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Copper (I)-Nicotinate Promotes Gene Expression of CYPs
that Produce M1 and Q1 in Aflatoxicosed Rats
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Abstract: Aflatoxin-contaminated food poses a serious risk to both human
and animal health.  Copper (1)-nicotinate (Cu-nicotinate) complex
potentiated the prophylactic effect against chronic aflatoxicosis in the
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experimental animals through the synthesis of less toxic metabolites M1
and QI which are easily excreted in urine. To investigate the action of the
safety Cu'-nicotinate complex on gene expression of Cytochrome 450
(CYP450) system, the liver tissue samples of orally administered rats for 3
weeks with aflatoxin B1 (AFB1; 30 pg/kg body weight), with and without
association of the copper complex (400 pg/kg body weight) were assayed
for their gene expression of CYP450 families including 1A2, 3A2 and
2C11 as well as histopathological examination of the hepatic tissue samples
was performed. The obtained data denoted that the Cu -nicotinate complex

significantly reduced gene expression of CYP2C11 and CYP3A2 that
enhancing the most toxic epoxide metabolite. On the contrary, this complex
enhanced the expression of CYPIA2 that synthesize the less toxic
metabolite M1 and QIl. The histopathological examination mostly
confirmed such observation as the signs of aflatoxicosis were absent in
Cu'-nicotinate-treated group. Consequently, it could be predicted that the
Cu'-nicotinate complex may be medically used as an inhibitory food
additive agent against exposure of aflatoxicosis in the intact animals since
the complex contains the copper and nicotinic acid, the two daily required
biochemical elements for sustaining live in healthy conditions.

equally to this work.
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Aflatoxins cause severe health hazards to both
animals and humans. The disease caused by aflatoxins
known as aflatoxicosis and there are two forms of
aflatoxicosis: Acute and chronic form. The acute form is
characterized by severe liver damage ended by death and
chronic form is manifested by reduced production, feed
intake, weight gain as well as immunosuppression in
animals, while in humans is manifested by
Hepatocellular Carcinoma (HCC) (Balina et al., 2018).
Aflatoxin B1 (AFBI1) is the most widespread and toxic
form of aflatoxins. AFB1 causes severe liver damage and
has been embroiled in expanding the incidence of HCC
(Rotimi et al., 2019).

Introduction

Aflatoxins are a group of naturally occurring secondary
fungal metabolites secreted mainly by Aspergillus flavus
and Aspergillus parasitcus (Luttfullah and Hussain,
2011). They are common contaminants of many staple
foods especially maize, groundnuts and subsistence
farming communities in developing countries located
in tropical and sub-tropical regions (Kew, 2013;
Mulenga and Siziya, 2019). Moreover, they contaminate
milk and eggs of animals and birds which consumed
foods contaminated with aflatoxins. Therefore, aflatoxins
are a human food safety risk in both plant and animal
products (Sarma et al., 2017).
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Cytochrome P450 (CYP450) is a hemeprotein system
consists of a group of enzymes localized in the
hepatocytes that have a role in metabolizing various
types of xenobiotics, AFB1 is one of these compounds
bioactivated by CYP450 (Diaz et al., 2010). Molecular
biological techniques on hepatic microsomes of induced
aflatoxicated rats revealed that the AFB1 8, 9-epoxide
could be biotransformed from AFB1 by CYP2C11, 3A2
but not by 1A2 (Shimada et al., 1987; Halvorson et al.,
1988; Imaoka et al., 1992). The AFBI 8,9-epoxide
covalently bound (N, guanyl) DNA of the target hepatic
tissue in the aflatoxicated animal even with low doses of
AFBI range (Wang and Groopman, 1999). The author
recognized that AFB1-N; guanine adduct was removed
from DNA rapidly to be excreted exclusively in urine of
exposed rats inducing HCC that was demonstrated by the
studies on p53 suppressive gene where high-frequency
p35 mutations (G—T) transversion at codon 249 of
hepatic chineses in South African subjects (Wang and
Groopman, 1999; Kew, 2013; Lin et al., 2014). The
authors provided that CYP450 families 1A, 2B and 3A
metabolizes concomitantly the AFB1 into the less toxic
members (Ramsdell ef al., 1991; Raney et al., 1992).

