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Dietary exposure to aflatoxin B; (AFB;) is harmful to the health and performance of domestic animals. The hepatic cytochrome P450s
(CYPs), CYP1A1 and CYP2A6, are the primary enzymes responsible for the bioactivation of AFB; to the highly toxic exo-AFB;-8,9-epoxide
(AFBO) in chicks. However, the transcriptional regulation mechanism of these CYP genes in the liver of chicks in AFB; metabolism remains
unknown. Dual-luciferase reporter assay, bioinformatics and site-directed mutation results indicated that specificity protein 1 (SP1) and
activator protein-1 (AP-1) motifs were located in the core region —1,063/-948, -606/-541 of the CYP1A1 promoter as well as -636/-595,
-503/-462, -147/-1 of the CYP2A6 promoter. Furthermore, overexpression and decoy oligodeoxynucleotide technologies demonstrated
that SP1 and AP-1 were pivotal transcriptional activators regulating the promoter activity of CYP1A1 and CYP2A6. Moreover, bioactivation
of AFB; to AFBO could be increased by upregulation of CYP1A1 and CYP2A6 expression, which was trans-activated owing to the upregu-
lation of AP-1, rather than SP1, stimulated by AFB;-induced reactive oxygen species. Additionally, nano-selenium could reduce ROS,
downregulate AP-1 expression and then decrease the expression of CYP1A1 and CYP2A6, thus alleviating the toxicity of AFB;. In conclusion,
AP-1 and SP1 played important roles in the transactivation of CYP1A1 and CYP2A6 expression and further bioactivated AFB, to AFBO in

chicken liver, which could provide novel targets for the remediation of aflatoxicosis in chicks.
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INTRODUCTION

Aflatoxins are secondary metabolites mainly produced by the
fungi Aspergillus flavus and Aspergillus parasiticus and ubiqui-
tously contaminate groundnut- and corn-based foods, such as
peanuts, wheat, maize and barley (Deng et al., 2018; Wei et al.,
2019; Xue et al., 2016; Zhao et al., 2021a). Approximately 20
aflatoxins have been identified since they were first discovered in
1969, but only aflatoxin B; (AFB;), B2 (AFB,), G1 (AFG;) and
G2 (AFG,) exist in nature (Liu et al., 2020; Rushing and Selim,
2019). AFB; is regarded as the most toxic among these aflatoxins
due to its hepatoxicity, carcinogenicity, mutagenicity and
immunogenicity (Liu et al., 2022a; Zhao et al., 2021b; Zhao et
al., 2021c¢). Ingestion of foods or feeds exposed to AFB; has been
associated with hepatocellular carcinoma and aflatoxicosis in
chicks, as it is an important table food rich in protein and
essential nutrients, consumption of chicken contaminated by
AFB; leads to increasing safety and health concerns for humans
(Benkerroum, 2020; Taranu et al., 2020; Wang et al., 2022a;
Whu et al., 2016).

Following its absorption into the liver through the portal vein,
AFB; can be bioactivated into highly toxic exo-AFB;-8,9-epoxide
(AFBO) and less toxic aflatoxin M;, Q; and P; by liver
microsomal cytochrome P450s (CYP450s) (Taranu et al.,
2020; Yunus et al., 2011). AFBO, with extreme reactivity and
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electrophilicity, covalently binds to DNA and serum albumin
lysine to form AFB;-N7-guanine and lysine adducts, resulting in
DNA lesions and mutations, as well as cytotoxicity (Gan et al.,
2018; Zhao et al., 2019; Zhao et al., 2021b). Meanwhile, AFB;
induces the production of reactive oxygen species (ROS), leading
to the oxidation of lipids and proteins (Benkerroum, 2020; Zhao
et al., 2019). CYP450s, mostly located within the endoplasmic
reticulum and mitochondria, play a significant role in the
metabolism of AFB; in humans and animals (Deng et al., 2018).
Previous studies have shown that there are 57 functional
CYP450 genes in humans, compared with 108 in the mouse
(Nelson et al., 2004; Zanger and Schwab, 2013). Numerous
studies have demonstrated that various CYP450s produce
different metabolites, but there are interindividual variations in
the effectivity of bioactivation of AFB; across species (Dohnal et
al., 2014). In humans, CYP1A2, CYP3A4, CYP3A5 and
CYP3A7 catalyse 79%-95%, 4%—-15%, 5%—7% and 1%—5% of
AFBO formation in hepatic microsomes, whereas CYP2A13 is
mainly expressed in the lung and transfers AFB; to AFBO (Deng
et al., 2018; Dohnal et al., 2014; Zhang et al., 2014). In turkey
liver, CYP1AS5 is responsible for more than 98% generation of
AFB; to AFBO, with a minority contribution by CYP1A2 and
CYP2A®6. In chicken, quail and ducklings, CYP1A1 and CYP2A6
play dominant roles in biotransformation of AFB; into AFBO in
the liver; moreover, CYP1A2 and CYP3A4 catalyse the forma-
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tion of AFBO from AFB; (Diaz et al., 2010a; Diaz et al., 2010b;
Dohnal et al., 2014; Wang et al., 2018). Interestingly, CYP1A1
and CYP2A6 mRNA levels and/or enzyme activities significantly
increased when broilers were exposed to AFB;, while AFBO
formation decreased by 80% after the activities of CYP1A1 and
CYP2A6 were inhibited (Diaz et al., 2010b; Zhang et al., 2016).
However, poultry, especially the young, are more susceptible
than mammals to the toxicity of AFB;, which might be associated
with the low activity of glutathione S-transferase (GST) phase II
detoxification enzymes in the conversion of AFBO to AFB;-GSH
in liver (Kim et al., 2011).

