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ABSTRACT This study was conducted to investigate
the effects of lycopene (LYC) on mitochondrial oxida-
tive injury and dysfunction in the liver of aflatoxin B1
(AFB1)-exposed broilers. A total of 192 healthy 1-day-
old male broilers were randomly divided into 3 groups
with 8 replicates of 8 birds each. Birds in the 3 groups
were fed basal diet (control), basal diet with 100 mg/kg
AFB1, and basal diet with 100 mg/kg AFB1 and
200 mg/kg LYC, respectively. The experiment lasted 42
d. The results showed that AFB1 decreased average
daily body weight gain (ADG), average daily feed
intake, and gain to feed ratio (G :F) compared to the
control group, the LYC supplementation increased
ADG and G/F compared to AFB1 group (P < 0.05).
Broilers in the AFB1 group had lower mitochondrial glu-
tathione (mGSH) concentration and glutathione perox-
idase (GSH-Px), manganese superoxide dismutase
(MnSOD), and thioredoxin reductase activities, and
higher hydrogen peroxide (H2O2) and reactive oxygen
species (ROS) concentrations than the control group (P
< 0.05). The LYC increased mGSH concentration and
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GSH-Px and MnSOD activities, and decreased H2O2

and ROS concentrations compared to AFB1 group (P
< 0.05). Broilers fed the AFB1 diet showed increased
mitochondrial swelling and decreased adenosine tri-
phosphate concentration than the control group, and
LYC had opposite effects (P < 0.05). The AFB1
decreased the activities of mitochondrial electron
transfer chain (ETC) complexes I, II, III, and V,
downregulated the mRNA expression levels of hepatic
MnSOD, thioredoxin 2, thioredoxin reductase, perox-
iredoxin-3, peroxisome proliferator-activated receptor
g coactivator 1a, nuclear respiratory factor 1, and
mitochondrial transcription factor A compared with
the control group (P < 0.05), and LYC increased
activities of mitochondrial ETC complexes III and V,
and upregulated mRNA expression levels of these
genes in comparison to AFB1 group (P < 0.05). In
conclusion, the LYC protected broilers from AFB1-
induced liver mitochondrial oxidative injury and dys-
function by stimulating mitochondrial antioxidant
capacity and maintaining mitochondrial biogenesis.
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INTRODUCTION

Mycotoxins are feed-derived risk factors that are det-
rimental to human and animal health. Among these,
aflatoxin B1 (AFB1) has been identified by the World
Health Organization as a group I carcinogen. Oxidative
stress is one of the toxic effects of AFB1. The AFB1
metabolism is accompanied by the overproduction of
reactive oxygen species (ROS), leading to oxidative
stress (Marin and Taranu, 2012). Mitochondria are the
major sites of intracellular ROS production. Overpro-
duction of ROS disturbs ROS homeostasis and causes
oxidative stress, and the mitochondria are the first to be
threatened (Vakifahmetoglu-Norberg et al., 2017). Fur-
thermore, the AFB1-induced mitochondrial injury is the
potential mechanism underlying its toxic effects
(Yilmaz et al., 2017). Thus, the toxicity of AFB1 can be
alleviated by improving mitochondrial function.
Lycopene (LYC) is a natural food-derived pigment

belonging to carotenoids used in food processing, and is
mainly enriched in fruits and vegetables with a red color,
such as tomatoes, watermelon, and papaya (Liang et al.,
2019). The LYC has been identified as a class A nutrient
by the World Health Organization. The LYC can be
used as a dietary botanical bioactive substance with
various bioactivities, including antioxidant capacity,
and has therapeutic potential against diseases
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Table 1. Composition and nutrient level of basal diet (as fed
basis).

