Dietary squalene supplementation alleviates diquat-induced
oxidative stress and liver damage of broiler chickens
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ABSTRACT The aim of this study was to explore the
protective effects of squalene supplementation on growth
performance, oxidative status, and liver function of
diquat-challenged broilers. One hundred forty-four
1-day-old male Ross 308 broiler chicks were allocated
to 3 groups, and each group consisted of 6 replicates of 8
birds each. The three groups were as follows: 1) non-
challenged broilers fed with a basal diet (control group),
2) diquat-challenged broilers fed a basal diet, and 3)
diquat-challenged broilers fed with a basal diet supple-
mented with 1.0 g/kg of squalene. Broilers were intra-
peritoneally injected with 20 mg/mL of diquat solution
at a dosage of 1 mL/kg of BW or an equivalent amount of
saline at 20 d. Compared with the control group, weight
gain and BW change rate during 24 h after injection were
decreased by diquat challenge (P < 0.05), and the
diquat-induced compromised growth performance was
improved by squalene supplementation (P < 0.05).
Diquat administration reduced plasma superoxide
dismutase activity and increased malondialdehyde
accumulation and glutathione peroxidase activity in
both plasma and the liver (P < 0.05). In contrast, plasma
glutathione peroxidase activity in diquat-challenged
broilers was reduced by squalene supplementation

(P < 0.05). The hepatic glutathione level was reduced by
diquat administration (P < 0.05), whereas its level in
plasma and the liver of diquat-challenged broilers was
increased by squalene supplementation (P < 0.05). The
relative liver weight of broilers was increased by diquat
challenge (P < 0.05), with its value being intermediate in
the squalene-supplemented group (P > 0.05). The
plasma aminotransferase activities and total bilirubin
concentration were increased by diquat challenge
(P < 0.05), which were reduced by squalene supple-
mentation (P < 0.05). The mRNA abundance of hepatic
nuclear factor erythroid 2-related factor 2 (P < 0.05)
was upregulated by diquat treatment, regardless of
squalene supplementation. The mRNA abundance of
hepatic glutathione peroxidase 1 and B-cell lymphoma,/
leukemia 2-associated X protein was upregulated by
diquat challenge (P < 0.05), which was reversed by
squalene administration (P < 0.05). Squalene increased
NAD(P)H quinone dehydrogenase 1 mRNA abundance
and decreased caspase 3 mRNA abundance in the liver of
diquat-challenged broilers (P < 0.05). The results sug-
gested that squalene can increase weight gain, improve
oxidative status, and alleviate liver injury in diquat-
challenged broilers.
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INTRODUCTION

Oxidative stress is usually defined as an imbalance be-
tween the excessive generations of cellular reactive oxy-
gen species (ROS) and the compromised capacity of
living organisms to counteract ROS through antioxidant
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system response (Persson et al., 2014; Pisoschi and Pop,
2015). Compared with other domestic animal species,
the genetic selection for fast growth rate and lean and
large breast muscle in modern broiler lines makes them
particularly vulnerable to oxidative stress arising from
various sources (Estévez, 2015), such as diseases (Lee
et al., 2019), high temperature (Belhadj Slimen et al.,
2016), and exposure to toxic substances from environ-
ment, water, and feed (Wu et al., 2014). The occurrence
of oxidative stress would result in inferior growth perfor-
mance, disrupt cellular antioxidant defense, compromise
health status, and lower product quality in broiler
chickens (Lykkesfeldt and Svendsen, 2007; Estévez,
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2015; Akbarian et al., 2016). The liver is responsible for
synthesis, storage, metabolism, and detoxification of
macromolecules and plays a key role in the clearance of
foreign antigens and pathogens that invade the body
from the gastrointestinal lumen (Lalor and Adams,
2002). These unique multifunctional properties, in
turn, render it a main target organ attacked by oxidative
stress, mainly owing to its continuous exposure to oxida-
tive stimuli and high mitochondrial content, the main
source of energy and cellular ROS (Starkov, 2008).
The available literature on broiler chickens has already
demonstrated that the liver is extremely sensitive to
oxidative insults, and the oxidative stress—induced liver
damage is directly correlated with growth retardation
(Yang et al., 2010, 2016; Chen et al., 2020a). It is, hence,
imperative to develop new effective interventions to pro-
tect the liver from oxidative damage to improve growth
performance and health status of broilers subjected to
oxidative stress.