The toxicity and carcinogenicity of AFB; are closely related to
the rate of activation as well as the capacity of detoxification in
primary and secondary metabolism (Deng et al., 2018; Dohnal et
al., 2014). Due to the low activities of GST in chicken, paying
attention to the CYP450 phase I metabolizing enzyme and
inhibiting its activity in the conversion of AFB; to AFBO would be
of practical value. Considering the special interrelation between
CYP1A1, CYP2A6 and AFB,; bioactivation, the present study
was designed to investigate the transcriptional regulation
mechanism of crucial CYP1A1 and CYP2A6, as well as their
roles in AFB; bioactivation.

RESULTS

Chicken CYP1A1 and CYP2A6 gene structural analysis

The CYP1A1 gene of Gallus gallus is located on chromosome 10
(NC_052541.1 2470514.2474266), has a full length of
3,753 bp, contains 7 exons and 6 introns and encodes 530
amino acids (Figure 1A). According to phylogenetic analysis, the
putative CYP2A6 gene of Gallus gallus is similar to CYP2H1. It is
located on chromosome 6 (NC_052537.1
18351042.18358414), has a full length of 7,373 bp, contains
9 exons and 8 introns and encodes 491 amino acids (Figure 1B).
Additionally, the promoter region of CYP1A1 shows a high GC
content with two CpG islands compared with CYP2A6 (Figure 1C
and D).

Promoter activity, sequence analysis and mutation trial

Thirteen recombinant plasmids of CYP1A1 and 21 recombinant
plasmids of CYP2A6 were constructed. These plasmids were co-
transfected with the phRL-TK normalizing vector into chicken
Leghorn male hepatoma (LMH) cells to determine the promoter
activity. The relative luciferase activities of p1A1-1816, p1A1l-
1214, p1A1-1161 and pl1A1-1063 were significantly higher
(P<0.05) than that of the negative control pGL3-Basic, while the
activity of p1A1-948 exhibited no significant change (P=0.05)
after deletion of promoter region —1,816/—948. However,
plA1-541 and p1A1-177 still showed high activities (P<0.05)
after deletion of promoter region —1,816/—541 or —1816/—177
(Figure 2A). Subsequently, the potential transcription factor (TF)
binding sites between —1,063/—948, —606/—541 and —177/
—41 were analyzed with the ALGGEN-PROMO, and the results
indicated that there were specificity protein 1 (SP1) binding sites
in —1,063/—948, activator protein-1 (AP-1) and SP1 binding
sites in —606/—541 and a TGGCA-binding protein binding sites
in —177/—41 (Figure 2B). Similarly, the promoter region
containing —636/1 possessed high relative luciferase activity
(P<0.05). Compared with pGL3-Basic, p2A6-1941, p2A6-636,
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p2A6-530 and p2A6-147 possessed high activities (P<0.05),
while the activity of p2A6-546 showed a sharp decrease
(P<0.05) in comparison to p2A6-530 (Figure 2C). Sequence
analysis predicted that there were SP1 and TGGCA-binding
protein binding sites in —636/—595, TGGCA-binding protein
and AP-1 binding sites in —530/—462 and —147/—1, but
—546/—530 seemed to have no known TF binding sites predicted
by ALGGEN-PROMO in chicken (Figure 2D). In view of the
promoter activity, this study speculated that SP1, AP-1 and
TGGCA-binding proteins could bind to the promoters of CYP1A1
and CTP2A6.

