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ABSTRACT The objective of the following study
was to investigate the effects of naturally oxidized
corn oil on the antioxidant capacity and lipid metab-
olism of broilers. A total of 450, 1-day-old Arbor
Acres male broilers were randomly divided into 5
treatments with 6 replicate cages and 15 birds/cage.
The dietary treatment array consisted of ratios of
naturally oxidized corn oil to non-oxidized corn oil
from 0:100, 25:75, 50:50, 75:25, and 100:0, respec-
tively. Serum, liver, and abdominal fat samples were
taken at 42 d. The results showed that the liver
organ index, liver catalase (CAT) activity, malon-
dialdehyde (MDA) content, and the serum aspartate
aminotransferase (AST) content had significant qua-
dratic relationships with the ratio of naturally oxi-
dized corn oil (P < 0.05). Inflammatory infiltrating
cells appeared in the liver of the 50% and 75%
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oxidized corn oil group. The percentage of abdominal
fat, and serum free fatty acids (FFA) content
increased linearly with the increased proportion of
oxidized corn oil (P < 0.05). The mRNA expression
of NADH quinone oxidoreductase 1 (NQO-1),
nuclear factor kappa B (NF-kB), toll-like receptor-4
(TLR-4), peroxisome proliferators activate receptor-
a (PPARa), carnitine acyltransferase (CPT1), and
acyl-coenzyme oxidase (ACO) of the liver increased
linearly while oxidized corn oil increased in the diet
(P < 0.05). Diets containing 100% oxidized corn oil
significantly changed the mRNA expression of liver
Caveolin compared with other treatment groups (P <
0.05). Taken together, this study demonstrated that
naturally oxidized corn oil could change liver lipid
metabolism and accelerate lipid deposition of broilers
by upregulating PPARa.
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INTRODUCTION

Oil is typically used in the diet to partially fulfill the
energy requirements of poultry. However, vegetable oil
is rich in polyunsaturated fatty acids, which are easily
oxidized and broken-down into small molecular acids,
aldehydes, and ketones during feed storage (Grotto et
al., 2009; Vieira et al., 2017); however, this process
might be altered differently from the effects of artificial
oxidation (Taghvaei and Jafari, 2015). In addition, aged
corn is popularly used as an animal feed ingredient in
China and other areas of the world. The issues with aged
corn could be related to the natural oxidation of corn oil
(Winkler-Moser and Breyer, 2011). These oxidation
products are potentially toxic and can promote the pro-
duction of many free radicals in poultry (Ehr et al.,
2015), disrupt the normal metabolic processes, and
impair the physiological and biochemical functions of
cells (Liang et al., 2015; Dong et al., 2020).
As the center of metabolism and detoxification of vari-

ous nutrients, the liver plays an important role in lipid
metabolism, and is considered the main site of fat syn-
thesis in poultry (Nguyen et al., 2008). However, oxi-
dized oil generates high free fatty acids in serum, which
increases the de novo synthesis of liver fatty acids and
leads to abnormal accumulation of liver fat, thus exacer-
bating liver lipid metabolism (Yue et al., 2011). Mean-
while, the abdominal adipose tissue of poultry mainly
comes from the production and metabolism of fatty
acids in the liver (Wang et al., 2017). Lipid oxidation
also produces a large number of reactive oxygen species
(ROS), and excessive ROS can severely damage the
antioxidant systems in the liver (Ju et al., 2019). More-
over, malondialdehyde (MDA) is a major product of
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Table 1. Ingredients and composition of the basal experimental
diets.

Ingredients, % Starter diet Finisher diet

Corn 51.50 56.60
Soybean meal 30.58 26.10
Corn DDGS 5.00 5.00
Corn gluten meal 4.00 4.00
Corn oil1 2.70 4.70
Wheat flour 2.00 0.00
Dicalcium phosphate 1.64 1.20
Limestone 1.27 1.20
Salt 0.35 0.35
Trace mineral premix2 0.20 0.2
Vitamin premix3 0.03 0.02
Choline chloride (50%) 0.20 0.20
DL-Methionine 0.24 0.20
L-Lysine sulfate 0.26 0.20
Antioxidant 0.02 0.02
Phytase 0.01 0.01
Nutrient composition, %4

ME (kcal/kg) 2950 3146
CP, % 22.50 20.50
Lysine, % 1.30 1.12
Methionine, % 0.59 0.52
Methionine+Cysteine, % 0.94 0.85
Calcium, % 1.00 0.80
NPP, % 0.45 0.32