Squalene, a natural triterpene compound, is widely
available in nature, especially in shark liver oil, olive oil,
and wheat germ oil (Spanova and Daum, 2011; Lou-
Bonafonte et al., 2018). Squalene is an important interme-
diate for cholesterol biosynthesis in mammals, but only a
small proportion of squalene uptake is actually metabo-
lized and converted into cholesterol (Strandberg et al.,
1990). Approximately 60-85% of an orally consumed
squalene is absorbed through gastrointestinal lymphatic
vessels, and it is then transported in blood by binding
with lipoproteins to target organs and tissues
(Strandberg et al., 1990; Gylling and Miettinen, 1994;
Miettinen and Vanhanen, 1994). An in vivo study has
shown that squalene can substantially accumulate in the
liver, and its cellular localization in hepatocytes varies as
per animal species (Martinez-Beamonte et al., 2018).
Squalene is actually not susceptible to lipid peroxidation
and is stable when attacked by free radicals, and its
in vitro ability to scavenge free radicals is comparable
with an effective lipophilic antioxidant, 3,5-di-t-butyl-4-
hydroxytoluene, although belonging to a class of triter-
pene derivatives (Kohno et al., 1995). The role of squalene
has recently drawn increasing research attention as a nat-
ural antioxidant. An in vitro cell culture experiment has
demonstrated that squalene administration attenuated
hydrogen peroxide-induced oxidative stress in human
mammary epithelial cells in a dose-dependent pattern
(Warleta et al., 2010). Likewise, the protective effects of
squalene against oxidative damage have been also re-
ported in rodent models of oxidative stress (Sabeena
Farvin et al., 2004, 2007; Senthilkumar et al., 2006; Das
et al., 2008; Motawi et al., 2010). Little, however, is known
with regard to the administration and outcomes of squa-
lene in broiler chickens subjected to oxidative stress.

Diquat, a redox cycler, is readily converted to a free
radical in the presence of molecular oxygen and then pro-
duces superoxide anions and subsequently other redox
products, which would induce cellular oxidative stress
(Jones and Vale, 2000). Based on this special character-
istic, diquat has been widely used as a model chemical for
in vivo and in vitro studies of oxidative stress (KKoch and

Hill, 2017). As for poultry, diquat has been already used
to establish the oxidative model in the chicken embryo,
with the liver being a major target organ (Li et al.,
2020). Our recent work has successfully induced oxida-
tive stress in broiler chickens at 21 d of age by adminis-
trating diquat intraperitoneally and has found that
diquat-induced oxidative stress resulted in serious liver
damage, ultimately leading to inferior growth perfor-
mance of broilers (Chen et al., 2020a). This study was
therefore conducted to explore the protective effects of
dietary squalene supplementation on growth perfor-
mance, antioxidant status, and liver function of young
broilers in a model of diquat-induced oxidative stress,
and the acquired results would provide a valuable refer-
ence for alleviating oxidative stress that occurred in
broiler production.

MATERIALS AND METHODS

Animals and Treatment

All experiments involving animals were carried out
under the authority of Laboratory Animal Use License
(SYXK-2017-0007) issued by the Jiangsu Provincial
Department of Science and Technology and strictly in
compliance with the protocol approved by the Nanjing
Agricultural University Institutional Animal Care and
Use Committee.

A total of one hundred forty-four 1-day-old male Ross
308 broiler chicks with a similar initial BW of
42.31 = 0.31 g were used in a completely randomized
design and were randomly allocated to one of the following
3 groups for a 21-d feeding experimental trial: 1) nonchal-
lenged broilers fed with a basal diet (control group), 2)
diquat-challenged broilers fed with a basal diet, and 3)
diquat-challenged broilers fed with a basal diet supple-
mented with 1.0 g/kg of squalene. Each experimental
group consisted of 6 replicates (cages) of 8 birds each.
The diquat (diquat dibromide monohydrate; product no.
45422; Sigma-Aldrich, St Louis, MO) was dissolved in
0.86% physiological saline to prepare 20 mg/mL of diquat
solution before injection. At 20 d of age after weighing,
broiler chickens were administered intraperitoneally
with the diquat solution at a dosage of 1 mL/kg of BW
as previously reported by Chen et al., 2020a or an equal
amount of vehicle (0.86% physiological saline, control
group). The squalene sample with a purity of approxi-
mately 92% was extracted and purified from deodorizer
distillate produced during rice bran oil processing, which
was kindly gifted by Yichun Dahaigui Life Science Co.,
Ltd. (Yichun City, Jiangxi Province, People’s Republic
of China). The dosage of squalene (1.0 g/kg) used in this
study was selected based on the results of our previous
study in which dietary supplementation with 1.0 g/kg of
squalene exhibited the most favorable effects in improving
the growth performance and antioxidant status of broiler
chickens under normal physiological conditions among its
administration levels from 0.25 to 2.0 g/kg of diet (Chen
et al., 2020b). Before feed preparation, the liquid squalene
was first mixed thoroughly with soybean oil used in feed
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formulation until they were homogeneous. The basal diet
was formulated as per National Research Council (1994)
recommendations set for broiler chickens, and its ingre-
dient composition and nutrient level are presented in
Table 1. Broiler chickens were reared in steel cages with
plastic floors (120 cm [length] X 60 cm [width] X 50 cm
[height]) in a temperature-controlled room on a light
schedule of 23 h of light and 1 h of dark. All birds were
allowed free access to water and were fed ad libitum on
mash diet except during the periods of fasting, when
only water was available. The temperature of the chicken
house was maintained between 32°C and 34°C during the
first week after hatching, and it was then decreased by 2°C
to 3°C at 1-wk interval until a final temperature of 26°C
was achieved. The RH was set at around 70% during the
first 3 d of age, which was then maintained at approxi-
mately 60-65% thereafter.