Identification of the SP1 and AP-1 binding sites as
transcriptional activators

According to the prediction of potential transcription factor
binding sites in the essential promoter region of the chicken
CYP1A1 and CYP2A6 genes, single or multiple base mutations of
SP1, AP-1 and TGGCA binding sites in the promoter region of
CYP1A1l and CYP2A6 were conducted. The relative luciferase
activity decreased (P<0.05) by 45.51% or 22.52% after single
mutation of SP1 binding site 1 or 2 located in —1,063/—948
compared with the wildtype p1A1-1063 (Figure 3A). Moreover,
after mutation of AP-1 and SP1 in the —606/—541 interval, the
luciferase activity of p1A1-606-AP-M increased (P<0.05) by
172.78%, while the activity of plA1-606-SP1-M decreased
(P<0.05) by 36.78% compared with the wildtype p1A1-606
(Figure 3B). Similarly, a single mutation of the TGGCA-binding
protein, SP1 or AP-1 site resulted in a remarkable increase
(P<0.05) in luciferase activity at —636/—595 (p2A6-636-SP1-
M, 41.61%) and —485/—462 (p2A6-485-AP-M, 51.60%) and a
decrease (P<0.05) at —530/—513 (p2A6-530-TG-M, 25.08%)
and —513/—485 (p2A6-513-AP-M, 34.04%) (Figure 3C).
Furthermore, multiple base mutation of those sites resulted in a
dominant elevation (P<0.05) of luciferase activity in —636/
—595 (p2A6-636-TG-M', 399.57%; p2A6-636-SP1-M’,
264.09%), —530/—513 (p2A6-530-TG-M’, 62.33%), —513/
—485 (p2A6-513-AP-M’, 101.93%) and —485/—462 (p2A6-
485-AP-M', 25.42%) (Figure 3D). These results indicated that
SP1, AP-1 and TGGCA-binding protein motifs played important
roles in the regulation of CYP1A1 and CYP2A6 as binding sites
for these transcription factors.

Subsequently, this study constructed overexpression vectors
utilizing pcDNA3.1(+) and overexpressed AP-1 and SP1 in LMH
cells (Figure 4A). Then, AP-1 or SP1 overexpression plasmid was
co-transferred with the luciferase vector containing the core
promoter region of CYP1A1 or CYP2A6 and phRL-TK. The result
displayed that AP-1 overexpression significantly raised (P<0.05)
the luciferase activity of p1A1-606 but did not influence p2A6-
147 (P=0.05) (Figure 4B and C). Moreover, overexpressed-SP1
decreased (P<0.05) the luciferase activity of p1A1-1063 and
increased (P<0.05) that of p1A1-606, while p2A6-636 was not
significantly changed (P=0.05) (Figure 4D-F).

Double-stranded oligodeoxynucleotides against AP-1 and SP1
binding sites were synthesized to block the TFs of the promoter
region of CYP1A1 and CYP2A6. Notably, AP-1 decoy oligodeox-
ynucleotides significantly decreased (P<0.05) the relative
luciferase activity of p1A1-606 and p2A6-147 (Figure 5A and
B). In addition, SP1 decoy oligodeoxynucleotides reduced
(P<0.05) the activity of p1A1-1063, p1A1-606 and p2A6-147
(Figure 5C-E). These data demonstrated that AP-1 and SP1
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Figure 1. Structural characteristics of the chicken CYPIAI and CYP2A6 genes. The structural characteristics, including the 5'/3"-untranslated region (5'/3'-UTR) and open
reding frame (ORF) of the CYP1A1 (A) and CYP2A6 (B) genes. Schematic representation of the distribution of CpG islands in the CYP1A1 (C) and CYP2A6 (D) gene promoter

regions. Dashed lines indicate the GC percentage, as represented on the y-axis, and the bl

might work as an enhancer to bind to the corresponding cis-
elements of the CYP1A1 and CYP2A6 promoter, thus promoting
the transcription of CYP1A1 and CYP2A6.

AFB; increased the transcriptional activation of CYP1A1
and CYP2A6 by upregulating the expression of AP-1

The results of this study showed that AFB; led to cell death and
increased (P<0.05) the ROS level in chicken LMH cells (Figure
6A and B). At the same time, 40 ug L—! AFB; elevated (P<0.05)
the expression of AP-1, while it did not effected the expression of
SP1, even at a dose of 500 ug L=! (P=0.05) (Figure 6C-E).
Moreover, AFB; increased (P<0.05) the mRNA expression of
CYP1A1 and CYP2A6 (Figure 6F). Based on the previous results
that AP-1 and SP1 performed as transcriptional enhancers, the
above data suggested that AFB; induced an elevation of ROS,
which stimulated the expression of AP-1, thus activating the
transcriptional promoter activity of CYP1A1l and CYP2A6 and
promoting their expression.

https://doi.org/10.1007/511427-023-2512-6

ue area represents CpG islands.