Antioxidants exhibit anti-carcinogenic properties by
inducing cellular detoxification pathways in exposed
experimental animals to AFBI1 especially phenolic
compounds such as beta hydroxy toluenes (Monroe et al.,
1986; Monroe and Eaton, 1987; Mandel et al., 1987;
Penning, 2011). Copper (Cu) is considered a crucial trace
metal that can readily be transformed between divalent
oxidized (Cu++) and monovalent reduced (Cu+) states in
biological media, making it a favorable cofactor for various
enzymes implicated in several biochemical reactions
(Grubman and White, 2014). Copper is necessary for the
activity of multiple coenzymes indispensable for several
physiological functions and biochemical pathways
(Linder and Linder, 1991; Vanco et al., 2008). Copper
complexes have the ability to modulate copper homeostasis
in various tissues to provide a protective impact against
multiple disorders (Belicchi Ferrari ef al., 2002).

Biologically active copper complexes showed
antioxidant therapeutic activity specifically Cu'-nicotinic
acid complex (Sorenson, 1987). The antioxidant activity
of cu'-nicotinate complex was attributed to its superoxide
dismutase-mimicking activity, scavenge free radicals,
control nitric oxide level, accelerate the excessive
production of antioxidant enzymes such as glutathione
peroxidase, glutathione-s-transferase and catalase as well
as prevent blood capillary damage with stimulating blood
flow (el-Saadani et al., 1993; Suksrichavalit et al., 2008;
Shatat et al., 2013; Lupo et al., 2017).

This complex showed a pharmaceutical activity
against Newcastle disease (Musa et al., 1987), anti-
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inflammatory effect against drastic induced rat model
for gastric ulcer (el-Saadani et al., 1993), reduction of
adverse effects of 5- fluorouracil in HCC persons
(El-Saadani, 2004), prophylactic effect against induction
of fatty liver in rats (Salama et al., 2007) as well as
curative effect against induced rat burn skin injury
(Nassar et al., 2012). Previously this Cu'-nicotinic acid
complex was tested as a potent antagonist in induced
aflatoxicated rats (Shatat er al., 2013). Regarding its
prophylactic effect against aflatoxicosis, we have
assayed the less toxic metabolites in the excreted urine
(Nassar et al., 2014). The prominent detoxification
action of the copper complex was attributed to the
divergent efficacy of antioxidant cytochrome families
especially those enhancing the less toxic metabolites
Miland Q1 (Nassar et al., 2014).

The present study has been designed to clarify the
efficacy of Cu'-nicotinic acid complex on gene
expression that codes to the less toxic metabolites
CYP450 Families Mland Q1. The test that should be
confirmed histologically on hepatic tissue sections.

Material and Methods
AFBI Preparation

The provided an isolate aspergillus flavus from the
Fungi research institute, Assiut University-Egypt was
cultivated by potato dextrose Broth method (Booth,
1971). The biosynthesized AFB1 of the fungal growth
was harvested as mentioned previously (El-Kady and
Moubasher, 1982). AFB1 was extracted in chloroform
where the organic layer was treated with anhydrous
NaSo4. On silica gel colon chromatography AFBI1
fraction was isolated and purified. The toxin was
suspended in maize oil and checked on precoated
plates of silica gel. The chromatographic zones were
detected against standard AFB1 sample purchased
from Sigma Chemical Company (St. Louis, MO,
USA). The maize oil suspended AFB1 (1/540 mL)
was ready for biological use.

Cu -Nicotinate Complex Preparation for Biological
Use

The Cu'-nicotinate complex was synthesized as
previously described (Salama et al., 2007). In brief,
1.45 gm of nicotinic acid was dissolved in 50 mL at
100 degrees Celsius distilled water. This mixture was
added to an ethanol solution CuCl,—2H,0 (0.85 g, 40
mL). After mixture cooling, 0.5 gm of 1 (+)-ascorbic
acid was added and kept at room temperature till clear
orange-red crystals were seen. In a boiling water bath,
these crystals were purified in ethyl alcohol for 5 min.
The resultant pure and bright red needle crystals were
inspected by an infrared spectrum, that indicated the
chemical composition of (Cu'-nicotinate)2 CI-2H,O.
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Cu'-nicotinate complex molecular weight was 345 Da
and the cu content was 18.4%. The daily requirement
of Cu, According to the National Research Council
2000, is 73.6 pg/kg and 285.2 pg/kg for nicotinic acid.
According to Shatat er al. (2013), the daily designed
dose was 400 pg/kg body weight, within the
allowance dose, where the crystal of complex was
suspended in fresh maize oil to be given orally. The
administered dose was within the allowance limit to
avoid any toxicity.

