Jaeschke et al., 2012). The carcinogenic
effects of AFs have been studied and summarized in the
induction of liver cancer through forming deoxyribonucleic
acid (DNA) adducts and modifying the tumor suppressor
TP53 gene (Eaton and Gallagher, 1994). However, the toxic
mechanisms of AFs and the impact of AFs on the structure
and function of hepatocytes are not unclear. Therefore, an
understanding about the mechanisms of AFs-induced
hepatotoxicity and corresponding detoxification is meaningful.
AFB1 has been extensively studied, which is a highly potent and
toxic mycotoxin and the major product of AFs. We highlight the
pathways of AFs-induced hepatotoxicity from the following
aspects: metabolization to initiate toxicity, damage
mechanisms in mitochondria, influence on the cell cycle and
growth, induction of cell death, inhibition of cellular protective
pathways and exacerbation of hepatotoxicity via inflammatory
response.

THE METABOLIC BIOACTIVATION OF AFS

After AFs are absorbed into hepatocytes, their toxicities are
dependent on the balance of bioactivation and detoxification
procedures (Figure 1). Cytochrome P450s (CYPs), which are a
large superfamily of heme-binding enzymes, play an essential role
in the synthesis and metabolism of endogenous substrates and in
the biotransformation of xenobiotics. Isoenzymes of hepatic
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microsomal monooxygenases CYPs including CYP1A2 and
CYP3A4 are needed to activate AFB1 to the extremely
poisonous AFB1-8,9-epoxide (AFBO) in humans (Dohnal
et al., 2014; Deng et al., 2018). Epoxide metabolites of AFs
attack DNA via binding to guanine residues at the N7 position
to form AFB1-N7-Gua adducts, which open the imidazole rings
to form the more stable AFB1 formamidopyrimidine (AFB1-
FAPY) adducts (Lin et al., 2014; Zhu et al., 2015). Other phase II
enzymes, such as microsomal epoxide hydrolase (mEH) and
aflatoxin-aldehyde reductase (AFAR), regulate the metabolism
of AFB1. mEH converts AFBO into AFB1-8,9-dihydrodiol
(AFB1-dhd), which is less toxic. However, AFB1-dhd still
binds to lysine residues on proteins. Indeed, AFB1-lysine
adducts in serum were significantly increased after exposure
to AFB1 (Li et al., 2019). Subsequently, AFAR metabolizes
AFB1-dhd to form AFB1-dialcohol, which is a real non-toxic
product because AFB1-dialcohol dose not bind to proteins
(Dohnal et al., 2014; Deng et al., 2018; Rushing and Selim,
2019). AFB1 is also converted to other intermediates, such as
aflatoxicol (AFL), AFB2a, AFQ1 (a major product of CYP3A4
enzymatic action), and AFM1 produced by CYP1A2, etc.
Interestingly, AFL is reconverted back to AFB1 as a reservoir
of AFB1 to extend its toxic effects (Ayed-Boussema et al., 2012;
Rushing and Selim, 2019).

Notably, AFs induce the expression of diverse CYPs. This
induction may aggravate genetic and cellular toxicity by
enhancing the process of bioactivation (Ayed-Boussema
et al., 2012; Mary et al., 2015; Sun et al., 2015b; Gan et al.,
2018; Muhammad et al., 2018a). Nuclear transcription
receptors that regulate the expression of CYP1A, CYP2B

and CYP3A subfamilies comprise the aryl hydrocarbon
receptor (AhR), constitutive androstane receptor (CAR) and
pregnane X receptor (PXR), respectively. Messenger RNA
(mRNA) expression of AhR, CAR and PXR and the activity
of AhR were upregulated after AFs treatment in hepatic cell
lines (Ayed-Boussema et al., 2012; Mary et al., 2015; Vogel
et al., 2020). These data provide a foundation for the CYPs
regulation pathway to explain how AFs enhance the expression
of CYPs enzymes. Notably, AFs may have a planar polycyclic
aromatic structure similar to known ligands that allows AFs to
induce the subsequent transcription of target genes via binding
to receptors (Mary et al., 2015). Because of the highly reactive
and electrophilic natures of the metabolic intermediates
produced by microsomal CYPs, these molecules covalently
bind to proteins and DNA to exert acute and chronic
cytotoxicities.

Glutathione-S-transferases (GSTs) are responsible for
detoxification of the AFs, which can catalyze nucleophilic
aromatic substitutions, Michael additions to α,β-unsaturated
ketones and epoxide ring-opening reactions, resulting in the
formation of glutathione (GSH, a cysteine-containing
tripeptide) conjugates (Jowsey et al., 2003) and oxidized
glutathione (glutathione disulfide, GSSG) (Sheehan et al., 2001;
Eftekhari et al., 2018). By reacting with reactive oxygen species
such as free radicals or peroxides, GSH serves as an electron
donor and is converted to its oxidized form as GSSG, and vice
versa, GSSG can be reduced back to GSH by glutathione reductase
(GR). The GSH and GSSG pair, as one of the major intracellular
redox regulating couples, plays an important role in protecting
cells from oxidative stress that is caused by imbalance between

