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A B S T R A C T

In order to explore the mechanism of liver injury induced by florfenicol (FFC) in broilers, one hundred and
twenty broilers were randomly divided into six groups, twenty broilers in each group. Except for control group,
the other five groups were given different doses of FFC (0.15 g/L, 0.3 g/L, 0.6 g/L, 1.2 g/L and 1.8 g/L) in
drinking water. After five days of continuous use, blood was collected from the subpterional vein and the
chickens' liver were obtained. Chicken weight gain and liver indices were calculated; blood routine analysis was
performed; the oxidative stress and apoptosis of hepatocytes was detected. The results showed that compared
with the control group, except for 0.15 g/L FFC, the other doses of FFC significantly decreased the weight gain,
white blood cell (WBC) and platelet (PLT) contents in blood, 0.3 g/mL FFC and 1.8 g/L FFC significantly reduced
the content of hemoglobin (RGB) (P < 0.05); all doses of FFC significant decreased red blood cell (RBC)
increased Alanine aminotransferase (ALT) and Aspartate aminotransferase (AST) contents in serum of chickens
(P < 0.05), and significantly decreased the contents of albumin (ALB) and total protein (TP) in serum
(P < 0.05), but had no significant effect on alkaline phosphatase (ALP) contents(P > 0.05). FFC significantly
increased malondialdehyde (MDA) content in serum and liver tissues, but decreased glutathione (GSH),
Superoxide dismutase (SOD) and catalase (CAT) content (P < 0.05), and significantly inhibited the mRNA
transcription and protein expression of antioxidant proteins nuclear factor-erythroid 2-related factor 2 (Nrf2),
heme oxygenase-1 (HO-1) and NAD(P)H dehydrogenase quinone-1 (NQO-1)(P < 0.05). FFC also inhibited the
content and the transcription level of cytochrome P4501A1(CYP1A1) and CYP2H1 in liver (P < 0.05). At the
same time, FFC significantly promoted the apoptotic rate of hepatocytes and the mRNA transcription and protein
expression of caspase-3 and caspase-6 (P < 0.05). With the increase of FFC concentration, liver injury became
more and more serious, which affected liver function in chickens by inhibiting enzyme activity in Nrf2-ARE
pathway to increase oxidative stress and promoting apoptotic protein expression to accelerate hepatocyte
apoptosis.

1. Introduction

Florfenicol (FFC) is a broad-spectrum antimicrobial agent for ve-
terinary chloramphenicol developed successfully in the late 1980s
(Syriopoulou et al., 1981). Its mechanism is to interfere with the
synthesis of bacterial proteins (Sidhu et al., 2014). It has the char-
acteristics of rapid absorption, wide distribution in vivo, long half-life
and no aplastic anemia is widely used in animal breeding (Fraunfelder
et al., 1982). It is often used in treating infections caused by a variety of
pathogens, including Escherichia coli, Salmonella typhimurium, Staphy-
lococcus aureus, Streptococcus, Pasteurella multocida and Mycoplasma

pneumoniae (Shin et al., 2005; Wisselink et al., 2006). With the ex-
tensive use of FFC in livestock and poultry farming, the toxic and side
effects of FFC have attracted more and more attention. The drug re-
sistance of FFC has become more and more serious, such as the emer-
gence and increasing severity of multi-drug-resistant pathogenic bac-
teria such as Haemophilus influenzae, Xanthomonas aureus, which can
coexist with humans and animals (Li et al., 2015; Osman et al., 2019;
Verner-Jeffreys et al., 2017). Moreover, the damage of FFC to animal
tissues and organs has been reported continuously, including the da-
mage to hematopoietic and immune functions, such as inhibition of
macrophage phagocytosis (Bretzlaff et al., 1987), lymphocyte
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proliferation (Shuang et al., 2011), immune response (Khalifeh et al.,
2009) and hematopoietic suppression (Hassanin et al., 2014). In addi-
tion, the abuse of FFC can also cause hepatotoxicity and nephrotoxicity
(Shah et al., 2016). When the liver of animals is damaged, the detox-
ification ability of animals would decrease, resulting in the residue of
antibiotics in animal-derived food even exceeding the standard
(Bjornsson, 2017). Long-term consumption of florfenicol-rich meat,
eggs and milk, which will lead drug resistance and hepatotoxicity to
endanger human health and cause major public safety and health
problems (Donoghue, 2003; Paige et al., 1997); remains a major chal-
lenge confronting contemporary.