Design of the FExperiment and Experimental
Animals

Animals were managed under the supervision of the
Committee of the Ethics of Animal Experiments of
South Valley University and under the guidance of the
National Institutes of Health. Nineteen healthy male
Wister albino rats weighted 120-150 grams were
accommodated in appropriate normal conditions and
divided into 3 groups: The reference group included five
rats and was considered as a normal healthy standard
ingested only by maize oil as a vehicle solution three
times per week. The aflatoxicosed group consisted of
seven rats orally treated with aflatoxin only (30 pg/kg
body weight), three times per week. The treated group
consisted of seven rats treated by Cu'-nicotinate
complex (400 pg/kg body weight) concomitant with
aflatoxin (30 pg/kg body weight), three times per week.

At the end of the experiment (3 weeks), rats were
sacrificed with an intraperitoneal injection of sodium
pentobarbital (100 mg/kg) and hepatic tissue was
extracted and prepared for gene expression analysis as
well as histopathology screening (Fig. 1).

tRNA Extraction

mRNA was isolated using GENEzol reagent
(#15596018, Life Technologies, Palo Alto, CA)
according to the manufacturer’s guidelines. The mRNA
concentration was detected using a Nanodrop ND-1000
spectrophotometer and the quality was evaluated by the
260/280 nm absorbance ratio.

cDNA Synthesis

cDNA was synthesized as follow: Solution of
calculated amount of RNA of every sample completed to
10 pL with nuclease-free water to obtain equal
concentration of RNA in all samples where this volume
was increased to 20 pL after mixing with 10 pL of 2x
reverse transcription master mix, the mixture was
incubated at 37°C for 120 min to prepare cDNA. 2x
reverse transcription master mix was prepared by mixing
2 pL 10x RT buffer, 0.8 uL 25x DNTP Mix (100 Mm), 2
puL 10x RT Random primers, 1 pL MultiScribe™
Reverse Transcriptase, 1 pL. RNase inhibitor and 3.2 pL
Nuclease free water.

l Reference control group I | AFBI group | | AFB1+Cu*-nicotinate group |

After 3 weeks

I Orally ingested 3 times per week for 3 weeks

| Liver tissue was extracted

&
L)

l)

‘.

= —

Vehicle maize oil
AFBI (30 ng/kg body weight) in maize oil

AFBI (30 pug/kg body weight) + Cu*-nicotinate
complex (40 pg/kg body weight) in maize oil

s

Histopathological image |

| Gene expression analysis |

Fig. 1: A schematic diagram of the treatment schedule and study design
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Quantitative Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction (RT-PCR)
using TaqMan gene expression assays (Applied
Biosystems) and a Step One RT-PCR system (Applied
Biosystems) were performed to determine rat mRNA
levels. The primer and probe sets for each specific
gene were as follows: Rn00561082 ml1 (CYP1A2),
Rn00756461 ml (CYP3A2), Rn01502203 ml
(CYP2C11) and Rn01775763 gl (GAPDH). The
reaction underwent 40 cycles of the following: initial
activation at 95°C for 10 m, denaturation at 95°C for
15 s and annealing and extension at 60°C for 1 m.
Measurements of gene expression, as well as GAPDH,
were performed. The expression of each gene was
normalized to the expression of GAPDH and was
calculated relative to control levels using the
comparative threshold cycle method. To measure the
gene expression of primers and GAPDH, PCRs were
run in a total volume of 15 pL. The PCR mixture was
prepared with 7.50 uL. Tagman Universal Master Mix
IT (2x), 0.75 uL Tagman genotyping assay mix (20x),
3.75 uL DNase-free water, 2.7 pL. cDNA and add 0.3
uL DNase free water to reach the final volume 15 pL.