FIGURE 1 | The bioactivation and related detoxified pathways of AFs.
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pro-oxidants and antioxidants, for which depletion of GSH and
accumulation of GSSG suggest the toxic effects of AFs on the
liver cells (Adeleye et al., 2014; Ali Rajput et al., 2017).
Conjugation of GSH with metabolites of AFs results in the
generation of more soluble compounds that are more easily
detoxified and excreted from cells. Upon further metabolism,
these thiol conjugates are excreted in urine as water-soluble
aflatoxin mercapturic acids (AFB1-NAC) (Kensler et al., 2011,
Kenseler et al., 2014). When we focus on the hepatic toxicity of
AFs, it is important to note that the toxicity of AFs depends on
the type, dose, duration of exposure and the susceptibility of
different species. In experimental models, mice possess a much
higher level of hepatic GST activity toward AFBO than found
in rats or humans (Taguchi et al., 2016). Newborn mice, which
have lower hepatic GST levels than older mice, are
substantially more susceptible to AFs (Kensler et al., 2014).
These peculiarities suggest that the selection of doses and
models is important during the research on AFs-induced
hepatotoxicity. In addition, in almost all of researches, there
are similar laboratory findings about AFs-induced
hepatotoxicity. And many researches prefer using younger
experimental models that are more susceptible to AFs
exposure like one-day-old broilers for a more obvious
phenomenon (Mughal et al., 2017; Muhammad et al.,
2018b; Wang et al., 2018). But it’s worth thinking whether
the different ages of experimental models will lead to different
findings in related mechanisms of AFs-induced hepatotoxicity,
such as showed in 7.1.2. And Li Huang et al. found that
300 μg/kg was a appropriate dose for male ICR mice,
showing a moderate toxicity symptoms in the pre-
experiment. Because humans usually expose to AFs
chronically in a very low dose, in order to simulate the
actual situation more realistically, a consideration of AFs
exposure dose is needed in the future.

AFS DAMAGE MITOCHONDRIA TO
INITIATE VARIOUS CELLULAR INJURY
PATHWAYS
AFs Induce the Destruction and Dysfunction
of Mitochondria
Mitochondria in hepatocytes consume approximately 90%
oxygen and undertake the important function of oxidative
phosphorylation (OXPHOS). At the presence of activated
metabolites of AFs after bioactivation, AFs destroy the
mitochondrial respiratory chain complexes I-IV, which
regulate the delivery of electrons and produce adenosine
triphosphate (ATP) for cell energy consumption (Shi et al.,
2012a). AFs reduce the activity of respiratory chain complexes,
which leads to a decrease in ATP synthesis. This finding is
consistent with the decrease in the mitochondrial respiratory
control ratio (RCR) (Shi et al., 2012a). The AFs-induced
decrease in the activities of succinate dehydrogenase (SDH)
and adenosine triphosphatase (ATPase) also support
mictochondrial dysfunction (Verma et al., 2008). AFs also
disrupt lipid and lipoprotein metabolism. For example, AFs

downregulate carnitine palmitoyl transferase 1 A (CPT1A) in a
dose-dependent manner, which aids long chain fatty transport
into the mitochondria for β-oxidation (Rotimi et al., 2017).
Related serum and histological examinations also confirmed the
disorder of lipid metabolism (Alm-Eldeen et al., 2015; A V et al.,
2017).

AFs also destroy the intact mitochondrial bilayer structure
via regulating B cell lymphoma2 (Bcl-2) family proteins. Bcl-2
exerts its anti-apoptotic activity via binding of the activated Bax
effector to prevent mitochondrial outer membrane
permeabilization (MOMP) in healthy hepatocytes. However,
decreased Bcl-2 protein levels were found in hepatocytes
exposed to AFs (Liao et al., 2014; Chen et al., 2016; Alm-
Eldeen et al., 2017; Bock and Tait, 2020). Bax dimers form
higher-order multimers that generate lipid pores within the
outer mitochondrial membrane (OMM), which causes MOMP
and the release of intermembrane space contents, such as
cytochrome c (cyt c). AFs increased Bax expression in many
studies (Liao et al., 2014; Oskoueian et al., 2015; Chen et al.,
2016; Liu andWang, 2016; Alm-Eldeen et al., 2017; Wang et al.,
2018,2019; Huang et al., 2019; Deng et al., 2020). Strikingly, the
translocation of Bax was observed, and Bax levels increased in
the mitochondrial fraction (Chen et al., 2016; Liu and Wang,
2016). A decreased ratio of Bcl-2/Bax, as an apoptotic index,
was demonstrated after exposure to AFs (Liao et al., 2014; Alm-
Eldeen et al., 2017). The increase in p53 tumor suppressor
proteins also participated in the destruction of mitochondria
via modulation of the balance between Bcl-2 and Bax (Liao et al.,
2014). AFs induced p53 expression in the nucleus, which
contributes to mitochonria-induced apoptosis (Sun et al.,
2015a; Wang et al., 2019). Besides, AFB1 or AFM1 activate
c-Jun N-terminal kinase (JNK), which modulates the
mitochondrial ratio of Bcl-2/Bax proteins (Zheng et al., 2018).
Mitochondria, the major organelle of liver, are vulnerably
attacked by AFs-induced dysfunction and apoptosis because of
its involvement in ROS production and oxygen consumption in
cells. As the initial event of intrinsic apoptosis, the persistent
opening of mitochondrial permeability transition pore (mPTP)
contributes to dysfunction of mitochondria after AFs exposure
through inducing collapse of mitochondrial membrane potential
(MMP) and making mitochondria swell, and subsequently
produces osmotic dysregulation of the inner mitochondrial
membrane, uncoupling of oxidative phosphorylation and
cell death.