Items 1−21 d 22−42 d

Ingredients (%)
Corn 57.10 61.00
Soybean meal 31.00 28.00
Corn gluten meal 4.00 2.40
Soybean oil 3.00 4.00
Dicalcium phosphate 2.00 1.60
Limestone 1.20 1.30
L-lysine 0.20 0.25
DL-methionine 0.20 0.15
Premix1 1.00 1.00
Sodium chloride 0.30 0.30
Total 100.00 100.00

Calculated nutrient levels (%)
Apparent metabolizable energy (Kcal/kg) 3,011.40 3,095.30
Crude protein 21.36 19.44
Calcium 1.00 0.93
Available phosphorus 0.46 0.39
Lysine 1.09 1.05
Methionine 0.56 0.47
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(Grabowska et al., 2019; Liang et al., 2019). The LYC or
LYC-rich materials have been reported to exhibit mito-
chondrial protective effects against toxicity damage
caused by hydrogen peroxide (H2O2) (Reshmitha et al.,
2017), D-galactosamine/lipopolysaccharide (D-GalN/
LPS) (Sheriff et al., 2017), and 1-methyl-4-phenylpyridi-
nium ion (Yi et al., 2013). However, the effects of LYC
on mitochondrial redox status and function in AFB1-
exposed broilers have not been elucidated.

We speculated that LYC could alleviate hepatic mito-
chondrial oxidative injury and dysfunction in AFB1-
exposed broilers. Therefore, the present study was con-
ducted to evaluate the effects of LYC on mitochondrial
antioxidant capacity, mitochondrial swelling, activities
of mitochondrial electron transfer chain (ETC) com-
plexes, hepatic adenosine triphosphate (ATP) concen-
tration, and expression levels of related genes in the liver
of AFB1-exposed broilers.
Arginine 1.27 1.16
Methionine + cystine 0.91 0.80
1The premix provided per kilogram of diet: vitamin A (retinyl acetate),

12,000 IU; vitamin D3 (cholecalciferol), 2,500 IU; vitamin E (DL-a-toco-
pheryl acetate), 20 IU; menadione, 1.3 mg; thiamin, 2.2 mg; riboflavin, 8.0
mg; nicotinamide, 40 mg; choline chloride, 400 mg; calcium pantothenate,
10 mg; pyridoxine HCl, 4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin
B12 (cobalamin), 0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from
copper sulphate), 8.0 mg; Mn (from manganese sulphate), 110 mg; Zn
(from zinc sulfate), 60 mg; I (from calcium iodate), 1.1 mg; Se (from
sodium selenite), 0.3 mg.
MATERIALS AND METHODS

Experimental Design and Management

The experiment was approved by the Ethics Commit-
tee and performed in accordance with the Institutional
Animal Care and Use Committee of Yangzhou University
(Permit number: SYXK (Su) 2016−0020), Yangzhou,
China. A total of 192 healthy 1-day-old male Arbor Acres
broiler chicks were obtained from a commercial hatchery
(Nantong, Jiangsu Province, P. R. China) for the 42-d
experiment. All birds were randomly divided into 3
groups with 8 replicates, and each replicate contained 8
birds. The birds in the 3 groups were fed basal diet (con-
trol, AFB1 <5 mg/kg), basal diet with 100 mg/kg AFB1
(AFB1), and basal diet with 100 mg/kg AFB1 and
200 mg/kg LYC (AFB1 + LYC), respectively. The
basal diets were formulated to meet the nutrient require-
ments of Arbor Acres broilers (Table 1). LYC (purity
≥80%) and AFB1 (purity ≥98%) were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China). All birds were kept in an environmentally con-
trolled room at 32 to 34°C for the first 3 d, with the tem-
perature gradually decreased by 2 to 3°C per week until it
reached 22 § 1°C with a 23 h light/1 h dark cycle. All
birds were provided with feed and water ad libitum.
Growth Performance

Body weight and feed intake were recorded for each
replicate, and average daily body weight gain (ADG),
average daily feed intake (ADFI), and gain to feed ratio
(G : F) were calculated.
Sample Collection and Preparation

