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A B S T R A C T

In this study, we identified AFB1 adducts as potential markers and investigated the role of curcumin in alle-
viating AFB1-induced liver damage by suppressing the production of AFB1 adducts and oxidative stress in AA
broilers liver. A total of 64 one-day-old Arbor Acres (AA) broilers were randomly divided into four groups,
including control group, AFB1 group (5 mg/kg AFB1), cur + AFB1 group (300 mg/kg curcumin+5 mg/kg
AFB1) and curcumin group (300 mg/kg). Serum biochemical parameters, liver antioxidant abilities, AFB1 ad-
ducts and oxidative stress mechanism were studied in broilers. AFB1 administration accompany with signs of
liver injury, including hepatic histological lesions, increased serum enzymes activities, decreased liver anti-
oxidant enzymes activities and the suppression of ROS and 8-OHdG. Meanwhile, Nrf2/HO-1 pathway was de-
pressed by AFB1 treatment. Immunohistochemistry and ELISA showed that AFB1 significantly increased AFB1-
DNA adduct in liver (p < 0.05) and AFB1-lysine adduct in serum (p < 0.05). Importantly, supplementation of
curcumin can ameliorate these alterations. Intriguingly, curcumin alleviated AFB1-induced toxicity and oxida-
tive stress by inhibiting the generation of ROS, 8-OHdG and AFB1 adducts, and activated Nrf2 signaling pathway
in broilers. Conclusively, our experiments suggest that curcumin could be considered as a potential agent for
prevention of AFB1-induced toxicity and oxidative stress, and AFB1 adducts could be suitable therapeutic tar-
gets.

1. Introduction

Aflatoxins are fungal metabolites included in the list of difur-
ancoumarin compounds, commonly produced by Aspergillus flavus and
Aspergillus parasiticus species of fungi (Liu and Wu, 2010). Among
aflatoxins found in food or food products included aflatoxin B1, B2, G1,
G2, M1, and M2, aflatoxin B1 (AFB1) is one of the most harmful afla-
toxins and has been classified as Group-1 carcinogen (Ferencík and
Ebringer, 2003). AFB1 shows various adverse effects including carci-
nogenicity, mutations of DNA, immunotoxicity and hepatotoxicity in
mammals and poultry (Kalpana et al., 2012).

AFB1 undergoes reduction, hydrolysis and/or oxidation reactions
mediated by cytochrome P450 (CYP) enzymes in living bodies (Diaz
and Murcia, 2011). The most detrimental metabolite AFBO may swiftly
react with DNA forming AFB1-DNA adduct especially in the liver and
produce reactive oxygen species (ROS) or react covalently with the
amino acid lysine producing AFB1-lysine adduct in serum (Jager et al.,
2016). AFB1-DNA adduct is known to cause mutations of DNA at codon

249 of the p53 gene leading to liver cancer in humans and experimental
animals (Jr, 2010). Therefore, it is not only used as a biomarker for
assessment of aflatoxin exposure (Hsu et al., 2008) but also making it
one of the best predictors for liver cancer risk (Mupunga et al., 2017). In
addition, the interaction of AFB1 with proteins is deleterious to the cell
and causes cytotoxicity as the formation of AFB1-DNA adducts which
results in the inactivation of essential macromolecules and causes the
loss of cell viability (Richardson, 2000). As a biomarker for the quan-
tification and evaluation of exposure to AFB1 in epidemiological re-
search, AFB1-lysine adduct has a longer half-life (2–3 months) in blood
than AFB1-DNA adduct (2–3 days) present in liver and can reflect ex-
posure over years. AFB1-lysine adduct can also reflect AFB1-DNA ad-
duct in the liver of rats, pigs and mice and has correlation with AFB1-
DNA excretion in urine (Mupunga et al., 2017).

Meanwhile, intake of aflatoxin always accompanies with liver injury
and oxidative stress. Earlier reports showed that AFB1 causes conges-
tion, pallor discoloration, enlargement and necrosis of liver, induces
and causes chronic and acute hepatic cellular injury (Aslan et al., 2012;
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Jr, 2010). Thus, AFB1 adducts may be the direct influencing factor in
liver injury and liver cancer, and play an important role in the severity,
development and progression of AFB1-induced hepatic diseases. Be-
sides, NF-E2-nuclear factor erythroid-derived 2 (Nrf2) transcription
factor has critical role in balancing redox status inside the cells (Furfaro
et al., 2015). Nrf2 regulate the expression of various genes involved in
various signaling pathways such are detoxifying enzymes, redox bal-
ancing factors, metabolic enzymes and stress response proteins (Pall
et al., 2015). Nrf2/HO-1 (Hemeoxygense1) signaling pathway plays a
crucial role in host defense system against AFB1-induced inflammation,
oxidative stress and toxicity (Yan et al., 2014; Yarru et al., 2009).