Mitochondria-centered cell death also disrupts the
membrane structure of liver cells, which causes the release of
some cell contents. The leakage of ALT from the cytoplasm and
AST from mitochondria into serum was reported in many
studies (Akçam et al., 2013; Liao et al., 2014; Alm-Eldeen
et al., 2017; Vipin et al., 2017; Huang et al., 2019).
Histological and ultrastructural analyses also confirmed 1)
swollen, fragmented and damaged mitochondria, 2) irregular
and condensed nuclei with fragmentation and clustering of
chromatin material, and 3) the formation of horseshoe or
crescent-shaped bodies and ultimate cell death of hepatocytes
(Yang et al., 2016; Mughal et al., 2017; Muhammad et al., 2018b;
Wang et al., 2018).
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Reactive Metabolites of AFs Influence
Mitochondria via Binding With
Mitochondrial DNA
Mitochondria also maintain their own genome, which encodes
the OXPHOS functional proteins. Mitochondrial DNA (mtDNA)
is highly susceptible to oxidative stress due to its proximity to the
inner membrane (a primary source of reactive oxygen species
(ROS)) and the less protection of histones (Begriche et al., 2011;
Shi et al., 2012). Sequence analysis of the mtDNA D-loop
indicates that AFs induce a few single nucleotide
polymorphisms (SNPs) in the mtDNA D-loop, which interfere
with transcription of the entire mtDNA genome (Shi et al., 2015).
The comet assay, which measures cellular DNA repair capacity
and DNA damage, indicates that ROS, including the reactive
metabolites of AFs and other factors cause the breaking of DNA
strand including mtDNA (Yang et al., 2016; Vogel et al., 2020). At
the same time, an oxidized nucleoside of DNA, 8-hydroxy-2′-
deoxyguanosine (8-OHdG) is may be one of the predominant
forms of free radical-induced oxidative lesions, and its content
increased after AFs treatment (Valavanidis et al., 2009; Lin et al.,
2016; Yang et al., 2016). DNA fragmentation analysis
demonstrates that DNA fragments were increased in a dose-
dependent manner (Chen et al., 2016). These data suggest that
AFs influence the coding of respiratory chain complex proteins
and the dysfunction of mitochondria by impairing mtDNA
because OXPHOS requires the mtDNA to encode 13
mitochondrial respiratory chain (MRC) polypeptides, which
are embedded with complexes I, III, IV, and V (Begriche
et al., 2011). However, more concrete evidence must be
substantiated further about how AFs exactly influence
mitochondria after binding with mtDNA and preventing it
from functioning properly.

AFs Induce Extensive Oxidative Stress in
Mitochondria
Some electrons from complexes I and III also directly react with
oxygen under normal physiological conditions to form the
superoxide anion radicals. What’s worse is that AFs stimulate
mitochondria to generate MOMP and damage respiratory
complexes, which leads to the release of electrons from MRCs
in force. Superoxide anion radicals in rat hepatocytes treated with
AFB1 increased significantly (Ajiboye et al., 2016). Mitochondrial
manganese superoxide dismutase (Mn-SOD) is the committed
enzyme of the antioxidant pathway that catalyzes radicals, such as
O2

−, into the relatively less toxic hydrogen peroxide (H2O2),
which is catalyzed by glutathione peroxidase (GPx) and catalyzed
into water by GSH (Begriche et al., 2011; Pessayre et al., 2012;
Maurya and Trigun, 2016). AFs downregulated the expression
and activity of these enzymes, which amplified oxidative stress
(Vipin et al., 2017; Gan et al., 2018). The decreasing content of
GSH as a cofactor or coenzyme that is involved in the enzymatic
detoxification of ROS derived by AFs is an adverse effect for
maintaining the redox homeostasis. Some of the formed H202
that leaks from the mitochondria into the cytoplasm is split into
hydroxyl radicals (OH·) and hydroxide (OH-) at the presence of

iron. The reaction called Fenton reaction also contributes to the
formation of ROS and takes part in oxidative stress (Pessayre
et al., 2012), but there have been no reports about the role of the
Fenton reaction in AFs-induced oxidative stress yet.

Damaged mitochondria result in the generation of ROS. AFs-
treated hepatocytes generated high levels of ROS in numerous
studies (Liu and Wang, 2016; Yang et al., 2016; Vipin et al., 2017;
Eftekhari et al., 2018; Xu et al., 2020). This finding is consistent
with the increased content of a series of lipid peroxidation
products in AFs-treated hepatocytes, e.g., conjugated dienes,
lipid hydroperoxides and malonaldehyde (MDA). And MDA,
a terminal marker of lipid peroxidation, is an important factor
that reflects alteration of membrane fluidity (Gesing and
Karbownik-Lewinska, 2008; Shi et al., 2012b; Ajiboye et al.,
2016; Erdélyi et al., 2018). Protein oxidation or carbonylation
are important oxidative steps of toxicities in mitochondria. For
instance, at the presence of oxygen free radicals, increased
inducible nitric oxide synthase (iNOS) that mediates the
catalytic formation of nitric oxide, induces the formation of
oxidative protein biomarkers of nitrotyrosine. In addition, 8-
OHdG as an oxidative DNA biomarker is obviously increased
during AFs-induced mitochondrial oxidative stress (Ozen et al.,
2009; Karaman et al., 2010). According to the literature, AFB1
may provoke earlier formation of ROS, subsequently affect on
gene expression with the cascade of inhibition of Kelch-like ECH-
associated protein 1 (Keap1) and activation of nuclear factor
erythroid 2-related factor 2 (Nrf2)/antioxidant response element
(ARE) pathway, then accompanied with activation of the
antioxidant gene cluster of GPx4 to prevent the completion of
lipid peroxidation processes (Kövesi et al., 2018). Lipid
peroxidation alters membrane fluidity and permeability. And
lipid peroxides are also toxic for hepatocytes (Gaschler and
Stockwell, 2017). Meanwhile, 4-hydroxylnonenal, as a major
end product from lipid peroxidation during oxidative stress,
may enhance gene expression of cyclooxygenase (COX)-2 in
rat liver epithelial RL34 cells, of which is highly reactive to
nucleophilic sites in DNA and proteins, causing cytotoxicity
and genotoxicity (Kumagai et al., 2000).