At the end of the experiment, after 12 h of starvation,
one broiler with an average body weight from each repli-
cate was slaughtered for sample collection. Liver samples
of each broiler were collected and divided into two parts,
one of which was snap-frozen in liquid nitrogen and
stored at �70°C, and the other was used to isolate mito-
chondria using a Tissue Mitochondria Isolation Kit
(Beyotime Biotechnology, Shanghai, China). The bicin-
choninic acid method was used to quantify the protein
concentration using a BCA Protein Assay Kit (Beyo-
time Biotechnology).
Hepatic ROS Concentration

The hepatic mitochondrial ROS concentration was
determined with a 2,7-dichlorofluorescein-diacetate fluo-
rescence probe using a commercial kit purchased from
Beyotime Biotechnology. The result of the control group
was set at 100%, and the results of the other groups
were expressed as a percentage of the control group.
Mitochondrial Redox Status

The concentrations of mitochondrial glutathione
(mGSH) and H2O2, the activities of manganese super-
oxide dismutase (MnSOD), glutathione peroxidase
(GSH-Px), thioredoxin reductase (TrxR), and thiore-
doxin peroxidase (TPX) were determined using com-
mercial kits purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The results
were expressed as nanogram per gram of protein (ng/g
protein) for mGSH; milligram per gram of protein (mg/
g protein) for H2O2; units per gram of protein (U/g pro-
tein) for GSH-Px, TrxR, and TPX, and units per milli-
gram of protein (U/mg protein) for MnSOD.
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Determination of Mitochondrial Swelling

The opening of the mitochondrial permeability
transition pore causes mitochondrial swelling, which
can be evaluated using the percentage of absorbance
decrease at 540 nm. Mitochondrial swelling was
determined according to the mitochondrial swelling
assay method by Shi et al. (2015), and the absor-
bance value of the mitochondrial suspension at
540 nm was immediately and continuously recorded
at 5 min and 10 min to determine the swelling. The
results were expressed as the percentage of the absor-
bance decrease at different times compared to the ini-
tial absorbance value.
Activities of Mitochondrial ETC Complexes

The activities of the mitochondrial ETC complexes I,
II, III, IV, and V were measured using the colorimetric
method with commercial kits from Suzhou Comin Bio-
technology Co. Ltd (Suzhou, China), and operated
according to the manufacturer’s instructions. The
results were expressed as nanomole per minute per milli-
gram of protein (nmol/min/mgprot).
Hepatic ATP Concentration

Hepatic ATP concentration was determined using the
reverse-phase HPLC method as previously described by
Wan et al. (2018). The results were expressed as micro-
mole per gram of wet weight (mmol/g).
Real-Time PCR Analysis of Gene Expression

Total hepatic RNA isolation was performed using
the Trizol Reagent method. Agarose gel electrophore-
sis detection and a microspectrophotometer (Naro-
Drop 2000c, Thermo Scientific, Waltham, MA) were
used to measure the quality and quantity of RNA.
Table 2. Primer sequences of the target genes.