Curcumin (diferuloylmethane), isolated from the rhizome of
Curcuma longa Linn, showed pharmacological effects including anti-
inflammatory, anti-oxidative, radio-protective and hepatoprotective
effects in experimental animals as well as humans (Lam et al., 2016).
Curcumin plays a pivotal role in the liver disease protection by reg-
ulating numerous transcription factors and pleiotropic effects on cel-
lular signaling pathways, which may be the key to its chemotherapeutic
properties (Aggarwal and Harikumar, 2009). The pharmacological
safety, combined with anti-carcinogenic and anti-toxicogenic proper-
ties, render curcumin as an attractive chemopreventive agent against
AFB1-induced liver damage. Curcumin has been proved effective
against AFB1-induced oxidative stress as effective potential scavenger
for ROS and DNA damage (Limaye et al., 2018; Rahmani et al., 2018).
Previous studies showed curcumin detoxification mechanisms including
the inhibition of phase-I enzymes-mediated biotransformation of AFB1
and upregulating phase-II enzymes activity (Mohajeri et al., 2018;
Wang et al., 2018b), and therefore could control AFB1-induced carci-
nogenesis and toxic effects (Firozi et al., 1996) which is attributed to
up-regulation of cellular defense system (Yarru et al., 2009). However,
limited information is available about AFB1 adducts and the prevention
of AFB1-induced liver damage by curcumin in broiler. Fascinatingly,
the exact mechanism of curcumin on Nrf2 regulation is still unclear.

The main objectives of the present study are to investigate whether
AFB1 adducts may play a crucial role in AFB1-induced toxicity and
whether suppression of AFB1 adducts by curcumin is one of the de-
toxification mechanisms in AFB1-induced liver damage in broilers.
Moreover, the preventive effects of curcumin against AFB1-induced
DNA adduct and AFB1-lysine adduct were highlighted. Curcumin sig-
nificantly upregulated Nrf2/HO-1 signaling pathway to counteract
AFB1-induced oxidative stress in the hepatocytes of broilers. The results
will provide a better understanding and insights into the preventive
mechanism of curcumin against AFB1-induced liver damage in broilers
and the application of AFB1 adducts used as potential liver damage
diagnostic sign and AFB1 exposure marker.

2. Materials and methods

2.1. Chemicals and reagents

Standard AFB1 (purity≧ 99%) was purchased from FERMENTEK
Ltd. (Jerusalem, Israel). Curcumin (2.5%) was purchased from
Shengxing chemical product company Ltd. (Henan, China). Absolute
ethanol (99.0%), methanol, xylene, hematoxylin, eosin, methanal,
H2O2 were bought from Tian Li Company Ltd. (Tianjin, China). NaCl,
Na2CO3, NaHCO3, KCl, KH2PO4 and Na2HPO4·12H2O were bought from
Kemi chemicals company Ltd. (Tianjin, China). ImmunoCruz mouse
ABC staining kit (sc-2017) was bought from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Citrate antigen retrieval solution and pro-
teinase K was bought from Beyotime Biotechnology Ltd. (Wuhan,
China). DAB was bought from Boster Biological Technology co. Ltd.
(Wuhan, China). Nuclear fast red was bought from Aladdin company
Ltd. (Shanghai, China).