1The same percentage of corn oil was used in different treatment
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lipid peroxidation produced by free radicals, and attacks
the cell membrane and interacts with the peroxisome
proliferators activate receptor-a (PPARa) pathway of
lipid metabolism (Lv et al., 2018). PPARa mainly regu-
lates the expression of fatty acid oxidation-related genes
in the liver and is the primary regulator of fatty acid oxi-
dation (Ament et al., 2016). Importantly, the NF-kB
pathway of the inflammatory response and the Nrf2-
Keap1 pathway of antioxidants also interact with the
PPARa pathway (Agca et al., 2014).

Many publish papers have studied the effects of oxi-
dized vegetable oil on animals by artificial oxidation
using high temperatures, however, vegetable oil is easily
oxidized during transport and storage. This process
could be better characterized as natural oxidation, and
its products may have different effects on animals rela-
tive to those of artificially oxidized oil products. How-
ever, the effects of naturally oxidized oil on liver lipid
metabolism are unknown. Therefore, naturally oxidized
corn oil was used in this experiment to investigate the
antioxidant capacity and liver lipid metabolism of
broilers, providing insight into the potential usage of
oxidized oil in poultry production.
groups. The treatment groups were as follows: the ratio of non-oxidized
corn oil to naturally oxidized oil was 0:100, 25:75, 50:50, 75:25, 100:0,
respectively.

2The trace mineral premix provided the following per kg of diets:
Cu,16 mg (as CuSO4¢5H2O); Zn, 110 mg (as ZnSO4); Fe, 80 mg (as
FeSO4¢H2O); Mn, 120 mg (as MnO); Se, 0.3 mg (as Na2SeO3); I, 1.5 mg(as
KI); Co, 0.5 mg.

3The vitamin premix provided the following per kg of diets: vitamin A,
10 000 IU; vitamin D3, 2400 IU; vitamin E, 20 mg; vitamin K3, 2 mg; vita-
min B1, 2 mg; vitamin B2, 6.4 mg; VB6, 3 mg;VB12, 0.02 mg; biotin, 0.1
mg; folic acid, 1 mg; pantothenic acid,10 mg; nicotinamide, 30 mg.

4All the nutrient levels are calculated values.
MATERIALS AND METHODS

Ethics Statement

All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Ani-
mals of China Agricultural University and approved by
the Animal Ethics Committee of China Agricultural
University (approval number: AW04129102-1-1), and
all experiments followed institutional guidelines.
Preparation of Oxidized Oil

Fresh corn oil was purchased from a crude oil
manufacturing facility. Part of the corn oil was stored
in an open container outdoors for 60 d to create the
naturally oxidized oil. The temperature during this
period was 30°C to 40°C, and the average light inten-
sity was approximately 1,000 Lux. The other was
stored in a closed container indoors at a temperature
20°C to 30°C. The acid values of the non-oxidized oil
and oxidized oil were 3.02 mg/g and 5.74 mg/g,
respectively. The acid value was determined as FFA
amount in lipids that depended on the titration with
a methanolic potassium hydroxide solution versus
phenolphthalein as an endpoint indicator (AOCS,
2004).
Birds, Diets, and Experimental Design

A total of 450, 1-day-old male Arbor Acres broilers
were randomly assigned to 5 dietary treatments (6 repli-
cate cages with 15 birds each). The basal diet was formu-
lated to meet or exceed the nutrient requirement for
broilers recommended by NRC (1994). The ingredient
and nutrient compositions of the basal diets are shown
in Table 1. The treatment groups were 0%, 25%, 50%,
75%, and 100% naturally oxidized oil in place of non-oxi-
dized oil, respectively. The experimental period was 42
d. The starter diet was pelleted and crumbled, whereas
the finisher diet was fed in pelleted form. Water was pro-
vided ad libitum using a nipple-type drinker. The room
temperature was maintained at 33-35°C during the first
3 d, followed by a reduction to 28°C to 30°C during the
next 2 wk and 22°C to 25°C for the remainder of the
trial. A standard lighting regime was followed: 23 h of
light and 1 h of darkness for the first 8 d, followed by 20
h of light and 4 h of darkness from 9 d of age until the
end of the trial.
Sample Collection

On day 42, 6 birds (one bird per cage) of each treat-
ment were randomly selected and weighed. A 4-mL
blood sample was collected from the wing vein of the
broiler and was placed in a coagulation tube. After cen-
trifugation at 3,000 £ g at 4°C for 10 min, serum was
separated and stored at �20°C.
Chickens were killed by intracardial administration of

sodium pentobarbital (30 mg/kg of body weight). The



Table 2. Primers used in real-time quantitative PCR.