Genes Gene numbers Primer

b-actin NM_205518 F: TGATATTG
R: ATACCTCT

MnSOD NM_204211.1 F: CACTCTTC
R: CACCTGAG

Trx2 NM_001031410.1 F: GCCCGTGG
R: GGCACTGC

TrxR2 NM_001122691.2 F: CCTGCTGG
R: CCGTAGTG

Prx3 XM_426543.5 F: GATGTGAA
R: CGGGAGAT

PGC-1a NM_001006457.1 F: TCCTTCCC
R: TCCTGCAC

NRF1 NM_001030646.1 F: CCATCCAT
R: TTTGAAGA

TFAM NM_204100.1 F: GCTTCCTG
R: CAGCCAAC

Abbreviations: MnSOD, manganese superoxide dismutase; NRF1, nuclear r
tor-activated receptor g coactivator 1a; TFAM, mitochondrial transcription fac
Then, a Prime Script RT Master Mix kit (TaKaRa
Biotechnology Co. Ltd., Dalian, China) was used to
reverse-transcribe total RNA into cDNA following
the manufacturer’s instructions. Real-time PCR anal-
ysis was performed using a 7500 Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA) with a
TB Green Premix Ex Taq II kit (TaKaRa Biotechnol-
ogy) following the manufacturer’s instructions. The
reaction conditions were: 95°C for 30 s, followed by
40 cycles of 95°C for 5 s and 60°C for 30 s, then 95°C
for 15 s, 60°C for 1 min, 95°C for 15 s. The primer
sequences (listed in Table 2) were designed by Primer
Premier 5.0, and synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China). The relative mRNA expres-
sion levels of target genes were calculated using the
2�DDCt method after normalization to the reference
gene b-actin.
Statistical Analysis

Data analysis was performed using SPSS 22.0 statisti-
cal software (SPSS Inc, Chicago, IL). Data were ana-
lyzed with one-way analysis of variance followed by the
least significant difference test as the post-hoc test, and
P < 0.05 was considered statistically significant. The
results are presented as means § SEM.
RESULTS

Growth Performance

The effects of dietary LYC supplementation on the
growth performance of AFB1-exposed broilers are pre-
sented in Figure 1. Broilers in the AFB1 and
AFB1 + LYC group had lower ADG than the control
group, and Broilers in the AFB1 group had lower ADFI
and G : F than the control group. Whereas the dietary
LYC supplementation group had higher ADG and G : F
than the AFB1 group (P < 0.05).
sequences (50-30) Product lengths (bp)

CTGCGCTCGTTG 183
TTTGCTCTGGGCTT
CTGACCTGCCTTAC 169
CTGTAACATCACCTT
TGGTGGATT 165
TGACACCTCGTA
TCATTGGTGG 219
CTGGGCATCTT
CTGCGAGGTGGT 140
TTGTTTCGTGAG
GCTGACCAAA 212
TGCCTCCACA
CCGTAAGAGGC 135
CAGGGTTGGGTTT
AGGGACAACCA 171
TGCTCTTCGTATT

espiratory factor 1; Prx3, peroxiredoxin-3; PGC-1a, peroxisome prolifera-
tor A; Trx2, thioredoxin 2; TrxR2, thioredoxin reductase 2.



Figure 1. Effects of dietary lycopene (LYC) supplementation on growth performance of aflatoxin B1 (AFB1)-exposed broilers. Data are
expressed as mean § SEM from eight replicates. Abbreviations: ADFI, average daily feed intake; ADG, average daily body weight gain; G : F, gain
to feed ratio. Control, broilers were fed basal diet; AFB1, broilers were fed basal diet with 100 mg/kg AFB1; AFB1 + LYC, broilers were fed basal
diet with 100 mg/kg AFB1 and 200 mg/kg LYC. Significant difference is indicated by * (P < 0.05) when compared with control group, and # (P <
0.05) when compared with AFB1 group.
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Hepatic ROS Concentration

As shown in Figure 2, compared to the control group,
AFB1 exposure increased hepatic ROS concentration,
and LYC treatment decreased hepatic ROS concentra-
tion in AFB1-exposed broilers (P < 0.05).
Mitochondrial Redox Status

Broilers in the AFB1 group had lower mGSH concen-
tration and GSH-Px, MnSOD, and TrxR activities, and
higher H2O2 concentration than the control group (P <
0.05, Figure 3). The AFB1-exposed broilers receiving
LYC showed higher mGSH concentrations and GSH-Px
and MnSOD activities, and lower H2O2 concentrations
than the broilers in the AFB1 group (P < 0.05).
Mitochondrial Swelling