2.2. Animals, dosing and sample collection

64 one-day-old commercial Arbor Acres (AA) broilers were bought
from Yi Nong Commercial hatchery (Heilongjiang, China, registration
number; 230108799294096). The animals were randomly divided into
four groups of sixteen chickens in each group and provided with fresh,
clean water, adlibitum feed and kept on 12 h light/dark cycle. All of the
experiments were conducted under the supervision of the Harbin
Veterinary Research Institute of the Chinese Academy of Agricultural
Sciences in accordance with animal ethics guidelines and approved
protocols. The Harbin Veterinary Research Institute Animal Ethics
Committee approval number was SYXK (Hei) 2012–2067. Aflatoxin
binder free diet was purchased from Shen Nong Feed Company (Harbin,
PR China). The four groups included: 1) control group with basal diet,
2) AFB1 group with AFB1-contaminated diet (5 mg/kg per day), 3)
cur + AFB1 group with AFB1-contaminated diet (5 mg/kg per day) and
curcumin diet (300 mg/kg per day), 4) curcumin group with curcumin
diet (300 mg/kg per day). AFB1-contaminated diet was prepared as
previously reported (Muhammad et al., 2017). Briefly, 10mg AFB1 was
dissolved in 30ml methanol, then this prepared solution was sprayed
evenly on the basal feed and mixed to obtain the AFB1-contaminated
diet contain 5mg/kg AFB1. The equivalent methanol was sprayed
evenly on the normal feed to obtain the basal diet. Then the diets were
evaporated at 37 °C. Chickens were fed in cages with heat and clean
water through the whole experiment. After 4 weeks (28 days), the
chickens were euthanized by heart puncture. Blood was collected by
heart puncture and stored at −20 °C for serum enzymes and aflatoxin
B1-lysine adducts analysis. Livers were excised, washed by phosphate
buffer solution, prepared as 1 cm×1 cm for histological examination
and the remaining is stored at −80 °C for liver enzymes activities and
aflatoxin B1-DNA adducts analysis.

2.3. Histopathological observation of liver

H.E. staining method was conducted as previously described
(Muhammad et al., 2017). Liver tissues were fixed in 10% formalin for
more than 24 h. Following processed in graded ethanol (70%, 80%,
90%, 100%) and dimethylbenze, the liver tissues were embedded in
paraffin and cut (5 μm) by rotary microtome (Leica, Germany). The
slides were stained with hematoxylin-eosin (H&E) and observed by
Leica Aperio CS2 slide scanner (Wetzlar, Germany).

2.4. Determination of serum enzymes activity

Blood was collected and centrifuged (3000 g, 15 min), and the
serum was collected. The general marker enzymes like alanine amino
transferase (ALT), aspartate amino transferase (AST), alkaline phos-
phatase (AKP), gamma glutamyl transpeptidase (GGT) enzyme activ-
ities in serum were determined by using kits (Nanjing Jiancheng
Bioengineering Factory, China).

2.5. Determination of liver antioxidant abilities

To analyze the antioxidant enzymes activity, liver samples were
prepared as previously described (Zhang et al., 2016). A small piece of
liver was weighed (0.1 g) and homogenized (12000 g, 15min). The
supernatants were collected for enzymes analysis. Malonaldehyde
(MDA), superoxide dismutase (SOD), glutathione (GSH), and catalase
(CAT) activities were determined by using kits (Nanjing Jiancheng
Bioengineering Institute, China) according to the manufacturer's in-
structions.

2.6. Measurement of ROS and oxidative stress marker

The serum and liver ROS were measured by ELISA kit, according to
the manufacturer's instructions (Alpha bio, China). The serum 8-OHdG
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was determined by ELISA kit, according to the manufacturer's instruc-
tions (MEIMIAN, Jiangsu Feiya Biological Technology Co. Ltd., China).

2.7. Real-time quantitative PCR (qPCR) analysis

Real-time quantitative PCR was performed by using LightCycler 96
instrument (Roche, Switzerland). Total RNA was extracted from liver
tissue by using TRIZOL reagent (Thermo Fisher Scientific, USA), and the
first strand cDNA was prepared using 5×All-In-One MasterMix (ABM,
Canada). Specific primers (Table 1) for Nrf2 and HO-1 were designed by
Sangon Biotech (Shanghai, China), based on the sequence available in
NCBI database. β-actin was used as internal control gene. The mRNA
levels of Nrf2 and HO-1 were determined by qPCR (BioEasy SYBR
Green High ROX Master Mix, Bioer, China). The fold change in gene
expressions were calculated using the 2−ΔΔCT method as described by
Livak and Schmittgen (2001).