Gene Gene bank ID Primer sequence (5’-30)

b-actin NM_205518.1 F: CCACCGCAAATGCTTCTAAAC
R: AAGACTGCTGCTGACACCTTC

CAT NM_001031215.2
F: TCAGAGGGACGGGCCAATGTG
R: CTGAAACGGACATGCGGCTCTC

SOD NM_205064.1 F: GGCAAGCAGCACGGTGGAC
R: CTTCTGCCACTCCTCCCTTTGC
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liver and abdominal fat were collected and weighed.
Then, 1g liver was collected snap-frozen in liquid nitro-
gen and stored at -80°C for subsequent analysis. 1cm2 of
liver from the liver tip was removed and fixed in a 4%
paraformaldehyde solution. After tissue sections were
prepared and stained with eosin−hematoxylin (HE),
the inflammatory cell infiltration was observed by the
OLYMPUS BX-41TF microscope at 400£.
GSH-Px NM_001277853.1
F: GACCAACCCGCAGTACATCA
R: GAGGTGCGGGCTTTCCTTTA

HO-1 NM_205344.1 F: GGCAGAGCTTCGCACAAGGAG
R: CCACCGCACCAGGGGAGAG

NQO-1 NM_001277619.1
F: AACCTCTTTCAACCACGCCA
R: TTCTTGAGGGGTCCGGTGAT

Nrf2 NM_001007858.1
F: GAGCCCATGGCCTTTCCTAT
R: CACAGAGGCCCTGACTCAAA

Keap-1 KU321503.1 F: GGTCGCAGTGCTGAACATACT
R: CCATGGCGTAGATGCAGTTG

NF-kB NM_205129.1 F: ACCCCTTCAATGTGCCAATG
R: TCAGCCCAGAAACGAACCTC

TLR-4 NM_001030693.1
F: GGATCTTTCAAGGTGCCACA
R: CAAGTGTCCGATGGGTAGGT

PPARa NM_001001464.1
F: ACCTTGTGCATGGCAGAGAA
Antioxidant Capacity of the Liver

Tissue samples from the liver (0.1g) were added into
0.9% normal saline based on the ratio of 1:9 (mass g/vol-
ume mL). The homogenate was centrifuged at 3,000 £ g
for 10 min at 4°C, and the supernatant was stored at
�20°C for further analysis. The total protein content
was determined by the BCA method. The activities of
glutathione peroxidase (GSH-Px, cat# A005-1), super-
oxide dismutase (SOD, cat# A001-3), catalase (CAT,
cat# A007-1), and MDA (cat# A003-1) in the liver
were determined using commercial analytical kits
according to the manufacturer’s recommendations
(JianCheng Bioengineering Institute, Nanjing, China).
R: TACACTGGCAGCAGTGGAAG
ACO XM_015295164.2

F: GATTTTTTGCAGGCGGGT
R: CACACGCTGGTTCACCTGAGT

CPT1 XM_025150696.1
F: TGGCTGATGATGGTTACGGTG
R: TTCCAAAGCGATGAGAATCCGTT

FATP XM_015279553.2
F: GCTTCCATCTGGCGAGAGTT
R: CCACAGGACCCGACGTTATT

FABP NM_001007923.1
F: TGGAAGCAATGGGCGTGAAT
R: TCGATGTCGATGGTACGGAA

CD36 XM_025147449.1
F: AAGAAGGGAGACTGAGCTTCTC
R: TCCTTTGACAGGGTGCAGAC

Caveolin NM_001105664.2
F: GACGACGTGGTGAAGATTGA
Serum Lipid Metabolism Index

Aspartate aminotransferase (AST, cat# JH-
00020), alanine aminotransferase (ALT, cat# JH-
00019), total cholesterol (TC, cat# JH-00028), tri-
glyceride (TG, cat# JH-00029), high-density lipopro-
tein (HDL, cat# JH-00030), low-density lipoprotein
(LDL, cat# JH-00031) and free fatty acid (FFA,
cat# JH-00116) contents were determined using com-
mercial analytical kits according to the manufac-
turer’s recommendations (Jinhai Keyu Biotechnology
Co., Ltd., Beijing, China).
R: AACTGGCCTTCCAAATCCCAT