In the process of broiler feeding, 1-day-old broilers were often fed
with FFC in their feedstuff or drinking water to resist intestinal bacterial
infection and to enhance the immunity of chickens, thereby improving
the survival rate and growth rate of chickens (Pozniak et al., 2017). And
in this process, Overuse of FFC in chicken farming constantly exists, so
the toxicity effects of FFC on broilers are inevitable. It has been found
that FFC can cause moderate bone marrow cell dysplasia and toxicity
(Hassanin et al., 2014). And other research has reported that FFC can
promote the apoptosis of chicken hepatocytes in vitro (Li et al., 2018),
but the toxicity of FFC to broiler liver has not been reported. Therefore,
to determine whether the therapeutic dose of FFC has toxicity effect on
chicken liver, and further to guide the scientific use of FFC in broilers
production, we evaluated FFC-induced toxicity and side effects to
broliers hepatocytes. The blood and tissue samples obtained from
broilers treated or untreated with a therapeutic dose of FFC (0.15 g/L),
we determined the levels of ALT, AST, ALP, TP and Alb in serum, the
changes of oxidative indices in serum and liver tissue, the contents of
CYP1A1 and CYP2H1 in liver tissue, and the changes of Nrf2 pathway
protein and caspase protein in oxidative regulation pathway.

2. Materials and methods

2.1. Animal

A total of 120 chickens (Arbor Acres broilers) were purchased from
Hebei Dawu Agricultural Group Poultry Company Ltd (Baoding, China).

2.2. Drugs and reagents

FFC (purity≥95%) were purchased from Shenniu Biological
Technical Co. Ltd (Shandong, China). Alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) assay kits were purchased from
the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Commercial kits for detecting chicken cytochromeP450 1A1(CYP1A1)
and CYP2H1 were purchased from Shanghai hengyuan Biotech CO.,Ltd
(Shanghai china). Other chemicals used in these experiments of ana-
lytical grade were from commercial sources.

2.3. Experimental design

A total of 120 one-day-old chicks were housed in a clean well-
ventilated room and kept under good sanitation and hygienic man-
agement. Feed and water were available ad libitum. After an acclima-
tization period of one day, chicks (average body weight = 42.34g ±
1.3 g/chick) were randomly allotted into 6 groups (20 chicks per

group). FFC was given orally in drinking water at 0.0 g/L for group A
(control group), FFC at 0.15 g/L (Recommended dosage of Chinese
Veterinary Pharmacopoeia in chick) for group B, FFC at 0.3 g/L for
group C, FFC at 0.6 g/L for group D, FFC at 1.2 g/L for group E, FFC
at1.8 g/L for group F. The FFC treatment was from day 1 to day 5 of
age consecutively and chicks in all groups were fed with basal diet
(purchased from Hebei Dawu Agricultural Group Poultry Company
Ltd). At day 6 of age, chickens were sacrificed following euthanization
with sodium pentobarbital. Blood samples were collected from the vein
and the liver of the chickens was obtained. All the experimental

protocols were approved by the Animal Care and Use Committee of
Agricultural University of Hebei prior to the initiation of the study.

2.4. Amount of body weight gain and relative liver weight

Each group of chickens were recorded their initial body weight,
weighed each group again after feeding to 5-day-old chickens, and then
the differences were calculated between the weight of 1-day-old
chickens and 5-day-old chickens as the amount of weight gain of each
group. In each group, 10 chickens were randomly selected and exe-
cuted, and relative liver weight was expressed as a percentage of body
weight. Relative liver weight = liver weight (g)/body weight
(g) × 100% (Zhang et al., 2013).