2.8. Western blotting analysis

Western blotting was performed as described in our previous study
(Wang et al., 2018b). Briefly, pieces of liver tissues were homogenized
in RIPA (Beyotime, China), containing protein inhibitor PMSF (Beyo-
time, China) for obtaining total protein. Extracted protein samples with
5× SDS-PAGE loading buffer were added and then boiled for 5min for
protein degeneration. Samples were loaded on 10% SDS-PAGE gels and
transferred onto nitrocellulose membranes (Pall Corporation, U.S.A).
The membranes were blocked by non-fat dry milk in TBST for 1 h,
which were subsequently incubated at a temperature of 4 °C overnight
with primary antibodies against Nrf2 (1:500, Wanlei Bio Co., Ltd.
China), HO-1 (1:500, Wanlei Bio Co., Ltd. China) and β-actin (1:1000,
Beijing Biosynthesis Biotechnology Co., Ltd). The membranes were
further incubated with secondary anti-rabbit horseradish peroxidase
antibody (1:2000, Beijing Biosynthesis Biotechnology Co., Ltd). Protein
bands were detected by enhanced chemiluminescence reagent (Absin
Bioscience Inc, China) and analyzed by Image J (National Institutes of
Health, USA).

2.9. IHC analysis of AFB1-DNA adducts

The immunohistochemistry for AFB1-DNA adducts was performed
as previously described (Gursoy-Yuzugullu et al., 2011; Qi et al., 2015;
Santella et al., 1993) with few modifications. Briefly, 4-μm-thick par-
affin sections were dewaxed in xylene and rehydrated in descending
alcohol gradient. The sections were washed by PBS (pH 7.2) to inhibit/
remove fixing agents, which can cause nonspecific binding of im-
munoperoxidase or reduce DAB levels. Then they were treated with a
buffer that contained 15mmol/L Na2CO3 and 30mmol/L NaHCO3 (pH
9.6) for 2 h at room temperature to open the ring of guanine adducts.
Endogenous peroxidase activity was blocked by incubating the sections
in 0.3–0.5% H2O2 in absolute methanol for 10min. The antigen was
retrieved by heating in boiling temperature for 6min using citrate an-
tigen retrieval solution. Then liver sections were treated with 100 μg/
ml RNAse at 37 °C for 1 h, 10 μg/ml proteinase K at room temperature
for 10min. After washing with PBS and 40% ethanol, the sections were
treated with 50mM NaOH in 40% ethanol for 30 s to denature the DNA

and rinsed again with 40% ethanol. The slides were then washed in
PBS. After blocking at room temperature with 1.5% goat serum in PBS
for 1 h, the slides were incubated with a 1:100 dilution of aflatoxin B1
antibody [monoclonal anti-AFB1 (6A10); Novus Biolocals Inc., Lit-
tleton, CO, USA] at 4 °C overnight. Anti-mouse HRP-conjugated sec-
ondary antibody was used for 30min for primary antibody detection.
Then, the sections were incubated with AB reagent for 30min, stained
with DAB for 10min, counterstained with nuclear fast red for 5min,
dehydrated in alcohol, cleared in xylene, mounted with neutral balsam
and observed under a light microscope (Nikon E100, Japan). The ex-
pression levels for AFB1-DNA adducts were semi-quantitatively de-
termined by densitometry using Image-Pro Plus 5.0 (IPP 5.0) software.

2.10. Quantitation of AFB1-lysine adducts

Serum samples were collected and AFB1-lysine adducts were de-
termined by using an ELISA kit according to the manufacturer's in-
structions (MEIMIAN, Jiangsu Feiya Biological Technology Co. Ltd.,
China). The albumin level was measured using the commercial kit
bought from Nanjing Jiancheng Bioengineering Factory (Nanjing,
China). The serum AFB1-lysine level of each sample was adjusted by its
albumin content accordingly.

2.11. Statistical analysis

All experiments described were repeated at least three times to
ensure the accuracy and reproducibility. All the data was expressed as
means ± standard deviation (SD) and analyzed by Graghpad Prism
(version 7.0). The significant differences among the experimental
groups were determined by using one-way analysis of variance. A value
of p < 0.05 was considered as statistically significant.

3. Results

3.1. Effect on serum biochemical parameters and oxidative biomarker in
broilers

Serum enzymes activity was considered as a clinical sign of liver
injury. The results were shown in Fig. 1. Compared to control group,
serum biochemical parameters and oxidative biomarker containing
ALT, AST, AKP, GGT were significantly (p < 0.05) decreased by
58.19%, 58.63%, 151.0%, 83.22% in AFB1 group. Apparently, co-
treated with curcumin (300mg/kg) and AFB1 (5mg/kg) could alleviate
AFB1-induced liver injury by significantly reducing the levels of ALT,
AST, AKP and GGT enzymes activity. However, no significant effects of
serum biochemistry were observed in curcumin alone treated (300mg/
kg) group.