In the present study, broilers fed diets supplemented
with AFB1 or AFB1 and LYC showed increased mito-
chondrial swelling, evidenced by the higher percentage
of absorbance decrease at 5 min and 10 min than the
control group (P < 0.05, Figure 4). However, broilers in
the AFB1 + LYC group had a lower percentage of absor-
bance decrease at 5 min and 10 min than the AFB1
group (P < 0.05).
Figure 2. Effects of dietary lycopene (LYC) supplementation on
hepatic reactive oxygen species (ROS) concentration of aflatoxin B1

(AFB1)-exposed broilers. Data are expressed as mean § SEM from
eight broilers. Control, broilers were fed basal diet; AFB1, broilers were
fed basal diet with 100 mg/kg AFB1; AFB1+LYC, broilers were fed
basal diet with 100 mg/kg AFB1 and 200 mg/kg LYC. Significant dif-
ference is indicated by * (P < 0.05) when compared with control group,
and # (P < 0.05) when compared with AFB1 group.
Activities of Mitochondrial ETC Complexes

The mitochondrial activities of ETC complexes I, II,
III, and V in AFB1 group and the activity of ETC com-
plex III in AFB1 + LYC group were decreased compared
with the control group (P < 0.05, Figure 5). The LYC
treatment increased activities of mitochondrial ETC
complexes III and V in comparison with the nontreated
AFB1-exposed broilers (P < 0.05).
Hepatic ATP Concentration

As shown in Figure 6, broilers fed the AFB1 diet and
AFB1 + LYC diet had lower hepatic ATP concentra-
tions than those fed the basal diet (P < 0.05). In con-
trast, broilers in the AFB1 + LYC group had higher
hepatic ATP concentrations than the AFB1 group (P <
0.05).
Gene Expression

The effects of LYC treatment and AFB1 exposure on
the mRNA expression of hepatic genes relating to mito-
chondrial antioxidant capacity and biogenesis are shown
in Figure 7. The mRNA expression levels of hepatic
MnSOD, thioredoxin 2 (Trx2), thioredoxin reductase
(TrxR2), peroxiredoxin-3 (Prx3), peroxisome prolifer-
ator-activated receptor g coactivator 1a (PGC-1a),
nuclear respiratory factor 1 (NRF1), and mitochondrial
transcription factor A (TFAM) were downregulated in
the AFB1-exposed broilers compared to the control
group (P < 0.05). The mRNA expression levels of
hepatic MnSOD, TrxR2, PGC-1a, and TFAM in
AFB1 + LYC group were lower than the control group
(P < 0.05). Compared to the AFB1 group, broilers in the
AFB1+LYC group showed upregulated mRNA expres-
sion levels of the above-mentioned genes (P < 0.05).
DISCUSSION

The detrimental effects of AFB1 on the growth perfor-
mance of poultry have been recognized previously.
Growth depression in broilers exposed to AFB1 was
found in the present study. However, dietary LYC sup-
plementation alleviated the adverse effects of AFB1 on
the growth of broilers. Previous studies have shown that



Figure 3. Effects of dietary lycopene (LYC) supplementation on mitochondrial glutathione (mGSH, A) concentration, the activities of glutathi-
one peroxidase (GSH-Px, B), manganese superoxide dismutase (MnSOD, C), thioredoxin reductase (TrxR, D), thioredoxin peroxidase (TPX, E),
and hydrogen peroxide concentration (H2O2, B) in hepatic mitochondria of aflatoxin B1 (AFB1)-exposed broilers. Data are expressed as mean §
SEM from eight broilers. Control, broilers were fed basal diet; AFB1, broilers were fed basal diet with 100 mg/kg AFB1; AFB1 + LYC, broilers were
fed basal diet with 100 mg/kg AFB1 and 200 mg/kg LYC. Significant difference is indicated by * (P < 0.05) when compared with control group, and
# (P < 0.05) when compared with AFB1 group.
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dietary 5% LYC-enriched dried tomato pomace
increased the body weight and G/F of broilers from 1 to
28 d of age (Hosseini-Vashan et al., 2016), broilers fed a
diet supplemented with 100 mg/kg LYC increased the
final live weight at 35 d of age (�Sev�cíkov�a et al., 2008),
and LYC supplementation improved the growth perfor-
mance of broilers under heat stress (Sahin et al., 2016).
These observations indicate that LYC or LYC-enriched
materials might have beneficial effects on poultry
growth.