2.5. Hematology analysis

The whole blood samples of chickens were taken into anticoagulant
tube, and then detected by Automatic Hematological analyzer BC-
5000vet (Mindray Medical International, Shenzhen, China). The
number of red blood cells (RBC), white blood cells (WBC), hemoglobin
(RGB) and platelet (PLT) in the blood of chickens in each group were
recorded.

2.6. Biochemical parameter measurement

At Day 6, the blood samples were collected from 10 birds of each
group. The blood samples were left to coagulate at room temperature.
The serum was separated by centrifugation of coagulated blood at
3000 rpm for 15 min. The clear serum was kept in a freezer (−20 °C)
until use to detect the serum total protein (Yatzidis, 1977), albumin
(Doumas et al., 1972), ALP (Sodium phenylene phosphate colorimetric
method), ALT and AST (Reitman and Frankel, 1957), superoxide dis-
mutase (SOD) (Nishikimi et al., 1972), glutathione(GSH), catalase
(CAT) (Goth, 1991), lipid peroxidation (MDA) (Buege and Aust, 1978).

2.7. ELISA analysis

The liver tissue of each group was made into 10% tissue homo-
genate, and the supernatant was taken after centrifugation. The con-
tents of CYP1A1 and CYP2H1 in the supernatant of liver homogenate
were measured by ELISA kit (Shanghai hengyuan Biotech CO.,Ltd.
Shanghai china).

2.8. Quantitative real-time PCR

RNA was extracted from liver by total RNA extraction kit (Promega,
Beijing, China), and the gene was retrieved. The transcription levels of
CYP1A1, CYP2H1, Nrf2, HO-1, NQO-1, Capase-3 and Caspase-6 in li-
vers were detected by real-time quantitative fluorescent PCR. The pri-
mers were designed and synthesized by Takara (Dalian, China), The
primer sequences are shown as follows, CYP1A1 Forward: A GGACGG
AGGCTGACAAGGT and Reverse: CAGGATGGTGGTGAGGAAGAG;
CYP2H1 Forward: ATCCCCATCATTGGAAATG and Reverse: TCGTAG

Table 1
Amounts of weight gain and Liver index of each group.

Groups weight gain(g) Liver index (%)

control 119.81 ± 16.49 4.641 ± 0.363
0.15 g/L FFC 68.31 ± 19.15* 4.088 ± 0.301
0.3 g/L FFC 47.70 ± 12.14** 4.773 ± 0.572
0.6 g/L FFC 40.69 ± 11.02** 4.849 ± 0.695
1.2 g/L FFC 19.96 ± 12.84** 5.572 ± 0.406**
1.8 g/L FFC 16.49 ± 8.91** 6.350 ± 1.195**

**P < 0.01, Compared with the control group; *P < 0.05, compared with the
control group.
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CCATAC.
AGCACCAC; Nrf2 Forward: CACCCAGCTCACCTGGTATAGTTC and

Reverse: TACTTCAGCCAGGTTGTCTGTGCT; HO-1 Forward: AACGCC
ACCAAGTTCAG.

TCTCC and Reverse: AGCTTCTGCAGCGCCTCAA; NQO-1 Forward:
GAACCC.

CGAGTGCTTTGTCT and Reverse: CCGCTTCAATCTTCTTCTGCTC;
caspase6.

Forward: TTAGGCAGCACTGCAATATACACCA and Reverse: GCAG
CAGTAGCA.

ACCTGAAACATC; caspase3 Forward: GGACTCTGGAATTCTGCCTG
ATG and Reverse: CCGTGCCTGAACGAGATGAC; β-actin Forward:
ATTGTCCACCGC AAATGCTTC and Reverse: AAATAAAGCCATGCCAA
TCTCGTC. The pre-denaturation treatment was 95 °C 120 s and 45
cycles were extended, including 95 °C 5 s and 64 °C 30 s. Then 72 °C
30 s. The internal reference gene is beta-actin, and the relative tran-
scriptional level of each gene is calculated by 2−ΔΔCt, ΔΔCt = (Ct
(target, test) -Ct (reference, test)) - (Ct (target, calibrator)- Ct (re-
ference, calibrator)).