Sample Collection

At 21 d of age, one bird from each cage (replicate) with
a BW close to the replicate mean (6 birds for each treat-
ment in total) was selected for sampling after a 24-h
period after administration of diquat. Blood samples
(around 5.0 mL) were collected from the left wing vein
in heparinized tubes. Plasma was then separated after
centrifugation for 15 min at 2,000 X gat 4°C, transferred
into another tube, and immediately frozen at —20°C
pending analysis. Birds were euthanized by the cervical
dislocation method and necropsied after blood sampling.
The liver was then dissected free from vessels and the
surrounding tissues, rinsed off using an ice-cold phos-
phate buffer solution, surface-dried using a filter paper,
and weighed to calculate absolute liver weight and rela-
tive liver weight, using the following formula: relative
liver weight (g/kg) = absolute liver weight/terminal
BW. After being placed on a chilled stainless steel
tray, the right lobe of liver samples (approximately
6 g) was excised from the remaining fresh liver tissues,
minced, and then quickly frozen and stored in liquid ni-
trogen for subsequent analysis.

Growth Performance Determination

At 20 d of age, all birds were weighed after a 12-h feed
withdrawal period, and the cumulative intake of feed by
birds was recorded on cage basis to determine average
BW, ADFI, ADG, and BW gain-to-feed intake ratio
(G/F) during 1 to 20 d of age. The birds were also
weighed at 21 d of age to calculate ADG during the 24
h after challenge and BW change rate (the ratio between
21-d average BW and 20-d average BW).

Analysis of Biochemical Parameters in
Plasma

The aminotransferase activities (aspartate amino-
transferase [cat. no. C010-1] and alanine aminotrans-
ferase [cat. no. C009-2]) and the concentrations of total
bilirubin (cat. no. C019-1-1), total protein (cat. no.

Table 1. Composition and the nutrient level of basal diet.

Ingredients, % Content
Corn 57.01
Soybean meal 31.50
Corn gluten meal 3.40
Soybean oil 3.10
Limestone 1.20
Dicalcium phosphate 2.00
L-Lysine 0.34
DL-Methionine 0.15
Sodium chloride 0.30
Premix' 1.00
Total 100

Calculated nutrient levels
AME, MJ /kg 12.55
CP, % 21.33
Calcium, % 1.00
Total phosphorus, % 0.68
Available phosphorus, % 0.46
Lysine, % 1.21
Methionine, % 0.50
Methionine + cystine, % 0.86

Analyzed nutrient levels”

Gross energy, MJ/kg 15.48
CP, % 20.79
Calcium, % 1.06
Total phosphorus, % 0.72
Lysine, % 1.24
Methionine, % 0.48

'Premix provided per kilogram of diet: vitamin A (transretinyl acetate),
10,000 IU; vitamin D3 (cholecalciferol), 3,000 IU; vitamin E (all-rac-o-
tocopherol), 30 IU; menadione, 1.3 mg; thiamin, 2.2 mg; riboflavin, 8 mg;
nicotinamide, 40 mg; choline chloride, 600 mg; calcium pantothenate,
10 mg; pyridoxine- HCI, 4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin By,
(cobalamin), 0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from copper
sulfate), 8.0 mg; Mn (from manganese sulfate), 110 mg; Zn (from zinc
oxide), 60 mg; I (from calcium iodate), 1.1 mg; and Se (from sodium sele-
nite), 0.3 mg.

2The results are the average values of triplicate measurements.

A045-4-1), albumin (cat. no. A028-2-1), total cholesterol
(cat. no. A111-1-1), triglyceride (cat. no. A110-2-1), and
glucose (cat. no. F006-1-1) in plasma were determined
using specific colorimetric commercial kits purchased
from Nanjing Jiancheng Bioengineering Institute (Nanj-
ing, Jiangsu Province, People’s Republic of China)
following the instructions of the manufacturer, using a
MODEL 680 microplate reader (Bio-Rad Laboratories
Inc., Hercules, CA).

Determination of Antioxidant-Related
Parameters

Around 0.7 g of liver samples stored in liquid nitrogen
was homogenized using a motor-driven homogenizer
(PRO-PK-02200D; Pro Scientific, Inc., Monroe, CT) in
an ice-cold water bath until no tissue particles were
visible in the solution (around 40 s), using a cold (4°C)
physiological saline solution as the homogenate medium
at a ratio of 1:9 (wt/vol). The supernatant was then har-
vested after centrifugation at 4,450 X g for 20 min at 4°C
and was immediately stored at —80°C for further assay.

Superoxide dismutase (SOD, cat. no. A001-1-1), gluta-
thione peroxidase (GPX, cat. no. A005-1-2), and catalase
(CAT, no. A007-1-1) activities and the reduced gluta-
thione (GSH, cat. no. A006-1) and malondialdehyde
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(MDA, cat. no. A003-1) concentrations in both plasma
and liver samples were colorimetrically quantified using
the commercial assay kits (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, Jiangsu Province, People’s
Republic of China), strictly following a standardized pro-
tocol as per the recommendations of the manufacturer.
The hydroxylamine method (Kono, 1978) was used to
measure SOD activity at 550 nm, and one unit of its ac-
tivity was calculated as the amount of this enzyme that
was required to produce 50% inhibition of the rate of ni-
trite production per milliliter of plasma or per milligram
protein of the liver in 40 min at 37°C. The measurement
of GPX activity and GSH concentration was performed
using the 5,5'-dithiobis (2-nitrobenzoic acid) method
(Owens and Belcher, 1965) at 412 nm, and one unit of
GPX was measured as the amount of enzyme depleting
1.0 pmol of GSH per 0.1 mL of plasma or 1.0 mg of liver
protein in 5 min at 37°C. The ammonium molybdate
method (Géth, 1991) was adopted for assaying CAT ac-
tivity at 405 nm, one unit of which was defined as the
amount of enzyme decomposing 1.0 pmol of hydrogen
peroxide per milliliter of plasma or per milligram protein
of liver in 1 min at 37°C. Malondialdehyde accumulation
was quantified using the thiobarbituric acid method at
532 nm (Placer et al., 1966). The total protein concentra-
tion of liver samples was determined by the Bradford
assay (Kruger, 1994), using crystalline BSA as a reference
standard. All acquired results of liver samples were
normalized against the corresponding total protein con-
centration from the same sample before comparisons.