Abbreviations: F, forward; R, reverse.
RNA Isolation and Quantitative Reverse
Transcription Polymerase Chain Reaction

The RNA was extracted from the liver using the
Eastep Super Total RNA Extraction Kit (Promaga Co.,
Shanghai, China). RNA quantity was measured using
the Nanodrop (Thermo Fisher, Waltham, MA). Then,
total RNA was reversed transcribed to cDNA using the
PrimeScrip RT reagent Kit with gDNA Eraser Perfect
Real-Time (Takara Biomedical Technology, Beijing,
China), and the gene expression levels were determined
using the SYBR Premix Ex Taq Tli RNaseH Plus
(Takara Biomedical Technology, Beijing, China)
according to the product protocols. Primer sequences of
the b-actin, catalase (CAT), superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), heme oxy-
genase-1 (HO-1), NADH quinone oxidoreductase 1
(NQO-1), nuclear factor erythroid related factor 2
(Nrf2), kelch-like epichlorohydrin associated protein-1
(Keap-1), nuclear factor kappa B (NF-kB), toll-like
receptor-4 (TLR-4), PPARa, acyl coenzyme oxidase
(ACO), carnitine acyltransferase (CPT1), fatty acid
transporter (FATP), fatty acid-binding protein
(FABP), fatty acid transferase (CD36), and caveolin
in the liver are listed in Table 2. All the gene sequences
were quoted from NCBI. All the measurements were car-
ried out in triplicate (n = 6, the cage was used as the
experimental unit), and the average values were calcu-
lated. Relative expression levels of different genes were
normalized to the expression of b-actin using the 2
�ΔΔCT method.
Statistical Analysis

Data were statistically analyzed by one-way ANOVA
analysis using SPSS 20.0 for Windows (SPSS Inc., Chi-
cago, IL). All data were tested for homogeneity of var-
iances using Levene’s test. Different proportions of
naturally oxidized corn oil in the basal diet were ana-
lyzed to test for linear or quadratic responses. The



Table 3. Effects of different proportions of naturally oxidized corn oil on liver organ index and abdominal fat rate of broilers.

Oxidized corn oil: non-oxidized corn oil

Parameter 0:100 25:75 50:50 75:25 100:0 SEM P-value P-linear P-quadratic

Liver organ index (g/kg) 18.18c 19.63bc 22.63a 21.38ab 18.95c 0.05 0.003 0.686 0.006
Abdominal fat rate (%) 1.02bc 0.87c 1.44a 1.06bc 1.31ab 0.05 0.007 0.026 0.849

a-cDifferent letters in the same row indicate significant differences (P < 0.05), and the same letter means no significant difference (P > 0.05).
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significance among the groups was identified using the
Duncan test for multiple comparisons. Results were pre-
sented as mean values with pooled standard errors. A P
value of < 0.05 was considered to be statistically signifi-
cant. The regression equation was calculated by Micro-
soft Excel (2016).
RESULTS

Effects of Different Proportions of Naturally
Oxidized Corn Oil on Liver Organ Index,
Histomorphology, and Abdominal Fat Rate
of Broilers

The liver organ index (y = �13.72x2 + 15.04x + 17.78,
R2 = 0.859, P < 0.05) showed a significant quadratic rela-
tionship with the increasing ratio of oxidized corn oil
(Table 3). According to the fitting equation, the liver organ
index reached the maximum value when 50% oxidized corn
oil was added. Inflammatory infiltrating cells appeared in
the liver of the 50% and 75% oxidized corn oil group, and
the number of inflammatory infiltrating cells in the liver of
the 100% oxidized corn oil group was alleviated (Figure 1).
The abdominal fat percentage was linearly increased with
the increasing proportion of oxidized corn oil (P < 0.05).
Figure 1. Effects of different proportions of naturally oxidized oil on the
from the liver tip was removed and fixed in a 4% paraformaldehyde solution.
(HE), the inflammatory cell infiltration was observed by the OLYMPUS B
naturally oxidized oil; OXB, basal diet with 25% naturally oxidized oil; OXC
naturally oxidized oil; OXE, basal diet with 100% naturally oxidized oil.
Effects of Different Proportions of Naturally
Oxidized Corn Oil on Antioxidant Capacity of
the Liver