AFS INFLUENCE THE CELL CYCLE AND
GROWTH VIA POST-TRANSCRIPTIONAL
REGULATION OF MIRNAS
MiRNAs are a class of small non-coding RNA molecules that
regulate gene expression via base-pairing with complementary
sequences within mRNAs, generally with the 3′ untranslated
region (3′-UTR) of miRNAs (Fang et al., 2013; Sanjay and
Girish, 2017). AFs upregulated many miRNAs, such as miR-
34a-5p, miR-33a-5p, and miR-122–5p in different experimental
models (Fang et al., 2013; Yang et al., 2014; Liu et al., 2015; Zhu
et al., 2015; Marrone et al., 2016; Livingstone et al., 2017).
Genome-wide miRNA profiling and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis provide
evidences that AFs regulate potential target genes of
differentially expressed miRNAs involved in the p53 signaling
pathway, cell cycle, Wnt signaling pathway and Janus kinase
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(JAK)/signal transducer and activator of transcription (STAT)
signaling pathway (Yang et al., 2014). Upregulation of miR-34a-
5p suppressed the expression of the cell cycle-related genes, such
as cyclin D1 (CCDN1) and cyclin E2 (CCNE2), which led to cell
cycle arrest in the G0-G1 phase. A tight connection between miR-
34a-5p and p53 was found and validated in a p53 small interfering
RNA (siRNA) knockdown experiment (Liu et al., 2015). Yi Fang
et al. found that AFs upregulated the level of miR-33a in vitro.
The luciferase assay found that miR-33a downregulated β-catenin
to inhibit cell growth via direct binding to the 3′-UTR of
β-catenin. Additionally, the upregulation of miR-34a by AFs
also inhibited the Wnt/β-catenin pathway via β-catenin. Anti-
miR-34a significantly relieved the downregulated β-catenin and
its downstream genes, such as c-myc and cyclin D1, and AFs-
induced cell cycle arrest was also relieved in HepG2 cells (Zhu
et al., 2015). AFs also downregulated the expression of miR-130a
and miR-122 (Liu et al., 2015; Marrone et al., 2016). The
Downregulation of Drosha, DiGeorge syndrome critical region
8 (DGCR8) and Dicer, which are enzymes in the maturation of
miRNAs, indicates that AFs induce an impairment of miRNA
biogenesis (Zhu et al., 2015). AFs down-regulated miR-122 via
inhibition of hepatocyte nuclear factor 4 A (HNF4A), which
regulates the expression of miR-122 (Marrone et al., 2016).

AFS INDUCE PROGRAMMED CELL DEATH
TO CAUSE HEPATOTOXICITY
Intrinsic Apoptosis Pathway (Mitochondrial
Pathway)
WhenAFs-induced damage onmitochondria and normal structures
of hepatocytes exceeds the cellular repair capacity such as
antioxidant system and autophgy, hepatocytes initiate apoptosis
to maintain normal liver function, but also cause hepatotoxicity.
Apoptosis, also called programmed cell death (PCD), has two main
routes, the intrinsic and extrinsic pathways, to induce hepatotoxicity
via the activation of caspase (cysteinyl, aspartate-specific protease),
which leads to the cleavage of multiple intracellular substrates
(Chalah and Khosravi-Far, 2008; Brenner and Mak, 2009). The
opening of the mPTP is the most well-documented and important
initiating event. According to existing findings, after AFs exposure,
AFs are activated metabolically to react with proteins and DNA,
which can damage mitochondria and induce metabolic inhibition,
initiating the opening of mPTP. The appearance of swollen
mitochondria suggestes that AFs open the mPTP to initiate the
apoptosis (Essa et al., 2017; Baines and Gutiérrez-Aguilar, 2018;
Briston et al., 2019). MMP analysis also demonstrates that AFs
induce the collapse of MMP, which results from the opening of
mPTP (Liu and Wang, 2016).

The AFs-induced opening of mPTP releases electrons, cyt c (the
key in the mitochondria-dependent apoptosis pathway) and
molecules less than 1,500 Da (Chen et al., 2016; Yang et al., 2016;
Eftekhari et al., 2018). As mentioned before, AFs also damage
mitochondria via regulation of Bcl-2 family proteins to leak out
contents. The leakage of cyt c was found in the AFs-induced
mitochondria-mediated apoptosis (Chen et al., 2016; Wang et al.,
2018). Immunoprecipitation analysis indicates that AFs-induced cyt c

release frommitochondria into the cytosol constitutes the apoptosome
complex, which includes apoptotic proteases activating factor-1 (Apaf-
1), cyt c and caspase-9 (Chen et al., 2016). AFs also increased the level
of caspase-9 at the same time (Liu andWang, 2016; Yang et al., 2016;
Mughal et al., 2017; Wang et al., 2018; Xu et al., 2020). The
downstream product of the caspase cascade, caspase-3, is an
executioner that degrades intracellular structural and functional
proteins, and it was also increased (Liao et al., 2014; Chen et al.,
2016; Liu and Wang, 2016; Yang et al., 2016; Mughal et al., 2017;
Wang et al., 2018; Huang et al., 2019; Xu et al., 2020). The increased
number of apoptotic cells also confirmed these consequences using
flow cytometry analysis (Liu and Wang, 2016; Mughal et al., 2017).

Extrinsic Apoptosis Pathway
The extrinsic cell death pathway is typically triggered by death
receptor-ligand interactions, which are important initiators of
apoptosis. Death receptors recognize cytokines in the liver,
including Fas, tumor necrosis factor receptor 1 (TNFR1), and
tumor necrosis factor-related apoptosis inducing ligand receptors
1 and 2 (TRAIL-R1 and TRAIL-R2) (Malhi et al., 2006). The
significantly increased expression of these receptors, such as
TNFR1 and Fas, indicates that AFs invoke apoptosis via the
death receptor pathway in hepatocytes. TNFR1 comprises of
TNFR-associated protein with death domain (TRADD), TNF-
associated factor-2 (TRAF2) and receptor-interacting protein
(RIP). AFs increase the expression of TRADD and TRAF2
(Mughal et al., 2017; Huang et al., 2019). The recruitment of
the adaptor protein Fas-associated protein with death domain
(FADD) also increased in hepatocytes treated with AFs (Mughal
et al., 2017; Huang et al., 2019). After the oligomerization and
activation of receptors, all three classes of receptors initiate the
cleavage of pro-caspase-8 and/or -10 to activate caspase-8/10,
which directly activate downstream caspases, such as caspase-3/
6/7 (Malhi et al., 2006). The expression of caspases-8 and -10
increased as expected (Mughal et al., 2017). The livers of rats that
received AFs in their feed had positive expression of caspase-3 in
the cytoplasm of some apoptotic cells and apoptotic bodies (Essa
et al., 2017). Another pattern of cell death, necrotic parenchymal
hepatocytes, which are characterized by cytoplasmic vacuolar
degeneration, were also observed (Alm-Eldeen et al., 2015). The
end point of the intrinsic and extrinsic pathways is the activation of
intracellular proteases and endonucleases that eventually degrades
the cellular constituents (Malhi et al., 2006). In conclusion, AFs
destroy the function and structure of hepatocytes to induce cell
death via various pathways, and inhibit cellular protective
processes to further aggravate hepatotoxicity.