Isolation and Quantification of mRNA

Total cellular RNA was extracted from the liquid
nitrogen-frozen liver samples using a commercial TRIzol
reagent kit (TaKaRa Biotechnology, Dalian, Liaoning
Province, People’s Republic of China), according to the
kit manufacturer’s instructions. The assessment of
extracted RNA integrity was performed by 1.5% agarose
gel electrophoresis containing 0.5 mg/mL of ethidium
bromide. Its purity and concentration were measured us-
ing a NanoDrop ND-1000 UV spectrophotometer (Nano
Drop Technologies, Wilmington, DE) based on the ratio
of absorbance at 260/280 nm wavelength, an indicator of
RNA purity. The quantified RNA was then dissolved in
diethyl pyrocarbonate-treated water (Biosharp Co.,
Ltd., Hefei, Anhui Province, People’s Republic of China)
and was adjusted to a final concentration of 0.5 pg/pL.
The commercial PrimeScript RT reagent kit (TaKaRa
Biotechnology, Dalian, Liaoning Province, China) was
used to reverse transcribe 1.0 pg of extracted total RNA
into the complementary deoxyribonucleic acid in the
presence of random and oligo(dT) primers, following
the manufacturer’s guidelines. The reverse transcription
conditions were 15 min at 37°C and 5 s at 85°C. The
primer sequences of the target genes along with the
internal reference genes (B-cell lymphoma/leukemia
2-associated X protein [Baa|, B-cell lymphoma/leukemia
2 [Bel-2], caspase 3 [CASP3|, heme oxygenase 1, gluta-
thione peroxidase 1 [GPX1], kelch-like ECH-associated

protein 1 [Keap1], NAD(P)H quinone dehydrogenase 1
[NQO1], nuclear factor erythroid 2-related factor 2
[NTf2], superoxide dismutase 1, X-linked inhibitor of
apoptosis protein, and (-actin) were designed using
Primer-Blast (http://www.nchinlm.nih.gov) and are
presented in Table 2. The real-time PCR was performed
using an ABI StepOnePlus Real-Time PCR System
(Applied Biosystems, Grand Island, NY). The PCR reac-
tion mixture consisted of 2.0 pL of diluted complementary
deoxyribonucleic acid, 0.4 pL of each primer, 10 pl of
SYBR Premix Ex Taq (TaKaRa Biotechnology, Dalian,
Liaoning Province, People’s Republic of China), 0.4 pL
of ROX reference dye (TaKaRa Biotechnology, Dalian,
Liaoning Province, People’s Republic of China), and
6.8 uL of double-distilled water. The PCR. thermal condi-
tions were set as follows: preheating for denaturation at
95°C for 30 s, 40 cycles of denaturation at 95°C for 5 s,
and annealing at 60°C for 30 s. The melting curve analysis
of the amplification products was performed at the end of
each PCR reaction following the conditions: 1 cycle of
denaturation at 95°C for 10 s, followed by an increase
in temperature from 65 to 95°C with a temperature
change velocity at 0.5 °C/s. Fold changes were calculated
by normalizing relative expression of target genes to that
of the reference gene (f-actin), as per the 27 A8CT 1hethod
as previously described by Livak and Schmittgen, 2001.

Statistical Analysis

Data were analyzed by one-way ANOVA using SPSS
(2008) statistical software (version 16.0 for Windows,
SPSS Inc., Chicago, IL). A cage (replicate) was the
experimental unit for the growth performance data,
whereas an individual bird from each cage was the exper-
imental unit for other measured parameters (antioxi-
dant-related parameters, plasma biochemical indices,
organ weight, and gene expression). Differences among
the 3 experimental groups were examined using Tukey’s
multiple range test. The differences were considered sta-
tistically significant when P < 0.05. The results were
presented as means with their pooled standard errors.

RESULTS

Growth Performance

Before diquat challenge (1-20 d, Table 3), the growth
performance (BW at 20 d of age, ADG, ADFI, and G/F,
P > 0.05) of broiler chickens did not differ among groups.
Although 21-d BW (P > 0.05) of broilers was similar be-
tween these 3 treatments, diquat challenge decreased
ADG (P < 0.05) and BW change rate (P < 0.05) during
24 h after administration in broilers, when compared
with the control group. In contrast, dietary supplementa-
tion with squalene increased ADG (P < 0.05) and BW
change rate (P < 0.05) of diquat-challenged broilers in
comparison with their counterparts receiving a basal
diet only, but which were still lower than those of the con-
trol group (P < 0.05).
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Table 2. Sequences of real-time PCR primers.