Nano-selenium mitigated the AFB,-induced toxic effects
through down-regulation of AP-1-mediated CYP1A1 and
CYP2A6

Several nutrients, present as trace elements, are important
components of antioxidant enzymes and were selected for use in
alleviating the toxicity of AFB; in LMH. The results showed that
nano-selenium (nano-Se) and nano-zinc oxide (nano-ZnO),
rather than copper amino acid complex and manganese amino
acid complex, had superior mitigation effects on cell viability of
LMH cell lines (Figure 7A; Figure S1A-C in Supporting
Information). Moreover, only nano-Se decreased the ROS level
induced by AFB; at concentrations of 0.50, 1.00 and
5.00 mg L1, and the concentration of 1.00 mg L—! presented
the best effects (Figure 7B; Figure S1D in Supporting Informa-
tion). Furthermore, nano-Se decreased the expression of
CYP1A1, AP-1 and/or CYP2A6 at concentrations of 1.00 and
5.00 mg L=!, while only 1.00 mgL~! nano-Se reduced the
protein production of AP-1 (Figure 7C-E). These results showed
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Figure 2. (Color online) Luciferase activities of the chicken CYP1A1 and CYP2A6 promoter regions in the LMH cell line. A and C, A series of plasmids containing 5’
unidirectional deletions of the promoter region of the CYP1A1 gene (A, p1A1-1816,-1214,-1161, -1063, -948, -828, -606, -541, -475, -408, -330, -177, -41 and pGL3-basic)
and CYP2A6 gene (C, p2A6-1941, -1592, -1366, -816, -767,-727,-705, -675, -636, -595, -567, -556, -546, -530, -513, -485, -462, -423, -370, -223, -147 and pGL3-basic)
fused in frame to the luciferase gene were transfected into the LMH cell line. Values are means%SE based on the firefly luciferase activity normalized against the Renilla luciferase
activity, n=6-8. Different letters between groups represent significant differences, P<0.05. B and D, Analysis of the cis-acting elements within the core promoter region of the
CYP1A1 (B) and CYP2A6 (D) genes using online software. The short sequences marked in blue are the putative transcription factor binding sites, and the transcription factor

names are SP1, AP-1 and TGGCA-binding protein (TGGCA-bp).

that nano-Se could increase cell viability and significantly
decrease the ROS level through down-regulation of CYP1AI
and CYP2A6, mediated by AP-1.

DISCUSSION

CYP450 phase I metabolizing enzymes play crucial roles in the
metabolism of 92%-96% of xenobiotics and drugs in the liver
(Deng et al., 2018); however, they can also bioactivate
procarcinogens or prodrugs to electrophilic metabolites, thus
inducing cytotoxicity, DNA lesions and cell death (Manikandan
and Nagini, 2018). CYP1A1 and CYP2A®6 are the isozymes most
responsible for the biotransformation of AFB; into AFBO in
chicken liver (Diaz et al., 2010b; Muhammad et al., 2017; Zhang
et al., 2016). The chicken CYP1A1 gene sequence was reported
first by Gilday et al. (1996), while the CYP2A6 gene sequence
was still unknown, since it was identified as a main enzyme
involved in the bioactivation of AFB; into AFBO, until
Muhammad et al. computationally identified that the nucleotide
sequence of CYP2A6 showed a similarity to CYP2H1 (Diaz et al.,
2010b; Muhammad et al., 2017). Then, this study analysed and
cloned the promoter sequence of the CYP1A1 and CYP2A6 genes
according to previous studies and conducted luciferase activity
determination.