AFS AGGRAVATE HEPATOTOXICITY VIA
THE DESTRUCTION OF SURVIVAL
PATHWAYS
AFs Affect Autophagy to Inhibit the Cellular
Protective Process
AFs Block the Process of Autophagy
Autophagy (macroautophagy) contributes to cell survival via the
transfer of damaged organelles, such as mitochondria damaged
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by AFs, and proteins into lysosomes for the recycling of
subcellular debris and metabolic intermediates to maintain
normal cell homeostasis (Muhammad et al., 2018b). During
autophagy, an isolated double membrane structure called an
autophagosome encloses some cytoplasmic materials, including
damaged organelles and unused proteins. The outer membrane of
the autophagosome fuses with the membrane of lysosomes to
constitute autolysosomes that degrade isolated components via
lysosomal enzymes. Ultra-microstructural observation of
hepatocytes in an AFs-treated group found few
autophagosomes. This result suggests that AFs inhibit the
process of autophagy (Wang et al., 2019).

Multiple autophagy-related (Atg) proteins regulate
autophagosome initiation and maturation. Upon the
introduction of autophagy, a preinitiation complex translocates
to the pre-autophagosomal structure (PAS). The preinitiation
complex recruits and activates an autophagy-specific form of the
phosphoinositide 3-kinase (PI3K) complex, which includes
Beclin-1/Atg6, Vps34, Vps15 and Atg14 to the PAS. Notably,
AFs decreased the mRNA expression of Beclin-1 (Muhammad
et al., 2018b; Wang et al., 2019). However, most articles focused
on the formed autophagosome, and more exact evidence of the
introduction of autophagosomes must be provided to delineate
the effects of AFs on autophagic hepatocytes in the beginning.

Figure 2 shows that the elongation and enclosure of the
autophagosome during the sequestration process of autophagy
require two protein conjugation systems, the Atg12-Atg5-Atg16
complex and light chain 3 (LC3)/Atg8-
phosphatidylethanolamine (PE) complex, respectively (Green
and Llambi, 2015; Lin and Baehrecke, 2015). AFs inhibit
autophagy via blocking the expression of the components of

the two complexes. For example, AFs downregulated the mRNA
expression of Atg5 (Muhammad et al., 2018b). The inhibition of
AFs on autophagy was confirmed via detecting the distribution of
GFP-LC3 (a sort of green fluorescent protein inserted into LC3)
puncta, which represent autophagosomes (Xu et al., 2020). LC3-II
plays an indispensable role in autophagosome formation, and the
LC3-II/LC3-I ratio is used as the most dependable biomarker of
autophagy. The decreasing protein level of LC3 and the reduced
LC3-II/LC3-I ratio also indicated that AFs inhibited the cell
protective process of autophagy (Muhammad et al., 2018b;
Wang et al., 2019). Mammalian target of rapamycin (mTOR),
which is a protein kinase, negatively regulates autophagy via
phosphorylation of ULK1 and Atg13 to decrease the affinity of
Atg13 with ULK1 and the activity of ULK1 (Green and Llambi,
2015). AFs exposure increased mRNA and protein expression of
mTOR, which supports that AFs inhibit autophagy via various
mechanisms (Muhammad et al., 2018b; Wang et al., 2019; Xu
et al., 2020). AFs also indirectly inhibit autophagy via regulation
of epidermal growth factor receptor (EGFR), which regulates the
mTOR pathway as a direct upstream kinase of PI3K/AKT (Xu
et al., 2020).

On basis of AFs-induced mitochondrial damage, for selective
autophagy, mitophagy is the sequestration of damaged
mitochondria by autophagosomes, which display loss of
membrane potential. Both in vitro and in vivo studied indicate
that AFB1 promotes mitophagy by increased Parkin and PTEN-
induced putative kinase 1 (PINK1) through inducing the
expression of COX-2, then results in lipid accumulation and
steatosis, due to the fact that mitophagy disrupts the normal
mitochondrial lipid metabolism function (Ren et al., 2020). But in
consideration of positive role of mitophagy in removing damaged

FIGURE 2 | The related regulation of autophagy after exposure to AFs. AFs block up the process of cell survival pathway: autophagy. In the course of elongation
and sequestration of autophagosome, AFs inhibit autophagy through decreasing the expression of Beclin-1, Atg5, and LC3. As to the regulation of autophagy, AFs can
down-regulate the expression of mTOR to indirectly inhibit autophagy. AFs also indirectly inhibit autophagy via EFGR that regulates mTOR pathway.
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mitochondria and maintaining its quality and metabolism, more
explicit evidences about AFs-induced mitophagy in
hepatotoxicity need to be excavated.