The liver GSH-Px activity was linearly increased with
the increasing proportion of oxidized corn oil (P < 0.05)
(Table 4). There was a significant quadratic relationship
between CAT activity and MDA content in the liver
with the rise of the proportion of oxidized corn oil, and
CAT activity in the liver reached the highest value
when 50% oxidized corn oil was added. The content of
MDA in the liver began to increase significantly after
adding 50% oxidized corn oil and reached the maximum
value after adding 75% oxidized corn oil (P < 0.05).
Effects of Different Proportions of Naturally
Oxidized Corn Oil on Relative mRNA
Expression of Liver Antioxidants

The expression of CAT mRNA in the liver increased
firstly and then decreased with the increasing proportion
of oxidized corn oil, and the expression of CAT mRNA
in the liver began to increase significantly after adding
50% oxidized corn oil and reached the highest value after
adding 75% oxidized corn oil (Table 5). The mRNA
histomorphology of liver of broilers. At the end of day 42, 1 cm2 of liver
After tissue sections were prepared and stained with eosin−hematoxylin
X-41TF microscope at 400£. Abbreviations: OXA, basal diet with 0%
, basal diet with 50% naturally oxidized oil; OXD, basal diet with 75%



Table 4. Effects of different proportions of naturally oxidized corn oil on antioxidant capacity of liver.

Oxidized corn oil: non-oxidized corn oil

Parameter 0:100 25:75 50:50 75:25 100:0 SEM P-value P-linear P-quadratic

GSH-Px (U/mgprot) 28.76b 28.28b 30.11ab 31.70ab 33.11a 0.79 0.008 0.002 0.162
SOD (U/mgprot) 253.34 266.20 253.18 242.16 256.01 8.12 0.186 0.084 0.086
CAT (U/mgprot) 16.86b 17.11b 19.84a 18.67ab 17.87ab 0.33 0.043 0.858 0.027
MDA (nmol/mgprot) 2.05c 2.20bc 2.69b 3.59a 2.73b 0.03 <0.001 0.112 0.041

Abbreviations: CAT, catalase; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase.
a-cDifferent letters in the same row indicate significant differences (P < 0.05), and the same letter means no significant difference (P > 0.05).

Table 5. Effects of different proportions of naturally oxidized corn oil on relative mRNA expression of liver antioxidant of broilers.

Oxidized corn oil: non-oxidized corn oil

Parameter1 0:100 25:75 50:50 75:25 100:0 SEM P-value P-linear P-quadratic

CAT 1.00b 1.17b 2.86a 3.64a 1.95b 0.09 <0.001 0.004 0.002
SOD 1.00 2.49 1.09 2.23 2.09 0.56 0.125 0.303 0.542
GSH-Px 1.00 1.15 1.15 1.54 1.51 0.19 0.071 0.781 0.511
HO-1 1.00 3.24 1.19 3.10 1.51 0.13 0.063 0.679 0.153
iNOS 1.00 1.72 1.38 2.88 1.62 0.14 0.077 0.109 0.222
NQO-1 1.00b 0.78b 1.34b 3.05a 2.86a 0.08 0.009 0.001 0.544
Nrf2 1.00 0.05 0.15 0.33 1.13 0.05 0.072 0.596 0.006
Keap-1 1.00 0.26 0.17 0.65 0.18 0.11 0.055 0.089 0.194
NF-kB 1.00b 1.34b 2.74b 3.65ab 4.23a 0.08 0.003 0.003 0.566
TLR-4 1.00b 1.39b 2.84b 3.67ab 4.50a 0.07 0.001 0.003 0.304

Abbreviations: CAT, catalase; GSH-Px, glutathione peroxidase; HO-1, heme oxygenase-1; iNOS, inductible nitric oxide synthase; Keap-1, kelch-like
epichlorohydrin associated protein-1; NF-kB, nuclear factor kappa B; NQO-1, NADH quinone oxidoreductase 1; Nrf2, nuclear factor erythroid related fac-
tor 2; SOD, superoxide dismutase; TLR-4, toll like receptor 4.