Generally, the transcription start site (TSS) is defined as “+1” in
the promoter sequence of genes, and upstream of the TSS is
represented as “~”. In the present study, dual luciferase activity
assay indicated that the core promoter regions of CYP1A1 were
—1,063/—-948, —606/—541 and —177/—41, while the core
promoter regions of CYP2A6 were —636/—595, —546/—-530
and —147/1. SP1, AP-1 and TGGCA-binding protein potential
binding sites were predicted in these core regions. SP1 recognized
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and bound GC-rich sites at the promoter via 3-carboxyterminal
Cys2His2 zinc-finger motifs, thus regulating the transcription of
target genes (Chuang et al., 2011; Jiang et al., 2018; Song et al.,
2022). Notably, the typical sequence of the SP1 binding site was
5'-(G/T)GGGCGG(G/A)(G/A)-3" in the promoter region (Jiang et
al., 2018). The sequence analysis showed that there were two
CpG islands in the promoter sequence of the CYP1A1 gene, and
the sequences of the putative SP1 binding sites, which were 5'-
TTTCGCCC-3', 5-GGGGCGGGG-3', 5'-GGGGCGGCA-3’ and 5'-
GGGGCGA TA-3' in this study, partially corresponded to the
canonical sequence. SP1 could interact with itself when bound to
distant sites in cis-acting elements (Li et al., 1991; Su et al.,
1991), which suggested that SP1 might establish interactions
between promoters and distant regulatory elements in vivo
through a loop formation (Ptashne, 1986). In the present study,
the luciferase activity was higher for p1A1-1063, whereas it was
lower for p1A1-606, which might imply that potential SP1 sites
located in the —1,063/—948 and —606/—541 regions of the
CYPI1A1 promoter interacted with each other, thus blocking
other potential TFs to maintain the high luciferase activity of the
whole promoter region. AP-1 was composed of Fos family
proteins dimerized with Jun family proteins, and it could be
induced in response to extracellular signals, which always bound
to 12-O-tetradecanoylphorbol-13-acetate response elements (5'-
TGAG/CTCA-3’), cAMP response elements (5'-TGACG/TCA-3’),
and variants of these sequences (Bejjani et al., 2019; Koo et al.,
2020; Lee et al., 2013). TGGCA-binding proteins have been
shown to be functionally equivalent to nuclear factor I, which
was ubiquitous among higher eukaryotes (Miksicek et al., 1987;
Rupp et al., 1990). In this study, single or multiple base
mutations of SP1, AP-1 and TGGCA-binding protein binding
elements located in the core promoter region cause a notable

https://doi.org/10.1007/511427-023-2512-6
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Figure 3. Analysis of potential SP1, AP-1 and TGGCA-binding protein motifs by site-directed mutagenesis. Site-directed mutagenesis was conducted in the construct vectors
p1A1-1063 and p1A1-606 of the CYP1A1 gene (A and B) with single base mutations, and p2A6-636, p2A6-530, p2A6-513 and p2A6-485 of the CYP2A6 gene with single (C)
or multiple (D) base mutations. The wildtype sequence and mutated sequence of each potential transcription factor binding sites were shown, and mutated base were marked in
bold, italic and underlined in the corresponding group. Values are means+SE based on the firefly luciferase activity normalized against the Renilla luciferase activity, n=6-8.

Different letters between groups represent significant differences, P<0.05.

decrease or increase of the relative luciferase activity compared
with the wild type. These results suggested that potential binding
sites for SP1, AP-1 and TGGCA-binding protein might played key
roles in the transcriptional regulation of CYP1A1 and CYP2A6.

Numerous studies have reported that SP1 and AP-1 are
important transcription factors in a variety of physiological and
pathological processes, including cell proliferation, cell cycle
progression, differentiation, apoptosis and cancer progression
(Vizcaino et al., 2015; Young et al.,, 2022). Furthermore,
previous studies have reported that SP1 expression is associated
with the expression of CYPs, such as the decrease in CYP1A1 and
CYP1B1 induced by SP1 downregulation in breast cancer cells
(Do et al., 2014) and the downregulation of CYP1A1 induced by
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knockdown of SP1 (Xie et al., 2018). Moreover, AP-1 could
upregulate the expression of CYP2A8 in Syrian hamsters,
CYP4A2 in rat hepatocytes and CYP1A1 in HepG2 cell (Fiala-
Beer et al., 2007; Tohkin et al., 1996; Ung et al.,, 2021).
Therefore, this study paid more attention to SP1 and AP-1, and
their overexpression activated the promoter activity of p1Al-
606. Subsequently, double-stranded linear DNA was synthesized
as decoy oligodeoxynucleotides, which could competitively bind
to specific TFs, thus blocking the subsequent binding of TFs to the
promoter of target genes (Dzau, 2002; Kume et al., 2002; Remes
et al., 2021). In the present study, transfection of decoy
oligodeoxynucleotides against SP1 markedly decreased the
promoter activities of p1A1-1063, p1A1-606 and p2A6-636;
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Figure 4. Luciferase activities of core region-containing vectors co-transfected with overexpressed AP-1 and SP1 in chicken LMH cells. A, Overexpression of AP-1 and SP1 in
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transfected with overexpressed SP1, n=6-8. Values are meanszSE based on the firefly luciferase activity normalized against the Renilla luciferase activity. Different letters between

groups represent significant differences, P<0.05.

moreover, decoy oligodeoxynucleotides against AP-1 led to the
noticeable reduction of the promoter activities of p1A1-606 and
p2A6-147. These results implied that SP1 and AP-1 might
functioned as enhancers to promote the transcription of CYP1A1
and CYP2A6.