Mitochondria are identified as the key organelles in
cellular redox signaling. The mGSH plays a pivotal role
in the antioxidant defense system, and the depletion of
mGSH makes cells sensitive to stimuli and induces oxi-
dative stress (Marí et al., 2013). As a member of the
GSH system, GSH-Px plays an important role in elimi-
nating peroxides from the mitochondria (Rhee et al.,
2005).The AFB1 exposure has been reported to deplete
GSH and decrease the enzyme activity of GSH-Px in the
kidney and heart tissues of rats (Yilmaz et al., 2018).
Mitochondrial damage increases the production of
superoxide anion free radicals, which are metabolized in
the mitochondria by MnSOD and produce H2O2 (Marí
et al., 2013). In the present study, the increased ROS
and H2O2 level, decreased mGSH concentration and
reduced activities of GSH-Px and MnSOD in the hepatic



Figure 4. Effects of dietary lycopene (LYC) supplementation on
hepatic mitochondrial swelling (expressed as percentage of absorbance
decrease) of aflatoxin B1 (AFB1)-exposed broilers. Data are expressed
as mean § SEM from eight broilers. Control, broilers were fed basal
diet; AFB1, broilers were fed basal diet with 100 mg/kg AFB1;
AFB1 + LYC, broilers were fed basal diet with 100 mg/kg AFB1 and
200 mg/kg LYC. Significant difference is indicated by * (P < 0.05)
when compared with control group, and # (P < 0.05) when compared
with AFB1 group.
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mitochondria of AFB1-exposed broilers indicated that
the mitochondrial redox balance was disrupted and oxi-
dative stress occurred. In addition, the mGSH and
Trx2/Prx3 systems protect mitochondria from oxidative
stress (Zhang et al., 2007). Trx2 plays a crucial role in
protecting mitochondria from oxidative stress, and
decreased mitochondrial Trx2 levels in mice livers
showed increased oxidative damage (P�erez et al., 2008).
Mitochondrial TrxR2 can decrease oxidized Trx2, and
Prx3 is a mitochondrial peroxiredoxin (Prx) isoform
that can reduce H2O2 and lipid hydroperoxides
using thioredoxin (Trx) as a hydrogen donor
(Patenaude et al., 2004). The decreased hepatic mRNA
expression levels of Trx2, TrxR2, and Prx3 in AFB1-
exposed broilers observed in the present study indicated
that the mitochondrial Trx2/Prx3 antioxidant system
Figure 5. Effects of dietary lycopene (LYC) supplementation on activit
aflatoxin B1 (AFB1)-exposed broilers. Data are expressed as mean § SEM
were fed basal diet with 100 mg/kg AFB1; AFB1 + LYC, broilers were fed b
ence is indicated by * (P < 0.05) when compared with control group, and # (
was destroyed. Similarly, overproduction of mitochon-
drial ROS and decreased mRNA expression levels of
antioxidant genes were observed in AFB1-exposed pri-
mary broiler hepatocytes (Liu and Wang, 2016). Thus,
the AFB1 induced mitochondrial oxidative injury by
affecting mitochondrial ROS homeostasis and damaging
the antioxidant defense system.
Mitochondria are organelles that generate oxidative