Gene Gene Bank ID Primer sequence, sense/antisense Length

Nrf2 XM _015289381.2 CCCGCACCATGGAGATCGAG 180
GGAGCTGCTCTTGTCTTTCCT

Keapl XM 015274015 GCATCACAGCAGCGTGGAGAG 117
GCGTACAGCAGTCGGTTCAGC

HO1 NM_ 205344.1 GTCGTTGGCAAGAAGCATCC 106
GGGCCTTTTGGGCGATTTTC

NQO1 NM_001277619.1 AACCTCTTTCAACCACGCCA 113
GTGAGAGCACGGCATTGAAC

SOD1 NM_ 205064.1 GGCAATGTGACTGCAAAGGG 133
CCCCTCTACCCAGGTCATCA

GPX1 HM590226 AACCAATTCGGGCACCAG 122
CCGTTCACCTCGCACTTCTC

Bel-2 NM_ 205339.2 GCTGCTTTACTCTTGGGGGT 128
CTTCAGCACTATCTCGCGGT

Bazx XM _ 422067 GGTGACAGGGATCGTCACAG 108
TAGGCCAGGAACAGGGTGAAG

CASP3 NM 204725.1 TGGTGGAGGTGGAGGAGC 183
TGTCTGTCATCATGGCTCTTG

XIAP NM  204588.2 AACCTGGTGATCGAGCTTGG 71
GTCCCGACCCAGGACAAAAA

B-actin NM_ 205518.1 TTGGTTTGTCAAGCAAGCGG 100

CCCCCACATACTGGCACTTT

Abbreviations: Baz, B-cell lymphoma /leukemia 2-associated X protein; Bcl-2, B-cell
lymphoma/leukemia 2; CASP3, caspase 3; GPX1, glutathione peroxidase 1; HO1, heme
oxygenase 1; Keapl, kelch-like ECH-associated protein 1; NQO1, NAD(P)H quinone
dehydrogenase 1; Nrf2, nuclear factor erythroid 2-related factor 2; SOD1, superoxide
dismutase 1; XJAP, X-linked inhibitor of apoptosis protein.

Antioxidant Status in Plasma and the Liver

Compared with the control group (Table 4), diquat
challenge decreased plasma SOD activity (P < 0.05)
and increased MDA accumulation (P < 0.05) in plasma
and the liver of broiler chickens, and the values of these
parameters were intermediate in the squalene-
supplemented group, similar to normal controls and those
subjected to diquat challenge only (P > 0.05). The GPX
activity (P < 0.05) in plasma and the liver of broilers was
both increased by diquat treatment, when compared with
the control group. Dietary squalene administration
decreased plasma GPX activity (P < 0.05) of diquat-
challenged broilers, although its activity in the
squalene-supplemented group was still higher than that

of the control group (P < 0.05). However, squalene did
not alter hepatic GPX activity (P > 0.05) in broilers
challenged with diquat, although hepatic GPX activity
(P> 0.05) in the squalene group was intermediate among
the 3 experimental groups. The plasma GSH level
(P < 0.05) of diquat-challenged broilers was increased
by squalene supplementation, and there was no difference
between the normal controls and diquat-challenged
broilers fed with a basal diet supplemented with or
without squalene (P > 0.05). The hepatic GSH concen-
tration (P < 0.05) was decreased in broilers subjected
to diquat challenge when compared with the control
group. On the contrary, squalene administration
increased hepatic GSH concentration (P < 0.05) of
diquat-challenged broilers to a level comparable with

Table 3. Effects of dietary squalene supplementation on the growth performance

of diquat-challenged broilers.

Treatments
Items' CON DQ DQ+SQ SEM’  P-value
Before challenge (1-20 d)
BW at 1d of age, g 42.16 42.34 42.44 0.31 0.192
BW at 20 d of age, g 621.03 622.30 623.30 7.95 0.994
ADG, g/d/bird 28.95 29.00 28.99 0.40 0.998
ADFI, g/d/bird 43.71 43.58 42.62 0.70 0.806
G/F,g/g 0.66 0.67 0.68 0.01 0.522
After challenge (20-21 d)
BW at 21 d of age, g 669.08 643.50 656.92 8.79 0.522
ADG, g/d/bird 48.05" 21.20° 33.63" 2.89 <0.001
BW change rate, g/g 1.077* 1.034¢ 1.054° 0.005 <0.001

*“Means within a row with different superscripts are different at P <0.05.

Abbreviations: CON, nonchallenged broilers fed with a basal diet; DQ, diquat-
challenged broilers fed with a basal diet; DQ + SQ, diquat-challenged broilers fed with a
basal diet supplemented with 1.0 g/kg of squalene.

!G/F: BW gain-to-feed intake ratio; BW change rate is calculated as 21-d BW divided

by 20-d BW.

2
n = 6.
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Table 4. Effects of dietary squalene supplementation on the antioxidant status in
the plasma and liver of diquat-challenged broilers.