AP-1, a master integrator of a myriad of extracellular signals,
could be activated immediately or early by external stimulation,
such as inflammation, oxidative stress or growth factors (Beisaw
et al., 2020; Bejjani et al., 2019; Zanconato et al., 2015).
Moreover, a “respiratory burst” occurred at sites of inflammatory
damage due to the increased uptake of oxygen by mast cells and
leukocytes, thus leading to increased release and accumulation of
ROS, which induced changes in the expression of AP-1 and SP1
(Cheng et al., 1999; Coussens and Werb, 2002; Reuter et al.,
2010). Previous studies showed that certain chemicals, such as
uric acid and anlotinib, could increase ROS production and then
activate c-Jun N-terminal kinase (JNK), which phosphorylated
the AP-1 subunit c-jun, resulting in increased transcriptional
activity (Luo et al., 2022; Xie et al., 2021). Consistent with
previous studies, this study found that AFB; led to the
accumulation of ROS and cell death (Chen et al., 2019; Mo et
al., 2023) and was the first to discover that AFB;-induced ROS
upregulated the expression of AP-1 in LMH cells (Luo et al.,
2022; Xie et al., 2021). Meanwhile, AFB; upregulated the
expression of CYP1A1 and CYP2A6, which were consistent with
previous studies (Ates and Ortatatli, 2021; Sang et al., 2023).
However, the expression of SP1 was not affected by AFB;-
induced ROS in this study, which was inconclusive according to
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previous studies (Gao et al., 2021; Yang et al., 2022). This
discrepancy could be due to differences in the experimental
durations and doses of AFB;. The above results suggested that
AFB;-induced ROS elevation activated and promoted the
expression of AP-1 and then enhanced the promoter activities
of CYP1A1 and CYP2A6 genes and increased their expression.
Trace elements such as selenium, zinc, copper and manganese
are important nutrients for biological processes and they are
crucial cofactors of various enzymes, such as antioxidant enzymes
(Deng et al., 2024; Liu et al., 2022b; Ma et al., 2023; Schwarz et
al., 2019; Wan and Yin, 2023). This study selected four chemical
reagents, nano-Se, nano-Zn0O, copper amino acid complex and
manganese amino acid complex, to explore whether they could
alleviate the toxicity of AFB; in LMH cells. The results showed
that Nano-Se and nano-ZnO exerted protective effects on cell
viability when exposed to AFB;, which were in agreement with
previous studies that Nano-Se and nano-ZnO had anti-apoptotic
activity, antioxidant capacity and antagonistic effects against
heavy metals (Bi et al., 2022; Kang et al., 2022; Shetty et al.,
2015; Wang et al.,, 2022b; Wang et al., 2022¢; Zhao et al.,
2023). Copper amino acid complex and manganese amino acid
complex showed few protective effects, which might be due to
these trace elements displaying better effectiveness in vivo than in
vitro model (Medeiros-Ventura et al., 2020; Studer et al., 2021).
In addition, nano-Se decreased the ROS level in LMH cells exposed
to AFB; in this study, which was consistent with a previous study
and a summary by Jin et al. (Jin et al., 2023; Yan et al., 2024).
Meanwhile, this study also found that nano-Se down-regulated
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Figure 5. Luciferase activities of core region-containing vectors co-transfected with decoy oligodeoxynucleotides against AP-1 and SP1 in chicken LMH cells. The luciferase
activities of p1A1-606 (A) and p2A6-147 (B) co-transfected with AP-1 decoy oligodeoxynucleotides, p1A1-1063 (C), pLA1-606 (D) and p2A6-147 (E) co-transfected with SP1
decoy oligodeoxynucleotides. Values are meanstSE based on the firefly luciferase activity normalized against the Renilla luciferase activity, n=6-8. Different letters between

groups represent significant differences, P<0.05.

the expression of AP-1, CYP1A1 and CYP2A6, which were
crucial to the bioactivation of AFB; to AFBO (Ates and Ortatatli,
2021; Sang et al., 2023). These results indicated that nano-Se
could alleviate the cell toxicity induced by AFB;. However, nano-
Zn0 did not reduce ROS generation at the applied concentration
in this study, and this result seemed inconsistent with previous
studies, which might be due to the different cell lines and the
concentration of nano-ZnO applied (Zhang et al., 2023).