a-cDifferent letters in the same row indicate significant differences (P < 0.05), and the same letter means no significant difference (P > 0.05).
1Relative gene expression in different treatments of broilers (N = 6).
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expressions of NQO-1, NF-kB, and TLR-4 were linearly
increased with the rise of the proportion of oxidized corn
oil (P < 0.05).
Effects of Different Proportions of Naturally
Oxidized Corn Oil on Serum Lipid
Metabolism of Broilers

The serum AST content had a quadratic relationship
with the increasing proportion of oxidized corn oil (P <
0.05), and the serum AST content reached the highest
value when 50% oxidized corn oil was added. The serum
TG content was significantly changed with the increas-
ing proportion of oxidized corn oil, and when the oxi-
dized corn oil proportion was more than 50%, the serum
TG content was significantly decreased (P < 0.05)
(Table 6). Serum FFA content was linearly increased,
with the increased proportion of oxidized corn oil
(P<0.05). This indicated that oxidized corn oil had
adverse effects on liver lipid metabolism.
Effects of Different Proportions of Naturally
Oxidized Corn Oil on Relative mRNA
Expression of Liver Lipid Metabolism of
Broilers

With the proportion of oxidized corn oil increasing, the
mRNA expressions of PPARa, CPT1, and ACO in the
liver were linearly increased (P < 0.05) (Table 7). The
expression of Caveolin mRNA in the liver changed signifi-
cantly with the increasing proportion of oxidized corn oil,
and the expression of Caveolin mRNA in the liver in the
100% oxidized corn oil group was significantly higher than
that in other treatment groups (P < 0.05).
DISCUSSION

Lipid peroxidation inevitably occurs during the stor-
age of vegetable oil and feed preparation, which would
promote the production of ROS (Andarwulan et al.,
2014), and cause animal oxidative stress (BV et al.,
2011). Broilers are easily exposed to accumulated oxida-
tive by-products through the ingestion of oxidized oil,
which causes an imbalance of redox status, especially in
the liver (Dong et al., 2020). In the current study, we
found that the liver organ index and serum AST content
reached the maximum value when 50% oxidized corn oil
was added. During metabolism, liver injury was usually
accompanied by increased ALT and AST activities in
serum (Giannini et al., 1999). A high level of AST indi-
cated that oxidized oil could cause liver damage in
broilers and increase the liver index. Meanwhile, inflam-
matory infiltrating cells were observed in the liver when
50% oxidized corn oil was added. However, with the
increase of the proportion of oxidized corn oil, the liver
index and the number of liver inflammatory infiltrating
cells decreased. In this study, the mRNA expressions of
NF-kB and TLR-4 in the liver increased linearly with
the increasing proportion of oxidized corn oil. The



Table 6. Effects of different proportions of naturally oxidized corn oil on serum lipid metabolism of broilers.

Oxidized corn oil: non-oxidized corn oil

Parameter 0:100 25:75 50:50 75:25 100:0 SEM P-value P-linear P-quadratic

AST (U/L) 117.04d 115.24d 197.96a 157.86b 136.10c 5.89 <0.001 <0.001 <0.001
ALT (U/L) 30.62 30.26 31.01 30.64 28.64 0.68 0.849 0.484 0.468
TC (mmol/L) 2.65 2.70 2.85 2.69 2.76 0.03 0.400 0.368 0.342
TG (mmol/L) 1.60a 1.41ab 0.85c 1.20b 1.22b 0.06 0.001 0.237 0.063
HDL (mmol/L) 1.20 1.18 1.25 1.20 1.23 0.01 0.539 0.489 0.837
LDL (mmol/L) 1.21 1.30 1.28 1.25 1.26 0.01 0.353 0.729 0.141
FFA (umol/L) 298.17c 322.59bc 366.78ab 393.96a 375.24ab 11.38 0.032 0.004 0.229

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; FFA, free fatty acid; HDL, high-density lipoprotein; LDL, low-den-
sity lipoprotein; TC, total cholesterol; TG, triglyceride.

a-dDifferent letters in the same row indicate significant differences (P < 0.05), and the same letter means no significant difference (P > 0.05).

Table 7. Effects of different proportions of naturally oxidized corn oil on relative mRNA expression of liver lipid metabolism of broilers.