Treatments
Items CON DQ DQ + SQ SEM' P-value
Plasma
SOD, U/mL 246.05 155.34" 191.79*" 12.70 0.005
GPX, U/mL 462.48° 683.34" 591.30" 24.88 <0.001
CAT, U/mL 1.11 1.03 1.08 0.13 0.972
MDA, nmol/mL 1.00" 1.63" 1.20™" 0.10 0.012
GSH, mg/L 10.07%P 7.09° 14.20* 1.02 0.007
Liver
SOD, U/mg protein 76.60 72.72 76.96 0.99 0.156
GPX, U/mg protein 37.19" 46.89" 41.30™" 1.64 0.041
CAT, U/mg protein 5.21 5.27 5.43 0.22 0.925
MDA, nmol/mg protein 0.59" 0.85" 0.73P 0.04 0.015
GSH, mg/g protein 8.60" 5.82" 8.24* 0.43 0.007

2bC\Means within a row with different superscripts are different at P <0.05.

Abbreviations: CAT, catalase; CON, nonchallenged broilers fed with a basal diet; DQ,
diquat-challenged broilers fed with a basal diet; DQ + SQ, diquat-challenged broilers fed
with a basal diet supplemented with 1.0 g/kg of squalene; GPX, glutathione peroxidase;
GSH, reduced glutathione; MDA, malondialdehyde; SOD, superoxide dismutase.

n = 6.

the control group (P > 0.05). Treatments did not affect
CAT activity in both plasma and the liver or hepatic
SOD activity of broiler chickens (P > 0.05).

Liver Weight and Plasma Biochemical
Parameters

The absolute liver weight (Figure 1, P> 0.05) did not
differ among treatments, although it was numerically
increased by diquat challenge. The relative liver weight
(P < 0.05) in diquat-challenged broilers fed with a basal
diet was higher than that of normal controls, and its value
was intermediate in the squalene-supplemented group (P
> 0.05). Compared with the control group (Table 5),
diquat challenge increased alanine aminotransferase and
aspartate aminotransferase activities (P < 0.05) in
plasma of broilers, which were similar to control levels
when feeding squalene (P < 0.05). In parallel, diquat
administration increased plasma total bilirubin concen-
tration (P < 0.05). The total bilirubin level (P < 0.05)
in plasma of diquat-challenged broilers was decreased
by squalene supplementation, but its level in the
squalene-supplemented group was higher than that of
the control group (P < 0.05). However, treatments did

A 251
% 204 = —
= —
3
k5 154
28
e 104
=
E 5
<
3 L T T
CON DQ DQ+SQ

not alter plasma total protein, albumin, glucose, triglycer-
ide, or total cholesterol concentration in broiler chickens
(P> 0.05).

Hepatic Gene Expression

Compared with the control group (Table 6), mRNA
abundance of Nrf2 (P < 0.05) was upregulated by diquat
challenge, regardless of squalene supplementation, and
there was no significant difference between these 2
diquat-challenged groups (P > 0.05). The mRNA expres-
sion levels of GPX1 (P < 0.05) and Baz (P < 0.05) were
increased after challenge with diquat, and their expres-
sion levels in diquat-challenged birds were reduced by
squalene administration (P < 0.05), with their levels in
the squalene-supplemented group being similar to those
in the control group (P > 0.05). The diquat-challenged
broilers receiving a basal diet exhibited a lower mRNA
level of NQO1 (P < 0.05) and a higher mRNA abundance
of CASP3 (P < 0.05) than their counterparts receiving
squalene, but their levels did not differ between normal
controls and diquat-challenged broilers fed with a basal
diet (P > 0.05). Moreover, mRNA abundance of Bcl-2
in broilers subjected to diquat challenge tended to
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Figure 1. Effects of dietary squalene supplementation on the (A) absolute liver weight and gB) relative liver weight of diquat-challenged broilers.

The column and its bar represented the means value and standard error (n = 6), respectively.

a,

"Means with different letters are different at P <0.05.

Abbreviations: CON, nonchallenged broilers fed with a basal diet; DQ, diquat-challenged broilers fed with a basal diet; DQ + SQ, diquat-challenged

broilers fed with a basal diet supplemented with 1.0 g/kg of squalene.
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Table 5. Effects of dietary squalene supplementation on the plasma biochemical
parameters of diquat-challenged broilers.

Treatments
Items CON DQ DQ + SQ SEM! P-value
Alanine aminotransferase, U/L 7.62°  11.09° 7.98" 0.41 <0.001
Aspartate aminotransferase, U/L 14.87" 28.61% 21.12" 1.67 <0.001
Total bilirubin, pmol /L 3.93¢ 30.64" 17.09" 2.88 <0.001
Total protein, g/L 33.22 36.08 37.91 1.56 0.492
Albumin, g/L 17.06 19.47 19.03 0.75 0.401
Glucose, mmol/L 13.74 14.62 14.61 0.40 0.605
Total cholesterol, mmol/L 4.96 5.30 5.80 0.26 0.439
Triglyceride, mmol /L 0.543 0.510 0.803 0.060 0.088

" “Means within a row with different superscripts are different at P < 0.05.
Abbreviations: CON, nonchallenged broilers fed with a basal diet; DQ, diquat-challenged
broilers fed with a basal diet; DQ + SQ, diquat-challenged broilers fed with a basal diet

supplemented with 1.0 g/kg of squalene.
1
n = 6.

increase by dietary squalene administration (P = 0.066).
However, treatments did not alter mRNA abundance of
Keapl, heme oxygenase 1, superoxide dismutase 1, or
X-linked inhibitor of apoptosis protein (P > 0.05).