In summary, the present study was the first to report that the
transcription factors SP1 and AP-1 were in the core region of the
CYP1A1 and CYP2A6 promoter sequence. These factors played
pivotal roles as activators influencing the transcriptional activity
of both CYP1A1 and CYP2A6. AFB; led to an increase in the
expression of CYP1A1 and CYP2A6, which were associated with
the upregulation of AP-1 induced by the elevation of ROS (Figure
8). The high expression of CYP1A1 and CYP2A6 proved
responsible for the bioactivation of AFB; to AFBO, thus leading
to DNA lesions and cytotoxicity. Therefore, the findings of this
study provided AP-1 as a novel and promising target for potential
nutritional strategies to prevent aflatoxicosis in chicks.

MATERIALS AND METHODS

Materials and cell culture

The pGL3-Basic vector and Renilla luciferase expression vector

https://doi.org/10.1007/511427-023-2512-6

phRL-TK were provided by the Animal Physiology Laboratory,
Huazhong Agricultural University. AFB; and DMSO were
purchased from Sigma-Aldrich (USA). Nano-selenium, copper
and manganese amino acid complexes were provided by Beijing
Deyuanshun Biotechnology Co., Ltd. (Beijing, China), and nano-
zinc oxide was purchased from Aladdin (Shanghai, China). The
chicken hepatocellular carcinoma cell line (LMH) was obtained
from the ATCC (USA). Cells were grown in DMEM/F12
supplemented with 10% fetal bovine serum and 100 ug mL—!
penicillin/streptomycin/gentamicin (Invitrogen, Gibco, USA)
under conditions of 95% air and 5% CO, in a humidified
atmosphere at 37°C (Liu et al., 2023a).

Sequence analysis and plasmid construction

Following genomic DNA extraction from chicken liver using the
Tissue Genome DNA Kit (Omega Bio-Tek, USA), pairs of primers
containing the Hind IIT restriction enzyme sites were designed
using the Primer 5.0 program to amplify the promoter sequences
(http://genome.UCSC.edu/) of CYP1A1 and CYP2A6 (the trans-
lational start site was designated as +1). The potential TF binding
sites and CpG islands were analysed using ALGGEN (http://
ALGGEN.LSI.UPC.ES) and MethPrimer (http://www.urogene.
org/methprimer/), respectively. Then, luciferase vectors were
constructed by homologous recombination. In detail, each
purified PCR product was combined with the linearized pGL3-
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Figure 6. AFB; increased the transcriptional activation of CYP2A6 by increasing the expression of AP-1 in chicken LMH cells. A and B, The cytotoxicity of AFB; on LMH cells
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Basic plasmid, and the ligation catalysed by Etnas II (Vazyme,
Nanjing, China) according to the manufacturer’s instructions. A
series of truncated luciferase vectors and their primers (Tsingke
Biotechnology, Wuhan, China) are listed in Table S1 in
Supporting Information.

Additionally, primers (listed in Table S1 in Supporting
Information) were designed to amplify the genes SP1 and AP-1
using liver cDNA as the template. PCR products were confirmed
by sequencing, purified and mixed with linearized pcDNA3.1(+)
plasmid to obtain overexpression vectors through homologous
recombination. These plasmids were extracted using an En-
dotoxin-free Plasmid Mini kit (Omega Bio-Tek), and their
concentrations were determined using a Nanodrop 2000
(Thermo Fisher Scientific, USA).

Transient transfection and detection of dual luciferase
activity

Cells were grown in 48-well plates until their density reached
70%—-80%. A total of 200 ng of luciferase vector was co-
transfected with 10 ng phRL-TK normalizing vector using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. At 24 h post-transfection, cells were lysed
and collected to determine the relative transcriptional activity of
each fragment with the Dual-Luciferase Reporter Assay System
(Yeasen, Shanghai, China) by using a Fluoroskan Ascent FL
(Thermo Fisher Scientific).
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Synthesis of decoy oligodeoxynucleotides

The synthesis of oligodeoxynucleotides was conducted by
Tsingke Biotechnology, and the sequences of double-stranded
oligodeoxynucleotides against AP-1 and SP1 binding sites were
as follows: AP-1 decoy ODN, 5-AGCTTGTGAGTCAGAAGCT-3',
3'-TCGAACACTCAGTCTT CGA-5' (Kume et al., 2002); SP1
decoy ODN, 5-TTGATCGGGGCGGGGCGAGC TTTGC-3', 3'-AAC-
TAGCCCCGCCCCGCTCGAAACG-5'. Annealing was completed in
a thermocycler (Applied Biosystems, USA). Briefly, sense and
antisense oligonucleotides were mixed at a 1:1 mole ratio and
then annealed in an annealing buffer (Solarbio, Beijing, China).
The thermal program was set to decrease the temperature by 1°C
in 90 s per cycle until 70 cycles were completed. Additionally, a
purified decoy ODN was co-transfected with 200 ng of luciferase
vector and 10 ng phRL-TK normalizing vector for determination
of dual luciferase activity.