2.9. Western blotting

The total protein extracted from the liver of chickens was extracted
by Cwbiotech (Beijing, China), and the protein concentration was
measured by bicinchoninic acid (BCA) method. The same amount of
protein extract was separated into 10% polyacrylamide gel (Life
Technologies, Carlsbad, CA, USA) and transferred to the nitrocellulose
membrane. After blocking the non-specific binding sites, the membrane
was incubated with antibodies against caspase-3, caspase-6 (abcam,
Cambridge, USA) and Nrf2, HO-1, NQO-1 (Bioss Antibodies, Beijing,
China) for 12 h in a low temperature shaker at 4 °C, nitroblue tetra-
zolium choride (NBT)/5-Bromo-4-Chloro-3-Indolyl Phosphate (BCIP)
kit was used for color rendering (Solarbio, Beijing, China).

2.10. TUNEL reaction

Pretreatment of paraffin-embedded tissue slices: the tissue slices
were placed in a dyeing vat and washed twice with xylene for 5 min
each time. Anhydrous alcohol (I) and (II) were used for 2 min, and then
down to 95%, 80%, 70% and 50% alcohol for 5 min respectively. Tissue
slices were placed in 0.01M sodium citrate buffer solution (pH6.0) and
heated to boiling in a microwave oven. The power was cut off at in-
tervals of 5–10 min and repeated 1–2 times. Then wash with distilled
water. Wash twice with PBS for 5 min each time. Use filter paper
carefully to absorb the excess liquid around the tissue on the slide.
Instantly add terminal deoxynucleotidyl transferase (TDT) enzyme
buffer on the slice and place it at room temperature for 1–5 min. Next,
carefully absorb the excess liquid around the slice, immediately drop
50 mL TDT enzyme reaction liquid on the slice, and react 1 h in a wet
box at 37 °C. (Note: Negative staining control, add the reaction liquid
without TDT enzyme). The slices were placed in the dyeing vat, and the
washing and termination buffer which had been preheated to 37 °C was
added. The slides were held at 37 °C for 30 min. The slides were gently
lifted and laid down every 10 min to make the liquid agitate slightly.

Tissue sections were washed with PBS three times, 5 min each time.
Two drops of peroxidase labeled antibodies were directly added to the
sections and reacted at room temperature for 30 min in a wet box. Wash
3 times with PBS, 5 min each time. Freshly prepared 50–100 μL DAB
solution (Boster Biological Technology co.ltd, Wuhan, China) was di-
rectly dripped onto tissue sections and colored at room temperature for
3–6 min. Wash 3 times with PBS, 5 min each time, 2 min with hema-
toxylin, and then rinse with tap water for a while. Xylene was dehy-
drated three times, 2 min each time. After sealing and drying, the ex-
perimental results were observed and recorded under optical
microscope.

2.11. Statistical analysis

Statistical analysis was performed by using SPSS 19.0 (IBM Corp.,
Armonk, NY, USA). All data were presented as mean ± standard de-
viation. One-way analysis of variance (ANOVA) followed by Tukey's
test was used for multiple comparisons, and P < 0.05 was considered
as significant compared with different groups.

3. Results

3.1. Effects of FFC on weight gain and relative liver weight in chickens

Compared with the control group, FFC at 0.15 g/L significantly
reduced the weight gain of chickens (P < 0.05), while the other doses
of FFC extremely significantly reduced the weight gain of chickens
(P < 0.01). At the same time, the relative liver weight of chickens
(P < 0.01) were significantly increased in groups of 1.2 g/L FFC and
1.8 g/L FFC compared with the control group (Table 1).