phosphorylation, transfer electrons, and synthesize ATP
to provide energy. Mitochondria are sensitive to oxida-
tive stress, leading to damaged membrane structures
(Zorov et al., 2014). Pessayre et al. (2012) reported that
mitochondrial membrane is disrupted and mitochondrial
oxidative phosphorylation process is uncoupled in drug-
induced liver damage. The AFB1 is a hepatotoxic sub-
stance, and hepatic mitochondria might be inevitably
damaged. In ducklings that received AFB1, hepatic
mitochondrial swelling and the increase of mitochondrial
permeability transition pores were observed (Shi et al.,
2015). Furthermore, excessive ROS production
decreased the activities of mitochondrial ETC complexes
(Simmons et al., 2005), and reduced Trx2 level led to
decreased activities of mitochondrial ETC complexes
and ATP production (P�erez et al., 2008). The PGC-1a
is the most critical regulator of mitochondrial biogenesis,
and the inhibition of PGC-1a expression can directly
cause mitochondrial dysfunction (Cui et al., 2006). In
contrast, the overexpression of PGC-1a can facilitate
mitochondrial biogenesis and improve mitochondrial
ETC activities, and activate energy metabolic pathways
to increase ATP production (Finck and Kelly, 2006;
Srivastava et al., 2009). The NRF1 is a downstream tar-
get gene of PGC-1a and responsible for regulating the
expression of mitochondrial ETC genes (Hock and
Kralli, 2009). NRF1 can regulate TFAM, which is
mainly involved in mitochondrial DNA replication
and transcription (Hock and Kralli, 2009).
ies of hepatic mitochondrial electron transfer chain (ETC) complexes of
from eight broilers. Control, broilers were fed basal diet; AFB1, broilers
asal diet with 100 mg/kg AFB1 and 200 mg/kg LYC. Significant differ-
P < 0.05) when compared with AFB1 group.



Figure 6. Effects of dietary lycopene (LYC) supplementation on
hepatic adenosine triphosphate (ATP) concentration of aflatoxin B1

(AFB1)-exposed broilers. Data are expressed as mean § SEM from
eight broilers. Control, broilers were fed basal diet; AFB1, broilers were
fed basal diet with 100 mg/kg AFB1; AFB1 + LYC, broilers were fed
basal diet with 100 mg/kg AFB1 and 200 mg/kg LYC. Significant dif-
ference is indicated by * (P < 0.05) when compared with control group,
and # (P < 0.05) when compared with AFB1 group.
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Huang et al. (2020) reported that AFB1 decreased ATP
levels, reduced the activities of mitochondrial ETC I-IV,
and downregulated mRNA expression of mitochondrial
biogenesis genes, including PGC-1a, NRF1, and TFAM
in mice testes. Similarly, increased mitochondrial swell-
ing, reduced ATP concentration, and decreased activi-
ties of ETC mitochondrial complexes I, II, III, and V
were observed in the present study. Furthermore, die-
tary AFB1 downregulated the mRNA expression levels
of PGC-1a, NRF1, and TFAM in the liver of broilers,
indicating that hepatic mitochondrial dysfunction was
involved in AFB1-induced liver damage.

A previous study showed that the dietary inclusion of
resveratrol enhanced antioxidant status and protected
against AFB1-induced liver toxicity in broilers
(Sridhar et al., 2015). Dietary selenium supplementation
enhanced the hepatic antioxidant capacity and
improved mitochondrial function by increasing the
activities of mitochondrial antioxidant enzymes and
Figure 7. Effects of dietary lycopene (LYC) supplementation on rela
exposed broilers. Data are expressed as mean § SEM from eight broilers. Sig
trol group, and # (P < 0.05) when compared with AFB1 group. Abbreviati
tory factor 1; Prx3, peroxiredoxin-3; PGC-1a, peroxisome proliferator-act
factor A; Trx2, thioredoxin 2; TrxR2, thioredoxin reductase 2. Control, broi
kg AFB1; AFB1 + LYC, broilers were fed basal diet with 100 mg/kg AFB1 an
ETC complexes I−IV, and improving mitochondrial
structure in AFB1-exposed ducklings (Shi et al. 2012,
2015). Curcumin could protect ducks from ochratoxin
A-induced impairment of mitochondrial integrity
(Ruan et al., 2019). These studies demonstrate that the
dietary modulation of antioxidant capacity and mito-
chondrial function were proposed as potential solutions
to overcome mycotoxicosis.
In the present study, we evaluated the effects of LYC