Cell viability assay

The cytotoxic effect of AFB; on LMH cells was evaluated using
the cell counting kit-8 (CCK-8) assay as previously described
(Wang et al., 2023). In brief, cells were seeded in a 96-well plate
and treated with AFB; for 48 h. Then, 10 pL. CCK-8 solution
(Dojindo, Japan) was added according to the manufacturer’s
instructions. At the indicated time, the absorbance at 450 nm
was determined by using a microplate reader (LabSerV K3,
Thermo Fisher Scientific).
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https://doi.org/10.1007/s11427-023-2512-6

>
(@]

nano-Se

110 41 @@ Control [ AFB, [Z1AFB+1.0Se [ AFB,+5.0 Se
a
1004 = S a a
A
3 90 g 39 I
] x
Z 801 c 2 b b p <0(> a ab
3 ¢ Z L b
S 704 X 24
= £ be " b b
& 601 5 . L " I T b T
50+ |_| 2 1 1
2
40 q . i L
> NIRRT k)
O Q> L S O g S
006\ Q N '\Q (1/ ’b b‘g L 0- T T T T
CYP1A1 CYP2A6 SP1 AP-1
E 57 @@ control
B D ontro
25,000+ nano-Se AFB+ AFB+ I AFB
a Control AFB, 10Se 5.0 Se 4 1
2 20,000+ R — 3 : 1 3 AFB+1.0Se
g = b b SP1 W T | EEAFB#S.0Se b b
5.4 > 4
£ 15,000 83
3 £
c | C 5 24
8 0 1| e D S :
(0]
= Cc
S 5,000
[V S
pactn | a——
0- T T T T T
Control AFB, 0.20 0.50 1.00 5.00 mg L™ SP1 AP-1

Figure 7. Nano-selenium mitigates the cytotoxicity of AFB; on LMH cells via down-regulation of AP-1. A and B, The mitigating effects of nano-Se on cell viability (A) and ROS
levels (B) induced by AFB; on LMH cells, horizontal axis represented different doses of nano-Se, n=8-10. C, The effects of nano-Se on the expression of CYP1A1, CYP2A6, SP1 and
AP-1, n=6. D and E, The effects of nano-Se on the protein level of SP1 and AP-1, n=4. Values are meanstSE; different letters between groups represent significant differences,
P<0.05. Control, cells treated without AFB; and nano-Se; AFB;, cells treated with AFB; at the IC50; AFB1+1.0 Se, cells with AFB; and 1.00 mg L~! nano-Se; AFB;+5.0 Se, cells

treated with AFB; and 5.00 mg L~! nano-Se.

Figure 8. Hlustration of AFB; bioactivation via upregulation of CYPIA1 and
CYP2A6 through AP-1 and SP1 trans-activation. The “red arrow” means upregula-
tion, the “dashed line” means there was no influence and the “green line” means
inhibition.

Determination of reactive oxygen species

The concentration of ROS was determined with specific assay kits
(Beyotime Biotechnology, Shanghai, China). Equivalent numbers
of cells were seeded in a 12-well plate and treated with AFB; for
48 h. Cells were incubated with DCFH-DA at a concentration of
10 pmol L=! for 30 min at 37°C. After three washes with free-
serum media, cells were collected and counted. Then, fluores-

https://doi.org/10.1007/511427-023-2512-6

cence values of cells were measured with a fluorescence
microplate reader (Thermo Fisher Scientific) with excitation
and emission wavelengths at 488 and 525 nm.

Real-time gPCR and Western blotting analysis

Total RNA was isolated from LMH cells, and the relative mRNA
abundance was quantified as described previously (Dong et al.,
2023; Du et al., 2023; Luo et al., 2019). The target genes and
their primers are listed in Table S1 in Supporting Information.
Relative mRNA expression was calculated by using the 2—-4ACt
method with B-actin as a reference gene, and the relative
abundance was normalized to that of the control (set as 1) (Deng
et al.,, 2023). Total proteins were extracted from cells using
radioimmunoprecipitation assay buffer with 1.0% phenylmethyl-
sulphonyl fluoride (Beyotime Biotechnology), and Western blot
analysis of the cell was conducted as previously described (Liu et
al., 2023b). The primary antibodies of SP1 and AP-1 in this study
were purchased from (ABclonal Technology, Wuhan, China). All
protein levels were normalised to that of the housekeeping
protein B-actin, and densitometric quantification of the Western
blotting bands was performed using Image]J 1.51j8 software.

Data availability

The data that support the findings of this study are available from
the corresponding author on reasonable request.
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