Histopathological Analysis

The sections from liver tissue were promptly excised,
which were fixed in 4% paraformaldehyde in phosphate-
buffered saline. Paraffin sections with 5 mm thickness
were prepared and stained with Hematoxylin and Eosin
stain for histopathological observation.

Statistical Analysis

Data were expressed as mean + standard deviation
and analyzed statistically using one-way ANOVA
with Tukey Comparison Test as a post-test using
GraphPad Prism version 6. P-values less than 0.05

were considered statistically significant. **P<0.01 and
***%P<0.0001.

Results

In our study, we isolated and purified AFB1 using
silica gel colon chromatography where the toxin was
suspended in maize oil checked on precoated plates of
silica gel. The AFBI1 specific chromatographic band
was detected (left band) compared to the standard
AFB1 sample (Right band, Fig. 2).

AFBI extract AFBI1

standard

Fig. 2: Separation and identification of AFBI by TLC
(arrow) by methanol-chloroform (9:1) from mixture
of biologically synthesized aflatoxins (left band)
compared to standard AFB1 (right band) illuminated
by UV
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Fig. 3: RT-qgPCR of CYP3A2 in reference control, AFB1 and AFB1+ Cu'-nicotinate groups in rat hepatic tissue. Columns: relative
frequency plus S.D. **P < 0.01 (one-way ANOVA followed by post-hoc Tukey's test)
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We further evaluated the expression level of
CYP1A2, 3A2 and 2CI11 in the hepatic tissue in
different animal groups. We found that the gene
expression of CYP450 families 3A2 and 2C11 which
convert AFB1 to the highly toxic metabolite was
significantly increased in aflatoxicated rats (p<0.01)
while rats which treated with Cu'-nicotinate
concomitant with aflatoxin showed a significant
reduction in the gene expression of these two families
(p<0.01) (Fig. 3 and 4) showing no significant
variance to the reference control group. In contrast,
gene expression of CYP1A2 which convert AFBI to
the less toxic metabolite M1, P1 and QI was
dramatically decreased in the aflatoxicated rats
(p<0.0001) compared to the Cu'-nicotinate treated

in the gene expression level of CYP1A2 with no
obvious difference compared to the reference control
group (Fig. 5).

Finally, we examined the histopathological changes
in the hepatic specimen of different animal-treated
groups. These observations were mostly confirmed such
previous genes expression findings (Fig. 6). Untreated
control animal group showed a healthy hepatic
architecture (Fig. 6a) while aflatoxicosed liver specimen
revealed degenerative changes in the hepatic
parenchyma (Fig. 6b) as well as mononuclear
inflammatory cells infiltration surrounding the portal
tract (Fig. 6¢). Treating aflatoxicosed animals with Cu’-
nicotinate showed an improvement of the hepatic
architecture and all the histopathological signs of
aflatoxicosis were almost absent (Fig. 6d).

CYP2Cl11

group, while administration of Cu'-nicotinate
concomitant with aflatoxin showed a sharply increase
k%
8 =
g 61
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control

AFB1 +
Cu'-nicotinate

AFBI1

Fig. 4: RT-gPCR of CYP2C11 in reference control, AFB1 and AFB1+ Cu'-nicotinate groups in rat hepatic tissue. Columns: relative
frequency plus S.D. **P < 0.01 (one-way ANOVA followed by post-hoc Tukey's test)
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Fig. 5: RT-qPCR of CYP1A?2 in reference control, AFB1 and AFB1+ Cu'-nicotinate groups in rat hepatic tissue. Columns: relative
frequency plus S.D. ****P < 0.0001 (one-way ANOV A followed by post-hoc Tukey's test)
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Fig. 6: Histopathological changes in the hepatic tissue. (a) Untreated animals revealed healthy and normal liver architecture. (b)
Aflatoxicosed animals showed degenerative changes affecting liver parenchyma in the form of pale hepatic cell plates (star)
radiating between cord of healthy looking ones as well as (c) portal tract was surrounded with mononuclear inflammatory
cells infiltration (arrow). (d) Cu'-nicotinate-treated group exhibited improvement in hepatic architecture