on hepatic mitochondrial antioxidant capacity and func-
tion in broilers exposed to AFB1. The LYC has high
antioxidant property, which protects cells against oxida-
tive damage under various oxidative stress conditions by
scavenging free radicals (Grabowska et al., 2019). The
LYC effectively alleviated H2O2 induced L6 myoblasts
oxidative damage, and decreased mitochondrial mem-
brane potential and DNA damage (Reshmitha et al.,
2017). Toxic substances such as 3-nitropropionic acid,
trimethyltin, and 1-methyl-4-phenylpyridine ions could
induce neurotoxicity, including cell apoptosis, ROS accu-
mulation, ATP level decrease, mitochondrial membrane
permeability increase, mitochondrial membrane poten-
tial decrease, and mitochondrial DNA copy number and
RNA transcription level decrease, whereas LYC could
play a role in decreasing these toxic effects
(Sandhir et al., 2010; Qu et al., 2011; Yi et al., 2013). In
the fulminant liver failure model of rats induced by D-
GalN/LPS, hepatic mitochondrial oxidative stress
occurred, tricarboxylic acid cycle function was damaged,
the ETC enzyme activity and ATP levels were
decreased, whereas LYC pretreatment significantly
inhibited the toxic effects of D-GalN/LPS on hepatic
mitochondria (Sheriff et al., 2017). Qu et al. (2016)
found that LYC decreased intracellular ROS and mito-
chondria-derived superoxide generation, ameliorated
mitochondrial morphological alteration, increased activi-
ties of ETC complexes I−IV and ATP levels, prevented
mitochondrial DNA damage, and improved the protein
level of TFAM in b-amyloid treated neurons. The study
tive mRNA expression levels of genes in liver of aflatoxin B1 (AFB1)
nificant difference is indicated by * (P < 0.05) when compared with con-
ons: MnSOD, manganese superoxide dismutase; NRF1, nuclear respira-
ivated receptor g coactivator 1a; TFAM, mitochondrial transcription
lers were fed basal diet; AFB1, broilers were fed basal diet with 100 mg/
d 200 mg/kg LYC.
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of Reddy et al. (2006) revealed that LYC inhibited the
mitochondrial activity decrease in AFB1-challenged
human hepatocytes. Therefore, the protective effect of
LYC is related to the alleviation of mitochondrial oxida-
tive stress, and improving mitochondrial function and
biogenesis, which is an important pathway for decreas-
ing the adverse effects of toxic substances, including
AFB1. In the present study, dietary LYC decreased
ROS and H2O2 concentrations, increased mGSH concen-
tration, enhanced the activities of GSH-Px and MnSOD,
and increased the mRNA expression levels of MnSOD,
Trx2, TrxR2, and Prx3 in AFB1-exposed broilers. These
findings indicated that LYC improved the mitochondrial
redox balance, relying on its ability of scavenging free
radicals and stimulating the mitochondrial antioxidant
components, including the GSH system, Trx2/Prx3 sys-
tem, and antioxidant enzymes such as MnSOD. Further-
more, dietary LYC alleviated mitochondrial swelling,
increased ATP levels and the activities of mitochondrial
ETC complexes, and upregulated the mRNA expression
levels of PGC-1a, NRF1, and TFAM in AFB1 chal-
lenged broilers. Thus, the LYC might alleviate mito-
chondrial dysfunction by improving mitochondrial
biogenesis.

In summary, dietary LYC protected broilers from AFB1-
induced liver mitochondrial oxidative injury and dysfunc-
tion, which might be related to its ability to scavenge free
radicals, stimulate mitochondrial antioxidant capacity, and
maintain mitochondrial biogenesis. The results of the pres-
ent study expand our understanding that LYC or LYC-
enriched materials could be used as promising dietary mod-
ulators for AFB1-induced injury in poultry.
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