3.2. Effect on antioxidant ability in broilers liver

To observe the liver antioxidant capacity, antioxidative enzymes
including MDA, SOD, CAT and GSH were measured. The present results
showed (Fig. 2) that these enzymes activities were significantly
(p < 0.05) affected by AFB1 treatment. AFB1 administration (5mg/
kg) led to decreased activities of GSH, SOD and CAT by 44.54%,
40.43% and 42.98%, with increased activities of MDA by 114.40%
respectively. Interestingly, broilers co-treated with curcumin (300mg/
kg) and AFB1 (5mg/kg) successfully prevent liver injury by increasing
the activities of GSH, SOD and CAT, and decreasing MDA. However,
non-significant changes of antioxidant enzymes were observed in con-
trol and curcumin group.

3.3. Effect on ROS content and oxidative stress marker

ROS levels in serum and liver treated with AFB1 were much higher
than that of control groups. As expected, curcumin led to a reduction of

Table 1
Specific gene primers used for qPCR.

Target gene Primers (from 5′ to 3′) Length

Nrf2 Forward 5′-GATGTCACCCTGCCCTTAGA-3′
Reverse 5′-TCGTTCCATTTGTTCCTTCTG-3′

124

HO-1 Forward 5′-TCATTGGCAAGAAGCATCCAGAGC-3′
Reverse 5′-GAACTTGGTGGCGTTGGAGACTC-3′

176

β-actin Forward 5′- TGAAGCCCAGAGCAAAAGAG-3′
Reverse 5′- TGCTCCTCAGGGCTACTCTC-3′

135
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Fig. 1. The enzymatic activities of ALT, AST, AKP, GGT in serum of AA broilers exposed to AFB1 at 28 days. Values are expressed as mean ± SD (n=16) and means
with different superscript letter shows statistical significance (p < 0.05).

Fig. 2. The activities of MDA, SOD, CAT and GSH in liver of AA broilers exposed to AFB1 at 28 days. Values are expressed as mean ± SD (n=16) and means with
different superscript letter shows statistical significance (p < 0.05).
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ROS both in serum and liver (Fig. 3A and B). Similarly, AFB1-mediated
increase of 8-OHdG, a biomarker of DNA damage induced by oxidative
stress, was suppressed by curcumin both in serum and liver (Fig. 3C and
D). These observations suggest that curcumin can attenuate AFB1-in-
duced oxidative stress, including depression of the ROS content and 8-
OHdG both in the serum and liver.

3.4. Histopathological observation of Arbor Acres broilers liver

The results of histopathological examination of H&E stained livers
were shown in Fig. 4. No microscopic alterations were seen in the liver
of AA broilers in the control and curcumin group (Fig. 4A and D).
Obviously, the liver tissue in the AFB1 (5mg/kg) group revealed a se-
vere damage (Fig. 4B). Livers sections of broilers treated with AFB1
showed disarrangement even disappearance of hepatic lobule structure
and hepatic cell cords, hydropic/fatty degeneration, inflammatory cells
infiltration, and intrahepatic hemorrhages when compared to broilers
fed with basal diet. Meanwhile, fragmented nuclei were also found in
broilers fed with AFB1-contaminated diet. On the contrary, results
showed that supplementation of curcumin (300mg/kg) to AFB1 diets
protected liver damage through hepatic cords and cell structure re-
covery (Fig. 4C). Nevertheless, the livers in cur + AFB1 group still
existed slight hydropic/fatty degeneration. Thus, supplementation of
curcumin (300 mg/kg) can partially prevent AFB1-induced liver injury.
(See Table 2 for incidence of histopathological lesions).

3.5. Analysis of AFB1-DNA adducts

The immunohistochemistry staining results of AFB1-DNA adducts in
liver tissue were presented in Fig. 5. The AFB1-DNA adducts was de-
tected in the nuclei of hepatocytes. The nucleus could be dyed purple in
positive hepatocytes and had no typical affinity parts. It was shown that
AFB1-DNA adducts in control group and curcumin group were

negative. Treatment with 5mg/kg AFB1 induced the formation of
AFB1-DNA adducts compared to control group (Fig. 5E). Livers in
broilers treated with AFB1 showed widely positive AFB1-DNA adducts
but negative in bile duct. Distinctly, liver tissue in cur + AFB1 group
showed fewer positive areas than AFB1 group with little purple nucleus.
Fascinatingly, supplementation of curcumin (300 mg/kg) could protect
liver by reducing AFB1-DNA adducts to a certain extent.