3.2. Effects of FFC on RBC, WBC, RGB and PLT in blood of chickens

As showed in Table 2, when compared with control group, FFC in
each dose group significantly reduced the count of WBC in blood
(P < 0.05 or P < 0.01); except 0.15 g/L FFC group and 1.2 g/L FFC
group. The content of RBC in blood of the other three FFC groups were
significantly decreased (P < 0.05 or P < 0.01); however, only 0.3 g/L
FFC and 1.8 g/L FFC significantly reduced the content of RGB
(P < 0.05); the contents of PLT in blood of groups of 0.3 g/L FFC,
0.6 g/L FFC, 1.2 g/L FFC and 1.8 g/L FFC were significantly lower than
the control group (P < 0.05 or P < 0.01);

3.3. Effects of FFC on biochemical parameters in chickens

Compared with the control group, FFC significantly increased the
levels of AST and ALT in serum of chickens (P < 0.05). However, there
was no significant difference (P > 0.05). in the levels of ALP in serum
of chickens between each group. The results showed that the total
protein content in the serum of chickens treated with FFC was sig-
nificantly lower than that in the control group (P < 0.05). At the same
time, FFC at 1.2 and 1.8 g/L significantly decreased the serum albumin
content in comparison with the control group (P < 0.05) (Fig. 1a).

As showed in Fig. 1b, compared with the control group, FFC

Table 2
Hematological analysis.

Groups WBC (109/L) RBC (1012/L) RGB (g/L) PLT (1012/L)

control 231.65 ± 6.70 1.99 ± 0.12 115.50 ± 7.19 90.20 ± 3.45
0.15 g/LFFC 215.78 ± 6.46* 1.96 ± 0.14 119.13 ± 7.38 87.70 ± 2.50
0.3 g/L FFC 219.51 ± 11.16* 1.75 ± 0.12* 112.00 ± 3.85* 84.40 ± 1.85*
0.6 g/L FFC 213.79 ± 11.24* 1.69 ± 0.34* 119.50 ± 10.32 79.50 ± 4.00*
1.2 g/L FFC 214.40 ± 6.49* 1.90 ± 0.12 118.75 ± 7.40 78.75 ± 5.40*
1.8 g/L FFC 196.95 ± 18.15** 1.51 ± 0.08** 99.75 ± 16.61* 69.50 ± 8.30**

**P < 0.01, Compared with the control group; *P < 0.05, compared with the control group.
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Fig. 1. Contents of ALT, AST, AKP, TP and Alb in chicks serum (a) and MDA, GSH, SOD and CAT levels in serum and liver tissue of chicks (b) in each
group.**P < 0.01, Compared with the control group; *P < 0.05, compared with the control group.
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significantly increased MDA content in serum and tissues of chickens
(P < 0.05), and FFC significantly decreased the contents of GSH, SOD
and CAT in serum of chickens (P < 0.05 or P < 0.01). At the same
time, the contents of GSH, SOD and CAT in liver tissues were de-
termined. Compared with the control group, only 1.8 g/L of FFC sig-
nificantly reduced the contents of GSH in liver, while the contents of
SOD in the 0.15 g/LFFC group were not different from those in the
control group (P > 0.05). While the other doses of FFC significantly
reduced the contents of SOD and CAT in liver (P < 0.05 or P < 0.01).

3.4. Effects of FFC on the contents of CYP1A1 and CYP2H1 and the
transcription level of the hepatic drug enzymes in chickens

All FFC groups significantly decreased the content of CYP1A1 in
chicken liver (P < 0.05) (Fig. 2a); compared with control group. At the
same time, except 0.15 g/L FFC group, the CYP2H1 contents of liver
tissue in other FFC groups were also significantly decreased (P < 0.05)
(Fig. 2a). mRNA transcriptional level of CYP1A1 and CYP2H1of chicken
liver in each FFC groups were significantly lower than that in the
control group (P < 0.01 or P < 0.05) (Fig. 2b).