Oxidized corn oil: non-oxidized corn oil

Parameter1 0:100 25:75 50:50 75:25 100:0 SEM P-value P-linear P-quadratic

PPARa 1.00b 1.87b 3.83ab 3.85ab 6.88a 0.09 0.002 0.034 0.158
CPT1 1.00b 0.87b 3.52b 6.69a 5.23ab 0.08 0.001 0.006 0.219
ACO 1.00b 0.81b 1.83ab 3.28a 2.81a 0.04 0.016 0.002 0.949
FATP 1.00 0.92 1.20 0.89 1.27 0.10 0.382 0.331 0.592
FABP 1.00 0.84 1.34 0.85 1.10 0.08 0.558 0.773 0.844
CD36 1.00 1.73 1.23 0.79 1.11 0.06 0.183 0.403 0.461
Caveolin 1.00b 0.65b 0.63b 0.62b 2.06a 0.08 0.023 0.148 0.351

Abbreviations: ACO, acyl coenzyme oxidase; CD36, fatty acid transferase; CPT1, carnitine acyltransferase; FABP, fatty acid-binding protein; FATP,
fatty acid transporter; PPARa, peroxisome proliferators activate receptor-a.

a-cDifferent letters in the same row indicate significant differences (P < 0.05), and the same letter means no significant difference (P > 0.05).
1Relative gene expression in different treatments of broilers (N = 6).
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TLR4-mediated NF-kB signaling pathway can activate
hepatic Kupffer’s cells under oxidative stress (Yang et
al., 2014), leading to excessive production of inflamma-
tory cytokines, which induces hepatocyte injury (Cheng
et al., 2017). Therefore, it could be speculated that the
inflammatory infiltrating cells in the liver after the addi-
tion of 50% oxidized corn oil might be due to the activa-
tion of the NF-kB signaling pathway by excessive
oxidized corn oil, which prompted the body’s immune
homeostasis to shift towards the anti-inflammatory
direction.

ROS can regulate the body’s natural redox system
through endogenous free radical scavengers such as
SOD, CAT, and GSH-Px (Hu et al., 2019). In addition,
MDA is a reliable marker of oxidative stress-mediated
lipid peroxidation, and its level can be used to evaluate
oxidative stress in liver injury (Grotto et al., 2009). Tan
et al. (2018) found that oxidized oil increased liver MDA
level, and decreased total antioxidant capacity (T-
AOC) and SOD of broilers. On the contrary, the cur-
rent study showed that naturally oxidized corn oil
increased the GSH-Px and CAT in the liver, which
might reflect a compensatory impact or a precursor of
oxidative tissue stress, and improved the ability of the
tissue to clear free radicals (Tan et al., 2019). The
increase of antioxidant enzyme activity could clear
MDA, the marker of oxidative stress in liver injury,
which explained the quadratic curve change of MDA
content which first increased and then decreased. The
decrease of MDA in the 100:0 group suggested that
excess oxidized oil might induce the body to adapt to
the mild oxidation reaction. Due to the above results,
the decrease of MDA content and the relief of damage in
the liver may be related to the activation of antioxidant
capacity by a higher dose of oxidized oil. It should be
pointed out that Nrf2 is a critical molecule that regulates
endogenous antioxidant system responses which can
protect cells from ROS and toxic compounds (Li et al.,
2020). In the current study, the mRNA expression of
both NQO-1 and CAT in the liver increased with the
increase of the proportion of oxidized corn oil. This sug-
gests that a high dose of naturally oxidized corn oil may
activate the downstream gene of the Nrf2 antioxidant
signaling pathway, which in turn enhances the activities
of antioxidant enzymes such as GSH-Px and CAT,
thereby playing a protective role. The results of oxidized
corn oil on antioxidant enzymes were consistent with
the growth performance of broilers. Our previous study
found that 100% oxidized oil had no difference compared
to 0% oxidized oil in growth performance when the oxi-
dized oil is excessive, which indicated that the oxidative
stress level did not exceed the adaptability of broilers
and would not affect growth performance (Zhang et al.,
2022). The results further demonstrated that high-dose
oxidized oil may activate the antioxidant defense system
of broilers, which could enhance the resistance to oxida-
tive stress, but its mechanism needed to be further
explored.