DISCUSSION

The diquat-induced oxidative stress would disrupt
antioxidant defense (Wang et al., 2013; Liu et al.,
2019), damage organs especially the liver and small in-
testine (Mao et al., 2014; Zheng et al., 2017), trigger
acute inflammation (Deng et al., 2010; Xu et al., 2018),
inhibit nutrient absorption (Yin et al., 2015) and alter
its allocation in favor of acute response (Lv et al.,
2012; Zheng et al., 2017), and impair intestinal integrity
and barrier function (Cao et al., 2018, 2019), eventually
leading to inferior growth performance of animals sub-
jected to diquat challenge (Deng et al., 2010; Mao
et al., 2014; Yin et al., 2015; Chen et al., 2020a). Until

Table 6. Effects of dietary squalene supplementation on the
hepatic gene expression level of diquat-challenged broilers.

Treatments
Items CON DQ DQ + SQ SEM' P-value
Nrf2 1.00° 1.80% 1.96* 0.16 0.015
Keapl 1.00 0.94 0.95 0.07 0.942
HO1 1.00 0.82 0.92 0.06 0.540
NQO1 1.00*P 0.90° 1.62% 0.13 0.034
GPX1 1.00° 1.89* 0.94" 0.17 0.021
SOD1 1.00 1.10 1.34 0.09 0.344
Bel-2 1.00 0.98 1.46 0.10 0.066
Bax 1.00° 1.62* 0.97" 0.11 0.015
CASP3 1.00*P 1.55% 0.79" 0.11 0.010
XIAP 1.00 1.02 1.05 0.06 0.947

“PMeans within a row with different superscripts are different at
P < 0.05.

Abbreviations: Baz, B-cell lymphoma,/leukemia 2-associated X protein;
Bel-2, B-cell lymphoma/leukemia 2; CASPS3, caspase 3; CON, non-
challenged broilers fed with a basal diet; DQ, diquat-challenged broilers fed
with a basal diet; DQ + SQ, diquat-challenged broilers fed with a basal diet
supplemented with 1.0 g/kg of squalene; GPX1, glutathione peroxidase 1;
HO1, heme oxygenase 1; Keapl, kelch-like ECH-associated protein 1;
NQO1,NAD(P)H quinone dehydrogenase 1; Nrf2, nuclear factor erythroid
2-related factor 2; SOD1, superoxide dismutase 1; XIAP, X-linked inhib-
itor of apoptosis protein.

n = 6.

date, available findings with regard to the harmful con-
sequences of diquat-induced oxidative stress on the
growth performance of domestic animals mainly focus
on piglets. In this research, i.p. administration with
diquat reduced ADG and BW change rate during the
24 h after challenge in broiler chickens. In agreement
with our finding, Lv et al. (2012) and Yin et al. (2015)
have found that diquat treatment decreased weight
gain of piglets. Moreover, a recent study conducted on
broilers challenged with diquat has also reported a
reduction in the BW change ratio during the 24 h after
injection (Chen et al., 2020a). The literature concerning
the effects of squalene administration on the growth per-
formance of poultry and other domestic animal species is
scarce, but the squalene-rich feed supplements such as
olive and palm oil have been shown to possess growth-
promoting effects in broiler chickens (Zhang et al.,
2013; Long et al., 2019). However, growth performance
of broilers did not differ among the 3 experimental
groups before diquat challenge, and this may be owing
to the normal physiological status of broilers and the
healthy feeding environment in this study. In a rodent
model of oxidative stress induced by cyclophosphamide,
oral administration with squalene for 7 d increased final
BW and weight gain of male Wistar rats (Motawi et al.,
2010). Dietary squalene supplementation also increased
ADG and BW change rate in broilers subjected to
diquat-induced oxidative status in the present study.
This improved growth performance can be explained
by the antioxidant properties of squalene as previously
summarized (Spanova and Daum, 2011; Kim and
Karadeniz, 2012; Lou-Bonafonte et al., 2018).