3.5. Effects of FFC on transcriptional levels of Nrf2 pathway protein and
mRNA in chicken liver

As shown in Fig. 3a and b, compared with control group, 0.15 g/mL
FFC, 0.3 g/mL FFC and 0.6 g/mL FFC significantly reduced the tran-
scription of Nrf2 gene in liver (P < 0.05 or P < 0.01). Except group B,
the protein expression of Nrf2 in liver of other FFC groups were sig-
nificantly lower than that of control group (P < 0.05 or P < 0.01).
Compared with the control group, the levels of HO-1 mRNA

transcription and protein expression in chicken liver were significantly
decreased in all doses of FFC (P < 0.05). while there was no significant
difference in the levels of NQO-1 mRNA transcription but the protein
expression was significant different in chicken liver between 1.2 g/L
FFC group and control group. However, the protein expression and the
mRNA transcription levels of NQO-1 gene in other FFC group (0.15 g/L
FFC, 0.3 g/L FFC, 0.6 g/L FFC and 1.8 g/L FFC) were significantly
decreased when compared with control group (P < 0.05 or
P < 0.01).

3.6. Effects of FFC on Caspase-3, Caspase-6 protein and RNA transcription
in chicken liver tissues

Caspase is a family of cysteine proteases closely associated with
apoptosis. As shown in Fig. 4a and b, compared with the control group,
the levels of Caspase-3 gene transcription in chicken liver were sig-
nificantly increased in all FFC groups (P < 0.05), and except 0.15 g/L
group, the expression of caspase-3 protein in chicken liver was sig-
nificantly increased in other FFC groups (P < 0.05 or P < 0.01). All
dosages of FFC significantly increased the transcription and protein
expression levels of caspase-6 mRNA in the liver of chicks (P < 0.05 or
P < 0.01).

3.7. Effect of FFC on apoptosis of chicken liver tissue

As shown in Fig. 5, the number and distribution of apoptotic cells in
the liver of chickens in the control group were small and sparse, while
the number of apoptotic cells in the liver of chickens in each FFC
treatment group increased gradually, and the distribution area and
apoptotic cells were all significantly increased. The percentage of

Fig. 2. CYP1A1 and CYP2H1 levels (a)and mRNA transcriptional levels (b) in liver tissues of chicks in each group. **P < 0.01, Compared with the control group;
*P < 0.05, compared with the control group.
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apoptotic cells in the each FFC group was significantly higher than that
in the control group (P < 0.05 or P < 0.01).

4. Discussions

Chloramphenicol can permanently bind to the 50S subunit of ribo-
some to inhibit protein synthesis (Hanekamp and Bast, 2015), and its
metabolites and residues in vivo are long-term and difficult to eradi-
cate, leading to long-term liver and kidney toxicity. Therefore, these
antibiotics are only allowed to treat specific diseases (Picco et al.,
2001). However, as an alternative to chloramphenicol, FFC has similar
efficacy and less side effects in the treatment of animal diseases, which
makes it the preferred drug in veterinary medicine field (Skolimowski
et al., 1983). FFC is a fluorinated derivative of chloramphenicol with
similar properties, but its parent compound has no adverse and adverse
effects on animals (Pentecost et al., 2013). However, in recent years,
the toxic and side effects of FFC (including normal therapeutic dose)
have also been widely reported (Hu et al., 2016; Zhang et al., 2019).
Our study found that FFC significantly inhibited chicken weight gain
and increased liver index. In addition, FFC also reduced the number of
red blood cells, white blood cells and platelets in the blood of chickens,
indicating that FFC can also damage the hematopoietic function of
chickens. And the influence of FFC on the body weight, RBC, and PLT
were dose-dependent. This result is consistent with previous research

results (Hassanin et al., 2014).
Our study also found that FFC significantly increased the levels of

ALT and AST in chicken serum. ALT and AST are intracellular enzymes
of liver cells. The increase of serum levels means that the integrity of
liver cells was impaired (Ben Abdennebi et al., 2011). Our results
showed that FFC damaged the integrity of liver in chickens. At the same
time, as a site of serum protein synthesis, FFC significantly inhibited the
blood of chickens. The content of total protein and albumin in the
serum indicated that FFC inhibited the function of hepatic synthetic
protein.