3.6. Quantitation of AFB1-lysine adducts

Serum AFB1-lysine adducts were significantly increased almost 8
times (p < 0.05) by dietary AFB1 (Fig. 6). Compared to AFB1 group,
the concentrations of serum AFB1-lysine adducts were significantly
inhibited by co-treated with curcumin (300mg/kg) and AFB1 (5mg/
kg). The AFB1-lysine adducts levels were decreased (p < 0.05) by
curcumin supplementation (64.64%). Meanwhile, no changes were
observed between control and curcumin alone treated group.

3.7. Effect of AFB1 and curcumin on transcription factor involved in the
oxidative stress

Besides ROS and oxidative stress marker 8-OHdG, the expression
level of Nrf2 and its down-stream HO-1 were examined. The relative
mRNA and protein expression level of Nrf2 and HO-1 were shown in
Fig. 7. AFB1 treatment decreased significantly (p < 0.05, Fig. 7A) the
mRNA levels of Nrf2 and HO-1, and curcumin obviously (p < 0.05)
enhanced the AFB1-induced suppression on Nrf2 and HO-1 mRNA ex-
pression. In addition, the transcription of Nrf2 and HO-1 were con-
sistent with immunoblotting of Nrf2 and HO-1 (Fig. 7B). These ob-
servations suggest that curcumin can attenuate AFB1-induced oxidative
stress including the production of ROS and 8-OHdG but also the de-
pression of Nrf2 and HO-1.

Fig. 3. The content of ROS and 8-OHdG in serum and liver of AA broilers exposed to AFB1 at 28 days. Values are expressed as mean ± SD (n= 16) and means with
different superscript letter shows statistical significance (p < 0.05).
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4. Discussion

Aflatoxin B1 (AFB1) have been identified as the most common
metabolite produced by Aspergillus species and the one that exhibits
the highest toxigenic effects (Ferencík and Ebringer, 2003). Exposure to
AFB1 is popular and affects poultry production severely. AFB1 can be
bio-activated by P450 enzymes to AFBO and AFBO can then bind with
DNA and protein results in genotoxicity, in addition, the detoxification
of AFBO by GSH conjugation is through GSTs induction (Allameh et al.,
2000). Curcumin has wide therapeutic effects including anti-in-
flammatory, anti-tumor, anti-bacterial and anti-viral activities (Yarru,
2008). These effects can be explained by the induction of antioxidant
enzymes and reduction of oxidative stress level. Many studies have
found that curcumin has protective effects on toxins and cancer, espe-
cially the preventive effects against AFB1 (Nayak and Sashidhar, 2010;
Yarru, 2008).

In our study, dietary AFB1 increases ALT, AST, AKP and GGT ac-
tivities (p < 0.05), with destroyed hepatic lobule structure, in-
trahepatic hemorrhages, hydropic/fatty degeneration, etc. These
changes pointed to the functional disorder of the broiler's liver ser-
ologically and microscopically. While, curcumin supplementation de-
creased serum and histopathological parameters induced by AFB1. This

is consistent with earlier investigations that curcumin can prevent
AFB1-induced liver injury (Nayak and Sashidhar, 2010; Zhang et al.,
2016). It indicates that curcumin supplementation shows protective
action against AFB1-induced liver injury. The activity of antioxidant
enzymes could induce as a result of oxidative stress or could diminish
through direct or indirect action of the mycotoxins (Yarru, 2008). As an
evidence of oxidative stress, AFB1 increased oxidative lipid peroxida-
tion (MDA), decreased antioxidant enzymes activities (SOD and CAT)
and depleted GSH levels which was consistent with previous in-
vestigations (Wang et al., 2018a). It is worth mentioning that curcumin
significantly (p < 0.05) decreased MDA, and increased GSH, SOD and
CAT activities in broilers liver, suggesting its protective action on he-
patic damage caused by aflatoxins. The ameliorative effect of curcumin
against AFB1-induced toxic effects on GSH, SOD, CAT and MDA were
attributed to the ability of curcumin to clean free radicals by inhibiting
oxidative stress and restore antioxidant enzymes activities (Benzer
et al., 2018; El-Bahr, 2015). Notably, Similar positive effects on AFB1-
induced liver damage by improving antioxidant ability in rat and
chicken upon curcumin administration have been previously reported
(El-Bahr, 2015; Nayak and Sashidhar, 2010; Zhang et al., 2016). The
protective actions of curcumin by increasing activities of antioxidant
enzymes and decreasing oxidative stress parameters in liver appears to