Discussion

AFBI is considered one of the most lethal menaces in
food safety, owing to its hepatotoxic, carcinogenic,
mutagenic and immunosuppressive effects on animals
and humans (Kowalska ef al., 2017). The metabolism of
AFBI varies in humans and animals where after ingestion
of AFBI, it is metabolized mainly in the liver by different
cytochrome p450 enzymes either to the highly genotoxic
metabolites 8, 9 exo-epoxide or into the less toxic
metabolites AFM1, AFP1 and AFQ1 (Wu et al., 2009).
The present work has been designed to determine the role
of Cu'-nicotinate complex on the gene expression of the
hepatic CYP450 families in AFBI1 induced rats. The
complex that contains two daily required food elements;
the Cu as well as nicotinic acid. They are considered
active participants in oxidation-reduction cascades
(Galhardi et al., 2005; Tupe et al., 2011). However, the
presence of Cu in a free status is highly toxic to the host
cells as it can likely transform between Cu" and Cu™
creating hydroxyl radicals that can impair essential
biomolecules like proteins, lipids and nucleic acids
(Lawson et al., 2016). In vivo, Cu transportation is often
tightly attached to chaperone proteins that protect the body
from the toxic effect of free metal ions (Nevitt et al.,
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2012). Cu chelation, mimicking the protein
chaperones, is the best path of shielding the metal ion
to protect the body tissues from the biochemical
damage presenting a therapy for Cu toxicity, Cu'-
nicotinate complex is a suitable chelating agent.

In a previous work, our group denoted that Cu'-
nicotinate complex directed the AFB1-metabolism towards
synthesizing the less toxic metabolites P1, Q1 and M1 in
these animals that were detected in their excreted urine
(Nassar et al., 2014). However, the CYP450 enzymes that
are incorporated in metabolizing AFBI in the body is still a
controversial issue. To confirm our previous findings, we
analyzed the gene expression of most common CYP450
families including CYP1A2, CYP3A2 and CYP2CI1 in
the hepatic tissues. We found that the gene expression
mechanism is not the same for all of these CYP450
families in normal healthy and normalized physiological
conditions. Enzymes of less toxic Q1 and M1 were
prominently increased than those of CYP2A3 or
CYP2CI11 in the tested hepatic tissue. It seems likely that
in normalized conditions, the main responsible acting
CYP450 against a normal low level of xenobiotic
exposure are CYP1A1 and CYP1A2 producing the less
toxic metabolites of AFB1. On acute AFBI-induction or
moderate dose chronic intoxication (30 pg/kg body
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weight for 3 weeks), the transforming enzyme to the
carcinogenic epoxide metabolite (such as CYP2C11 and
CYP3A2) was the more predominant families for such
peroxidation. Treatment the Cu'-complex progressively
inhibited such mechanisms by downregulation of
CYP2CI11 and CYP3A2 and sustained the normal levels
of tested CYP1A2 producing Q1 and M1 (Fig. 7).

A previous study showed that treatment of
aflatoxicosis using troleandomycin, a CYP3A inhibitor,
resulting in 35% inhibition of AFBI-8,9-epoxide
formation and Q1 metabolite formation was highly
inhibited at all aflatoxin concentration levels
(Ramsdell et al., 1991). Another study stated that
aflatoxin Q1 metabolite is not extremely oxidized in
human hepatic microsomes with low toxic effect
compared to AFB1-8,9-epoxide formation and both of
them can be controlled by CYP3A enzyme (Raney et al.,
1992). More recent research tested the protective effect
of coffee-specific diterpenes cafestol and kahweol
complex against AFB1-inducing genotoxicity. Author
found such treatment reduced the expression of both
CYP2CI11 and CYP3A2, the main enzymes that activate
AFBI to toxic AFB1-8,9-epoxide. They elaborated on the
fact that this complex inhibited AFBI-DNA adduct
formation (Cavin et al., 2001). Contrary to the previous
findings, a group of researchers noted that AFBI
elevated both CYPIA activity and expression level that

is accompanied by an increase in Ahr activity, suggesting
that AFBI1 can act as an Ahr agonist (Mary et al., 2015).
Recent researches mentioned that the using of garlic and
curcumin therapy against aflatoxicosis promoted AFB1
detoxification through suppression of hepatic CYPs
including CYP1A1, CYP1A2, CYP2A6 and CYP3A4
(Zhang et al., 2016; El-Barbary, 2018). Accordingly,
CYP450 is still playing a master role in the metabolism
of various drugs and xenobiotics.