Oxidative stress is caused by excessive reactive oxygen species
(ROS) and electrophiles produced by cells, and excessive ROS can in-
duce free radical chain reaction, destroy cell biological macromolecules
such as protein, lipid and DNA, and induce a series of habitual diseases
(Kohen and Nyska, 2002). In order to control ROS level and prevent
ROS accumulation, the body has formed a complex antioxidant defense
system, in which nuclear factor-erythroid 2-related factor 2 (Nrf2) is an
important redox-sensitive transcription factor (Khor et al., 2011), which
can improve the oxidative stress state, promote cell survival and
maintain the redox homeostasis of cells by inducing and regulating the
constitutive and inducible expression of phase Ⅱ detoxifying enzyme
and antioxidant enzyme in cells (Motohashi and Yamamoto, 2004; Surh
and Na, 2008). Our results showed that FFC induced the transcription of
Nrf2 in liver tissue and the expression of Nrf2 protein. In addition,

Fig. 3. Nrf2, HO-1 and NQO-1 mRNA transcriptional levels (a) and protein expression (b) in liver tissues of chicks in each group, **P < 0.01, Compared with the
control group; *P < 0.05, compared with the control group.
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NOQ-1 and HO-1, as downstream proteins of Nrf2-ARE pathway, play a
synergistic role in antioxidant activity in vivo. At the same time, it is
regulated by Nrf2 protein (Yang et al., 2012). Theoretically, the ex-
pression of NOQ-1 and HO-1 increases when oxidative stress occurs in
the body, thereby reducing oxidative stress (Gonzalez-Burgos, 2012).
Previous research have demonstrated FFC increased MDA contents and
caused cellular oxidative damage to the aquatic organisms (Zhang
et al., 2019). Our results also showed that FFC significantly inhibited
the transcription of NQO-1 and HO-1 genes and protein expression
compared with the control group. It is concluded that FFC can cause
oxidative stress in broiler liver by inhibiting the expression of anti-
oxidant proteins Nrf2, HO-1 and NQO-1, thereby inhibiting the ex-
pression of antioxidant factors GSH, SOD and CAT in liver, strength-
ening the content of ROS in liver tissue and causing oxidative stress and
injury in liver tissue.

Direct hepatocyte damage to the drug itself or to metabolites,
Antibiotics, aflatoxins and heavy metals are the most common causes of
liver injury in broiler chickens. Most of their metabolites have hepa-
totoxicity. There are two steps for the drug in the liver, For example,
phase I and phase II reactions. Phase I reaction: hydrolysis, oxidation
and reduction of drugs to produce metabolites. The main metabolic
enzymes are cytochrome P450 (CYP), CYP1A1 and CYP2H1, which are
key oxidases related to drug-induced liver injury (Dohnal et al., 2014).
Therefore, the content of hepatic drug enzymes in hepatocytes is di-
rectly related to the detoxification ability of the liver. Our results
showed that the levels of CYP1A1 and CYP2H1 were significantly

decreased in the liver of chickens fed with FFC. It suggested that FFC
could increase the metabolic time of FFC in chickens and the residue of
FFC in vivo by inhibiting the activity of liver pharmacological enzymes.

Hepatocyte apoptosis can occur in acute liver injury caused by many
factors, and is the main cause of liver failure (Jaeschke et al., 2004;
Togo et al., 2004). In order to detect the effect of FFC on hepatocyte
apoptosis in chickens, we tested the apoptotic rate of hepatocytes in
each group by TUNEL test. The results showed that FFC could sig-
nificantly increase the number of apoptotic cells in chicken liver tissue.
In addition, caspase family is an important participant in the process of
apoptosis. caspase-3 and caspase-6 are the executors of apoptosis. Ac-
tivated executors, caspase family, cause programmed cell death by
hydrolyzing caspase target proteins (Thornberry and Lazebnik, 1998).
The expression of caspase-3 and caspase-6 was detected by fluorescence
quantitative PCR and Western Bolting. It was found that FFC could
significantly increase the expression of caspase-3 and caspase-6 in liver
tissue. These results suggest that FFC can accelerate the apoptosis of
hepatocytes and lead to liver injury. Although FFC has not been re-
ported to induce apoptosis of hepatocytes before, many studies have
proved that FFC can induce apoptosis of immune organs (Hu et al.,
2016; Yang et al., 2016). Those results showed that FFC has toxic effect
on multiple organs.
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