Fig. 4. Liver histopathological examination of AA
broilers exposed to AFB1 at 28 days. (A) Control
group (B) AFB1 group (C) cur + AFB1 group (D)
curcumin group. (Bar = 50 μm). Fragmented nuclei

. Hydropic/fatty degeneration . Inflammatory
cells infiltration . Intrahepatic hemorrhages .
Inflammatory cells infiltration and hydropic/fatty
degeneration are visible in magnification squares of
Fig. 4B.

Table 2
Incidence of histopathological lesions of broilers liver.

Pathological lesions Control group AFB1 group cur + AFB1 group curcumin group

fragmented nuclei 0/16 16/16 4/16 0/16
hydropic/fatty degeneration 0/16 14/16 4/16 0/16
inflammatory cells infiltration 0/16 11/16 3/16 0/16
intrahepatic hemorrhages 0/16 15/16 2/16 0/16

Note: Incidence of histopathological lesions in the liver among broilers from different groups (n= 16).
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be similar regardless of host species.
8-OHdG, a biomarker of DNA damage induced by oxidative stress,

can cause mutation in liver which promote the process of AFB1-induced
carcinogenesis (Bedard and Massey, 2006; Liu et al., 2018). Further-
more, AFB1 may cause oxidative DNA damage by reactive oxygen
species (ROS) (Matã©S, 2000; Topal et al., 2017). The relationship
between 8-OHdG formation and ROS generation has been reported and
ROS can cause the production of 8-OHdG (Topal et al., 2017). Our data
suggests that 8-OHdG and ROS were significantly increased by AFB1

treatment, and effectively decreased by co-treatment with AFB1 and
curcumin. Some other studies shown that curcumin can decrease oxi-
dative DNA damage by reduction of 8-OHdG (Benzer et al., 2018;
Zhang et al., 2016). Besides, Nrf2/HO-1 (Hemeoxygense1) signaling
pathway plays a crucial role in host defense system (Yan et al., 2014).
Our experiments showed that AFB1 attenuated Nrf2 pathway under
oxidative stress in liver accompanied with decrease in both mRNA and
protein level of Nrf2 and its downstream gene HO-1. This is not con-
sistent with previous study which may account of AFB1 exposure dose

Fig. 5. Immunohistochemistry staining of AFB1-DNA adducts in liver of AA broilers exposed to AFB1 at 28 days. (A) Control group (B) AFB1 group (C) cur + AFB1
group (D) curcumin group. (Bar = 20 μm) (E) AFB1-DNA adducts expression levels in liver of AA broilers at 28 days were semi-quantitatively determined by average
intensity (IOD/area) of immunostaining using Image-Pro Plus 5.0 (IPP 5.0) software. The data are expressed as the mean ± SD (n = 16) and means with different
superscript letter shows statistical significance (p < 0.05).
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and species differences (Liu and Wang, 2016). Our data indicates that
curcumin could activate the Nrf2, resulting in an increase in expression
of HO-1 which improve the oxidative stress in broiler liver induced by
AFB1. The results are continuity of previous studies that curcumin can
alleviate AFB1 induced hepatotoxicity via activating Nrf2 and its
downstream genes (Wang et al., 2018b; Zhang et al., 2016). The present
data revealed that curcumin inhibited liver oxidative stress and en-
hanced the antioxidant ability via triggering the Nrf2/HO-1 signaling
pathway.

Oxidative stress induced by AFB1 can cause hepatocytes injury and
DNA damage. Meanwhile, AFB1 can also be metabolized by cytochrome
P450 to reactive AFB1-8,9-epoxide (AFBO) that could bind with DNA
and proteins form adducts (Yilmaz et al., 2017), which have an in-
hibitory effect on DNA-dependent RNA polymerase activity, RNA and
protein synthesis (Madrigal-Santillan et al., 2010; Monson et al., 2014).
Hence, another way to prevent liver from toxicity is through reducing
genotoxicity product. Thus, oxidative stress and DNA adduct are both
important toxic mechanisms of AFB1 (Madrigal-Santillan et al., 2010).
In our experiments, we detected AFB1 adducts in liver damage stage on
account of broilers' life span that is too short to induce liver cancer by
AFB1. Nevertheless, it is hard to detect AFB1-DNA adduct in urine
because poultry urine is excreted from the cloacal cavity along with