Figure 2. Oxidized corn oil changes the liver lipid metabolism of broilers by upregulating PPARa. The results clearly showed that naturally oxi-
dized corn oil could damage liver lipid metabolism and accelerate lipid deposition of broilers by upregulating PPARa. Additionally, naturally oxi-
dized corn oil could cause liver inflammation and damage the liver by activating the NF-kB signaling pathway. In this case, the body could improve
antioxidant capacity by activating Nrf2 signaling pathway and resist the negative effects caused by the addition of oxidized oil to a certain extent,
but its mechanism needs to be further explored. Abbreviations: NF-kB, nuclear factor kappa B; Nrf2, nuclear factor erythroid related factor 2;
PPARa, peroxisome proliferators activate receptor-a; ROS, reactive oxygen species.
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The liver lipid metabolism disorder caused by oxidized
vegetable oil will affect the abdominal fat rate of
broilers, which could accelerate abnormal lipid metabo-
lites in serum and promote the formation of adipose tis-
sue (Fouad and El-Senousey, 2014). We observed that
the excessive oxidized corn oil significantly increased
FFA content in the serum of broilers and significantly
decreased TG concentrations. Based on the previous
findings, it should be noted that the concentration of
TG and cholesterol in the liver and serum of animals
decreased after feeding oxidized oil (Yue et al., 2011).
However, decreased serum TG and cholesterol concen-
trations were accompanied by increased serum FFA,
which are the major source of lipids in the body (Crespo
and Esteve-Garcia, 2001). Increased levels of serum
FFA would accelerate the absorption of fatty acids, and
thus, could increase the abdominal fat percentage (Wu
et al., 2011). In the previous study, we found that there
was no significant difference in body weight gain
between broilers fed oxidized corn oil and non-oxidized
corn oil (Zhang et al., 2022). However, the abdominal
fat rate was significantly increased, suggesting that
excessive oxidized corn oil may change nutrient absorp-
tion and utilization, or lipid metabolism of broilers.

A previous study found that the decrease of serum TG
content might be related to the activation of PPARa and
the accelerated production of O2� in the mitochondrial
electron transport chain and this accumulation of free
radicals could further trigger oxidative stress (Fern�andez-
S�anchez et al., 2011). Meanwhile, oxidized oil was found
to be an effective activator of PPARa, and feeding ther-
mally oxidized oil to broilers showed that it could acceler-
ate the activation of PPARa in the liver (Ali et al., 2020).
Therefore, we further examined the genes related to the
liver PPARa pathway. In the present study, the mRNA
expressions of PPARa, CPT1, and ACO in the liver
increased linearly with the rise of the proportion of oxi-
dized corn oil. PPARa is a ligand-activated transcription
factor, which is highly expressed in the liver (Nguyen et
al., 2008). Moreover, PPARa can control lipid content in
the liver by regulating fatty acid transport and b-oxida-
tion (Perez et al., 2020). Meanwhile, PPARa regulates
fatty acid oxidation mainly by upregulating target genes
CPT-1 and ACO, which are vital rate-limiting enzymes
controlling lipid metabolism (Begriche et al., 2006).
Based on the results of this study, it should be noted that
excessive oxidized corn oil could activate the PPARa
pathway, which may facilitate liver fatty acid b-oxida-
tion, high energy consumption, and increases in serum
FFA production. In addition, Caveolin is a cellular mem-
brane vesicle structural protein that helps liver cells
absorb free fatty acids to synthesize TG and participates
in the regulation of cellular cholesterol (Martin, 2013). In
this study, excessive oxidized corn oil significantly upre-
gulated the expression of Caveolin mRNA in the liver of
broilers, suggesting that naturally oxidized corn oil could
promote lipid synthesis in broilers, which potentially
explains the increase in the liver index. Based on these
results, the adverse effects of high-dose oxidized corn oil
on liver lipid metabolism are clearly illustrated, which led
to the change of abdominal fat of broilers. Therefore, we
suggested that naturally oxidized corn oil should be
avoided to be added in poultry feed.
The results clearly showed that naturally oxidized

corn oil could damage liver lipid metabolism and acceler-
ate lipid deposition of broilers by upregulating PPARa.
Additionally, naturally oxidized corn oil could cause
liver inflammation and damage the liver by activating
the NF-kB signaling pathway. In this case, the body
could improve antioxidant capacity by activating Nrf2
signaling pathway and resist the negative effects caused
by the addition of oxidized oil to a certain extent, but its
mechanism needs to be further explored (Figure 2).
CONCLUSION

In poultry production, naturally oxidized corn oil could
damage liver lipid metabolism and accelerate lipid deposi-
tion of broilers by upregulating PPARa. Therefore, oxi-
dized corn oil should be avoided to use in broiler diet.
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