The Dual Role of AFs in the Regulation of Autophagy
Do AFs invariably inhibit the process of autophagy? The answer
is not necessarily yes. Different results from a previous paper
showed that AFB2 increases the level of autophagy. Fluorescent
antibodies against LC3, MDC staining and transmission electron
microscopy (TEM), show that AFB2 induce autophagy. AFB2 also
increases the ratio of LC3-II/I and Beclin-1. A decrease in p62,
which is an autophagic flux marker in the protein degradation
pathway, is also found. AFB2 also activate PI3K, Akt and mTOR
and inhibit their phosphorylation to inhibit the PI3K/Akt/mTOR
pathway, which shows the proautophagic activity of AFB2 (Chen
et al., 2016). Table 1 shows that the lower dose of AFs and older
experimental models may be the cause of the different results.
However, this conjecture needs to be confirmed in the future.

The lengthy autophagy and intricate cellular environment decide
that autophagy will be influenced by many proteins and cell
processes. One report showed that AFs-induced autophagy and
apoptosis exhibit a reciprocal inhibition (Xu et al., 2020). In addition,
most of the literatures focused on the formation of autophagosomes,
and the questions of fusion with lysosomes persist.

The Collapse of the Antioxidant System
Keap/Nrf2/ARE Pathway
Under the stress of the constantly generated ROS and reactive
metabolites of exogenous mycotoxin AFs, the Keap1/Nrf2/ARE
pathway plays an essential role in maintaining cellular redox
homeostasis and protecting hepatocytes from the generation of
cascade reactions induced by ROS and electrophilic agents
(Jowsey et al., 2003; Tu et al., 2019). Under normal
physiological conditions, Nrf2 is ubiquitinated via binding to
Keap1, which leads to the degradation of Nrf2, so Nrf2 activation
is constantly maintained at a low levels. When hepatocytes encounter
AFs-induced oxidative stress, modification of Keap1 stabilizes Nrf2,
which accumulates in the nucleus where it binds to ARE in
conjunction with small Maf proteins to induce the expression of
related antioxidant genes (Taguchi et al., 2016). However, it has found
that AFs downregulated the expression of Nrf2 (Vipin et al., 2017;
Muhammad et al., 2018a; Muhammad et al., 2018b; Li et al., 2019;
Rajput et al., 2019). AFs regulate Nrf2 not only via Keap1 but another
protein-Caveolin-1 (Cav-1) (Bryan et al., 2013). Cav-1 is a major
resident scaffolding protein constituent of caveolae, which recruit
numerous signaling molecules to caveolae and regulate their activities

(Cohen et al., 2004). AFs upregulate the expression of the Nrf2
inhibitor Cav-1 to suppress its activity in hepatocytes, which results
in the attenuation of cellular antioxidant capability (Xu et al., 2020).

The Keap1/Nrf2/ARE pathway regulates the expression of
many antioxidant enzymes and phase II detoxifying enzymes,
such as heme oxygenase-1 (HO-1), GR, glutathione peroxidase
(GSH-Px), NAD(P)H dehydrogenase, quinone 1 (NQO1), GST,
and SOD. AFs downregulated many antioxidants, including
SOD, HO-1, NQO1, GSH-Px, catalase (CAT), GST, and GR,
in many studies and experimental models (Yener et al., 2009;
Alm-Eldeen et al., 2015; Yang et al., 2016; Vipin et al., 2017;
Muhammad et al., 2018a; Muhammad et al., 2018b; Ji et al., 2020).
However, one study found that AFs upregulated the expression of
Nrf2 (Liu and Wang, 2016).

AFs-induced dysfunction of the Nrf2/ARE antioxidant system,
which is one of the dominant cellular protective mechanisms, will
magnify the oxidant stress due to the effects of AFs and their
reactive metabolites (Abdel-Aziem et al., 2014; Sun et al., 2015b;
Qin et al., 2016). These studies show an important role of the
Keap1/Nrf2/ARE antioxidant response element and its
downstream enzymes in the detoxification and metabolism of
AFs. In short, AFs and their reactive metabolites cause damage
directly, and profoundly influence liver cells via downregulation
of the Keap1/Nrf2/ARE antioxidant system.

AFS AMPLIFY HEPATOTOXICITY IN THE
SHAPE OF A VICE FEEDBACK
LOOP--INFLAMMATION
AFs Regulate the NF-κB Signaling Pathway
to Initiate Inflammation
Inflammation is a defense mechanism that obliterates harmful
substances when the body is under attack by xenobiotics, such as
AFs, and bacterial lipopolysaccharide (LPS) and endogenous
substances, such as damage-associated molecular patterns
(DAMPs), which are released from AFs-induced damaged
hepatocytes. Although inflammation is essential for the
initiation of protective immunity, unregulated inflammation
causes tissue destruction and the development of inflammatory
diseases (Afonina et al., 2017). Abundant experimental evidence
from examinations of liver sections indicate that inflammation
occurs in AFs-treated groups (Yener et al., 2009; Vipin et al., 2017;
Muhammad et al., 2018a). When AFs start to destroy the
structures and normal physiological functions of hepatocytes,
these cells initiate inflammation via the two canonical molecular
drivers of the inflammatory response, the transcription factor

TABLE 1 | Effect of different types and doses of AFs and experimental models on autophagy.

References Experimental model The age
of experimental
animal models

The dose
of AFs

The type
of AFs

Effect on
autophagy

Zhu et al. (2015) Broiler chickens 1-day-old 5 mg/kg AFB1 Inhibit
Liu et al. (2016) Human L02 cells – 40 μM AFB1 Inhibit
Verheecke et al. (2016) Broilers 121-day-old 0.2/0.4/0.8 mg/kg AFB2 Promote
Zheng et al. (2018) Arbor acres broilers 1-day-old 5 mg/kg AFB1 Inhibit
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nuclear factor-kappaB (NF-κB) and Nod-like receptor pyrin
domain containing 3 (NLRP3) inflammasome (Kubes and
Mehal, 2012; Afonina et al., 2017).