To approach the interpretation of the role of Cu'-
nicotinate for such haemostatic balance action, we have
considered some of previous researches on copper and
regulatory cell signaling pathways. Alexandra and White
(2014) mentioned that copper showed a crucial role as a
key regulator of cell signal transduction cascades of a
complex sequence of interactions of key enzymes by
modulation of Cu-protein interactions. The extracellular
copper is transported via ctrl, a copper transporter, in its
monovalent ion than that divalent (Puig et al., 2002)
which is facilitated by membrane metalloreductase.
Subsequently, copper is delivered to the intracellular
proteins and compartments by the action of copper
chaperone for copper-zinc superoxide dismutase (Puig
and Thiele, 2002; Culotta et al., 2006; Kim et al., 2008;
Darwish et al., 2014). Accordingly, the used therapeutic
copper complex in its monovalent makes it more visible
for hepatic cellular membrane entrance.

| Hepatotoxicity |

|

Most toxic epoxide

T

CYP3A2
/\ ey s
Cu'-nicotinate
treatment

N

Less toxic metabolites M1 and Q1

N

4

Excreted in urine and bile

Fig. 7: A summary flow chart outlines the mechanism of Cu'-nicotinate in the treatment of aflatoxicosis in rats
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Recently Darwish et al. (2014) recognized that Cu™"
(CuSO0,) slightly induced CYP1A1 and 1A2 attributing
such an increase for enhancement of ligand-protein
cascade interactions (Whitlock, 1999). The authors
stated that activation of AhR (aryl hydrocarbon
receptor), which is a ligand-activated basic loop-helix-
loop transcriptional factor localized in the cytosol that
might be attached to hsp 90 and an AhR Interacting
Protein (AIP). Such a stimulating agent for AhR causes
separation of hsp90 and AIP and thus the ligand-receptor
complex translocates to the nucleus where it dimerizes
with transcriptional factor protein aryl hydrocarbon
receptor translocator. Therefore, that complex attaches
to a certain DNA sequence called xenobiotic responsive
element which is localized in the promoter site of the
CYPI1AL1 gene (Morgan et al., 1994). Consequently, the
inducing treating copper may initiate such a cascade
protein complex interactions for sustaining the increase
of CYPIA2 even the hepatic cell was exposed to
aflatoxicosis. The significant observed reduction in the
gene expression of CYP3A2, CYP2CI1 induced by
prophylactic Cu'-nicotinic acid could be attributed to
specific suppression of CYP450 gene expression by
cytokines in rat liver according to Saad et al. (2013).
The author described that IL-1 in male rats produced a
reduction in CYP3A2 and CYP2C11 mRNA as well
as their protein expression. Hence, this Cu'-complex
may act as immunopotentiator for such tested
aflatoxicosed rats where its utilization was possibly
associated with elevated levels of endogenous
cytokines  that promptly = downregulate any
enhancement in gene expression of CYP3A2 and
CYP2C11 during such chronic AFB1 toxicosis.

Conclusion

Cu'-nicotinate complex presented as a proper
biologically active Cu’ for cell signaling to the
aflatoxicosed liver tissue. The cellular response denoted
that such predicted signaling preferably enhanced the
CYP gene expression towards the 1A2 family more than
the other types. Such a response significantly resulted in
the accumulation of the less toxic metabolites M1 and
QI instead of the other risky metabolites. Therefore,
safety Cu'-nicotinate could be taken as a food additive
for detoxification against aflatoxicosis exposure. The
complex contains two daily required food elements; the
copper within the Recommended Dietary Allowance
(RDA) limits as well as nicotinic acid. Both of them are
easily eliminated from the body via the digestive and
urinary tracts when taken slightly overdose. Such
controlling treatment could be achieved by further
investigations. In brief, copper complexes are still an
attracting field of research that could be applicable in
biology and medicine.
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