feces, so we choose immunohistochemistry to determine AFB1-DNA
adduct in broiler (Mykkänen et al., 2005), and AFB1-DNA adduct was
measured by immunohistochemistry in broiler for the first time. In our
study, as expected, AFB1-DNA adduct was successfully produced by
dietary AFB1 with severe liver injury which is in consistent with earlier
studies (Poapolathep et al., 2015). Noticeably, curcumin administration
inhibited the formation of AFB1-DNA adduct significantly (p < 0.05).
Pretreated with curcumin, cytochrome P450 had reduced ability to
catalyze AFB1-DNA adduct formation due to the inhibition of reductase
activity (Firozi et al., 1996). It has been reported that curcumin can
reduce adducts formation due to its affinity ability to cytochromes
(Firozi et al., 1996; Yarru, 2008). Therefore, curcumin may reduce
carcinogenesis through inhibition of CYP450 enzymes activity and
function (Yarru, 2008). Several studies also demonstrated that inhibi-
tion of AFB1 toxicity mediated by curcumin was associated with a re-
duction of the formation of AFB1-DNA by modulating CYP450 function
(Nayak and Sashidhar, 2010; Zhang et al., 2016).

There is also evidence that GST are constitutively expressed in the
liver with high AFBO-conjugating activity and reduce AFB1-DNA ad-
duct in the liver to prevent from hepatocarcinogenesis (Dohnal et al.,
2014; Fiala et al., 2011). In our previous research, AFB1 significantly
(p < 0.05) decreased GST enzymes at mRNA and protein level, the
activity has also been markedly decreased by AFB1, while curcumin
showed preventive effects on GST mRNA, protein level and enzymes
activity (Wang et al., 2018b). Importantly, AFBO-GSH conjugation was
detected in the cytosol pre-treated with curcumin, showing that cur-
cumin increased AFBO-GSH conjugation (Wang et al., 2018b). Previous
research demonstrated that not only inhibition of phase-I enzymes-
mediated bioactivation of AFB1 to AFBO but also AFBO conjugation
with phase-II enzymes such as conjugation with GST enzymes is one of
the main pathways of detoxification (Wang et al., 2018b).

Similarly, AFB1-lysine adduct can also be lowered by curcumin in-
tervention significantly (p < 0.05). AFB1-lysine adduct not only has
protein toxicity but is also a biomarker of AFB1 exposure. AFB1-lysine
adduct is more suitable than AFB1-DNA adduct because of its long life
in blood and used more widely in estimation of AFB1 exposure. This is
the first integrated report for biomarkers of AFB1 and liver protection
of curcumin in AA broilers. Combined with previous studies, it may
provide a strong evidence of hepato-protective and anti-cancer effects
of curcumin against AFB1 through reducing oxidative stress and AFB1
adducts (Muhammad et al., 2017; Nayak and Sashidhar, 2010).

Fig. 6. The content of AFB1-lysine adducts in 28 days AA broilers serum ex-
posed to AFB1. Values are expressed as mean ± SD (n= 16) and means with
different superscript letter shows statistical significance (p < 0.05).

Fig. 7. Relative expression of genes and protein involved in oxidative stress pathway in liver of AA broilers exposed to AFB1 at 28 days. (A) Represents the mRNA
expression level of Nrf2 and HO-1 in liver. (B) Western blot analysis of total protein of Nrf2 and HO-1 in liver. β-actin served as a loading control. Values are
expressed as mean ± SD (n= 16) and means with different superscript letter shows statistical significance (p < 0.05).
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5. Conclusion

Curcumin supplementation successfully ameliorates AFB1-induced
liver injury and oxidative stress by upregulation of Nrf2/HO-1 signaling
pathway and suppression of ROS and AFB1-adducts production. The
current study for the first time reported the AFB1-DNA adduct using
IHC in liver and AFB1-lysine adduct using ELISA in serum and the
preventive effects of curcumin in broiler. This research provided a
powerful evidence that AFB1 adducts contributes to liver damage as
biomarker and curcumin can be supplemented into feed as a prophy-
lactic measure to prevent broilers liver from AFB1 toxicity.
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