Some different receptors trigger pro-inflammatory NF-κB
signaling pathways, including TNFR1, interleukin (IL)-1R and
Toll-like receptor (TLR) (Kubes and Mehal, 2012; Afonina et al.,
2017). Unsurprisingly, the upregulation of TLR-2/4 was verified
at different doses of AFs (Muhammad et al., 2018b; Huang et al.,
2019; Wang et al., 2019). Several papers found that the mRNA
and protein expression of NF-κB was upregulated in hepatocytes
after exposure to AFs (Ma et al., 2015; Oskoueian et al., 2015;
Muhammad et al., 2018b; Chen et al., 2019a; Huang et al., 2019;
Zhang et al., 2019). NF-κB binds to an inhibitory protein called
IκB in the resting state and remains sequestered in the cytoplasm.
Although upstream signaling events differ between individual
receptors, the IκB-kinase (IKK) complex is eventually activated,
which subsequently inactivates the inhibitory chaperone IκBα of
NF-κB (Afonina et al., 2017). Several research papers
demonstrated that the expression level of IκB was inhibited in
AFs group (Chen et al., 2019a; Huang et al., 2019). The mRNA
level of IKK increased, but it was not significant (Mughal et al.,
2017). Therefore, the role of the IKK complex in the regulation of
NF-κB after exposure to AFs remains to be validated.

Once IκB is degraded, free NF-κB dimer translocates into the
nucleus, which regulates the expression of inflammatory cytokines,
such as IL-1 and TNF family members. Notably, AFs induced
higher NF-κB p65 expression in the nucleus than in the cytoplasm
(Huang et al., 2019; Wang et al., 2019; Zhang et al., 2019). The
expression of pro-inflammatory cytokines, including TNF-α, IL-1,
IL-1β, IL-6 and IL-8, was upregulated at the transcriptional and
serous levels (Ma et al., 2015; Muhammad et al., 2018b; Chen et al.,
2019a; Taranu et al., 2019; Wang et al., 2019; Owumi et al., 2020).
All of these histological observations and data of the NF-κB-related
signaling pathway indicate that NF-κB plays an essential role in
AFs-induced hepatic inflammation infiltration. However, it is
critical that the activation of caspase-1 and IL-1β contributes to
the inflammatory process via the molecular complex known as the
inflammasome (Qin et al., 2016).

AFs Regulate Inflammasome Assembly and
Inflammation
The NLRP3 assembly forms a large cytosolic protein complex, the
NLRP3 inflammasome, as a molecular platform that results in the
self-cleavage and activation of cysteine protease caspase-1, which
converts pro-IL-1β and pro-IL-18 into their mature forms
(Afonina et al., 2017). NLRP3 inflammasome activation requires
two sequential steps, initiation and activation. Initiation entails the
recognition of DAMPs by TLR, which results in the activation of
NF-κB, induction of pro-IL-1β and increased synthesis of NLRP3.
During the activation step, diverse extracellular stimuli trigger the
assembly of the inflammasome complex and its eventual activation
(Woolbright and Jaeschke, 2017).

Activated caspase-1 also forms a pore in the cellular plasma
membrane via the cleaving of gasdermin D, and caspase-1-
dependent pyroptosis maintains inflammation via the release
of DAMPs from dying hepatocytes (Yang et al., 2014). The

levels of proteins that represent assembly of the NLRP3
inflammasome, such as NLRP3, caspase recruitment domain
(ASC) and p10 (the active form of caspase 1), and symbolize
activation, such as IL-1β and GSDMD, in liver tissue were
enhanced in AFs-exposed mice, and the features of pyroptosis,
which are characterized by pyroptosis bodies in the early stage
and membrane rupture in the terminal stage, were observed.
Notably, dephosphorylation of COX-2 plays a role in the
activation of the NLRP3 inflammasome via protein
phosphatase 2 A (PP2A)-B55δ induced by AFs and alters its
ER localization and ER-associated degradation (ERAD) (Ou et al.,
2014; Zhang et al., 2019).

There is evidence that mitochondria are also key intermediate
that induce NLRP3 activation via AFs-induced mitochondrial
damage and the subsequently released contents, such as mtDNA
and ROS (Kubes and Mehal, 2012; Afonina et al., 2017). Prior
evidences that damaged AFs-induced mitochondrial damage lay a
foundation in the area of inflammasome activation. Notably,
increased mitochondrial translocation of NLRP3 and its
colocalization with ASC suggest that mitochondria play a role in
the recruitment and activation of the NLRP3 inflammasome in AFs-
induced liver injury (Zhang et al., 2019). However, more evidence
should shed light on more specific mitochondrial functions in the
regulation of the NLRP3 inflammasome to induce pyroptosis and
inflammation. NLRP3 inflammasome binds adjacent NLRP3
monomers and licenses self-nucleation through

formation of an 11 or 12-subunit disc-like complex (Alehashemi
and Goldbach-Mansky, 2020), which assembles ASC and caspase-1
filaments. NLRP3 can be activated by mitotic kinase at the leucine-
rich repeat (LRR) domain. In contrast to NLRP3, NLRP1 is
expressed not only in immune cells and tissues but non-
hematopoietic tissues, which has a FIIND domain, a pyrin
domain (PYD) and a caspase activating recruitment domain
(CARD) domain and can activate caspase-1 independent of the
adapter ASC. NLRP1 is a sensor for proteases and pathogen
effectors, that can directly induce proteasomal degradation of
NLRP1 (Dowling and O’Neill, 2012). Both NLRP3 and NLRP1
are associated with inflammation related cascade, whose
oligomerization are inhibited by high K+ concentrations, revealed
differences in assembly, and their downstream function. Two classic
inflammatory pathways, the NF-κB and NLRP3 inflammasomes,
contribute to the initiation of the inflammation response when the
liver is under the attack of AFs. Once inflammation is started, the
local hepatic immune microenvironment determines the extent of
liver damage via macrophages to induce secondary cell death.

AFs Exacerbate the Local Hepatic
Inflammatory Microenvironment via
Macrophages
Liver macrophages are the primary liver-resident phagocytes also
known as Kupffer cells (KCs) and bone marrow-derived recruited
monocytes. Histological examination demonstrated thatmononuclear
cell and lymphocyte infiltration occurred in AFs-induced
hepatotoxicity (Yener et al., 2009; Shi et al., 2015; Vipin et al.,
2017). Among the liver macrophages, KCs are located on the
luminal side of the hepatic sinusoidal endothelium (Krenkel and
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Tacke, 2017; Guillot and Tacke, 2019). The physiological features of
sinusoidal cells determine the importance of KCs in sensing the
microenvironment via long cytoplasmic expansions after exposure
to AFs.

As described earlier, AFs damage hepatocytes to release
DAMPs and pro-inflammatory cytokines, including IL and TNF,
to activate KCs, which causes transcriptional activation of cytokine
formation and activation of the inflammasome (Singh et al., 2015;
Woolbright and Jaeschke, 2017; Zhang et al., 2019). AFs induce M1-
like polarization to cause liver damage (Tacke and Zimmermann,
2014; An et al., 2017). The higher content of iNOS andNO in the liver
also demonstrated that AFs induce the M1 polarization of
macrophages to promote inflammation (El-Nekeety et al., 2014; Li
et al., 2014; Ajiboye et al., 2016). The addition of a derivative of the
methylxanthine theobromine as an inhibitor of TNF-α alleviated the
toxic effect of AFs in an isolated perfused liver model (Koohi
Mohammad et al., 2017). The Use of Transwell chamber for co-
culture to simulate the interaction between KCs and hepatocytes
significantly upregulated NLRP3, ASC, IL-1β and GSDMD proteins

(Zhang et al., 2019). These data indicate that KCs form a negative
feedback loop to enhance liver inflammation injury under the
stimulation of AFs. However, whether the role of macrophages is
definitely negative is not known. Innate immune cells also use
macrophage extracellular trap (MET), which is a reticulate
structure based on extracellular DNA, to degrade the exogenous
AFs and weaken their toxicity (An et al., 2017). In summary, AFs
induce the release of cytokines and DAMPs via activation of NF-κB
and inflammasome pathways in hepatocytes and macrophages to
form a local inflammatory microenvironment and negative
feedback loop.

CONCLUSION AND PERSPECTIVE

Scientific studies have made increasing progress in understanding
the mechanisms of AFs-induced hepatotoxicity. Due to the
multifactorial and complicated toxicology involved, a better
understanding of the mechanisms of AFs-induced

FIGURE 3 | The toxic mechanisms of AFs-induced hepatotoxicity. AFs damage mitochondrial respiratory function through modifying mtDNA and mitochondrial
respiratory complexes I-IV, which generates ROS and extensive oxidative stress. Comparatively speaking, AFs destroy Keap1/Nrf2/ARE antioxidant pathway to amplify
oxidative stress of hepatocytes further. On the other hand, AFs damage the structure of mitochondria through regulating Bax and opening mPTP. AFs induce the
translocation of Bax to mitochondria through regulating Bcl-2 family proteins and p53 to generate lipid pores within OMM thereby damaging the structure of
mitochondria. And damaged mitochondria initiate mitophagy by COX-2. The AFs-induced opening of mPTP together with the translocation of Bax make mitochondria
release contents such as cyt c. The activation of death receptor (extrinsic pathway) and released cyt c from damaged mitochondria (intrinsic pathway) induce apoptosis
through activating caspase cascade reaction. Meanwhile, AFs alter ER localization of COX-2 by phosphatase PP2A-B55δ to promote NLRP3 inflammasome activation,
furthermore, NLRP3 inflammasome activates caspase-1 (induce pyroptosis of hepatocytes) and converts pro-IL-1β into mature form. AFs also activate NF-κB signaling
pathway to secrete cytokines such as TNF and IL via TLR. Released DAMPs and cytokines from hepatocytes interact with KCs (liver innate immunocytes) that also have
toxic effects for hepatocytes. The interaction between hepatocytes and KCs forms a vice feedback loop to exasperate local hepatic inflammatory microenvironment.
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hepatotoxicity is a challenge to solve the problem of AFs
contamination and provide a basis for clinical purpose. Under
exposure of AFs in almost all of edible foods and herbal medicines
chronically or acutely, AFs induce hepatotoxicity after metabolic
bioactivation in liver cells through destroying mitochondria,
inhibiting cellular protective processes, further cell death and
local hepatic inflammatory response (Figure 3).

Considering the widespread contamination of AFs in foods
and herbal medicines, which have strong toxicity for liver, many
problems are waiting for us to complement the pathway network
of AFs-related hepatotoxicity. Firstly, more precise evidence is
needed to elucidate how the mitochondrial genome influences
mitochondial OXPHOS function after exposure to AFs. Further
studies are required to clarify how AFs exactly influence lipid
metabolism because many studies reported that AFs induce lipid
droplets, lipid accumulation and steatosis (Shi et al., 2012a; El-
Nekeety et al., 2014; Shi et al., 2015; Rotimi et al., 2017;
Muhammad et al., 2018a; Wang et al., 2018). Secondly, the
role of AFs in the autophagy of hepatocytes must be
substantiated under different conditions, such as different
doses and types of AFs, and different experimental models. In
contrast, evidence of necrosis-related cell death is not clear in
AFs-induced hepatotoxicity. Lastly, how the effects of AFs on the
immune system impact the AFs-induced inflammatory response
need to be clarified (Abbès et al., 2010; Abbès et al., 2016). For

example, AFs inhibit phagocytosis, microbicidal activity and
intrinsic antiviral activity of KCs, and how these effects impact
AFs-induced hepatotoxicity is not known (Mohapatra and
Roberts, 1985; Cusumano et al., 1995)? What are specific
evidences about AFs-induced fibrosis in hepatic tissue (Yener
et al., 2009; Chen et al., 2019b; Owumi et al., 2020)?
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