Cellular respiration is a set of metabolic reactions and
processes by which chemical energy is released during
the oxidation of organic molecules, and the ROS are
formed as unavoidable by-products of this core life pro-
cess in animals (Covarrubias et al., 2008; Hill, 2014).
Intracellular ROS generation at a low level is crucial for
normal cellular activities and various physiological pro-
cesses, but oxidative stress will occur and then cause
detrimental damage to cell macromolecules when its over-
production overwhelms the intrinsic antioxidant capacity
(Nita and Grzybowski, 2016). Aerobic organisms have
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evolved antioxidant defense to counteract oxidative
stress, including various antioxidant enzymes (e.g.,
SOD, GPX, and CAT) and low-molecular-weight antiox-
idants (e.g., GSH) (Pisoschi and Pop, 2015). The super-
oxide anions are dismutated by SOD to yield hydrogen
peroxide, which is then eliminated by catalyzing it into
water in the presence of GPX and CAT (Fukai and
Ushio-Fukai, 2011). The GSH is a ubiquitous thiol-
containing tripeptide, and its intracellular level is a sensi-
tive indicator of cellular redox state (Forman et al., 2009).
The toxic chemical, diquat, can undergo an enzymatic
one-electron reduction mediated by flavoenzymes and
subsequently lead to radical cation generation, which
can react rapidly with molecular oxygen in aerobic condi-
tions, forming superoxide anion; the produced superoxide
anion can further generate hydrogen peroxide and other
highly toxic hydroxyl radicals in the presence of redox-
active transition metals (Jones and Vale, 2000; Fussell
et al., 2011). Previous studies have shown that the
diquat-induced oxidative stress decreased SOD and
GPX activities and increased MDA accumulation (an
important end product of lipid peroxidation) in plasma
and the liver of piglets (Lv et al., 2012; Mao et al.,
2014). As for chickens, diquat administration has been
found to increase nitric oxide and protein carbonyl gener-
ations, but did not alter cellular antioxidant enzyme ac-
tivities (GPX, CAT, and SOD) in the liver of the
chicken embryo (Li et al., 2020). In this study, i.p. diquat
administration reduced plasma SOD activity and hepatic
GSH concentration and increased GPX activity and
MDA accumulation in both plasma and the liver, suggest-
ing that diquat challenge impaired the antioxidant sys-
tem of broiler chickens. These results are partially in
agreement with a previous study in which diquat treat-
ment increases SOD and GPX activities as well as
MDA accumulation and decreases GSH concentration
in the liver of broilers at an early age (Chen et al.,
2020a). Moreover, Doan et al. (2020) have recently re-
ported that diquat challenge reduced plasma SOD activ-
ity and increased GPX activity in plasma and the liver of
nursery pigs. The key nuclear transcription factor Nrf2
plays a vital role in cellular redox homeostasis through
regulating the expression of defensive genes encoding
various antioxidant proteins and detoxifying enzymes in
a keapl-dependent or keapl-independent pattern
(Bryan et al., 2013). In the present study, diquat chal-
lenge upregulated hepatic N7f2 expression, independent
of keapl and its downstream target gene, GPX1, and
this can be considered as an acute response to diquat-
induced oxidative stress, which is in agreement with the
finding of Wang et al. (2020) in a diquat-induced oxida-
tive stress model in mice. It is necessary to mention
that the measured SOD and GPX activity exhibited a
completely different response to diquat stimulation in
this study, which may be attributed to their difference
in biological function and enzyme kinetic variation. The
antioxidant characteristic of squalene is closely associated
with its special and stable triterpene structure that en-
ables it to effectively scavenge toxic free radicals
(Kohno et al., 1995). In a cell culture experiment,

squalene can prevent hydrogen peroxide—induced injury
to human mammary epithelial cells by directly scav-
enging ROS in a dose-dependent manner (Warleta
et al., 2010). The protective effects of squalene against
oxidative damage have been previously reported in ro-
dent animals (Sabeena Farvin et al, 2004, 2007;
Senthilkumar et al., 2006; Motawi et al., 2010). Oral
administration with squalene can improve redox status
of rats subjected to cyclophosphamide-induced oxidative
stress by increasing GPX activity and GSH concentration
and by inhibiting MDA generation in the heart, testicle,
and urinary bladder (Motawi et al., 2010). Similarly,
squalene has been reported to normalize the alterations
in antioxidant enzyme activities (SOD, GPX, and
CAT) in the heart and hemolysate of red blood cells
and the reductions in plasma vitamin E and vitamin C
concentrations in a rat model of oxidative stress induced
by cyclophosphamide (Senthilkumar et al., 2006). More-
over, prior administration with squalene can alleviate
isoproterenol-induced oxidative stress in rats by blocking
the induction of lipid peroxidation and maintaining the
levels of nonenzymatic free radical scavenger and GSH
in heart tissue (Sabeena Farvin et al., 2004, 2007). In cur-
rent research, the administration of squalene totally or
partially reversed the alterations in antioxidant enzyme
activities (SOD in plasma and GPX in both plasma and
the liver), increased the GSH level in plasma and the liver,
and reduced MDA accumulation in plasma and the liver
of diquat-challenged broilers to a level comparable with
their normal counterparts. These results together suggest
that the diquat-induced oxidative stress in broilers is
effectively alleviated after squalene administration. The
Nrf2signal is involved in the protective effects of squalene
against diquat-induced oxidative stress in broilers in this
research, as evident by the increase in the mRNA expres-
sion level of hepatic Nrf2 and its target genes, NQOI and
GPX1. Squalene has been reported to attenuate
lipopolysaccharide-induced inflammatory response in
murine macrophages and human monocytes and neutro-
phils by reducing intracellular ROS levels and proinflam-
matory cytokine secretion; the Nrf2 signaling activation
and Toll-like receptor 4 signaling inactivation are the
possible underlying mechanisms responsible for its protec-
tive function (Cardeno et al., 2015). Aside from directly
inducing free radical generation, diquat-induced mito-
chondrial function disorder is another important reason
for occurrence of oxidative stress (Cao et al., 2018). Tt
has been demonstrated that squalene can improve hepat-
ic mitochondrial function of aged rats by maintaining
activities of enzymes involved in the tricarboxylic acid cy-
cle and improving cellular energy status and by increasing
mitochondrial antioxidant capacity (Buddhan et al.,
2007), which may also account for the improved oxidative
status of broilers subjected to diquat challenge observed
in this study.

The liver is usually a major organ attacked by oxida-
tive stress mainly owing to its multiple biological func-
tions, especially its detoxifying function, and it has been
reported that the augmented generations of ROS during
oxidative stress will cause detrimental liver injury, such
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as exacerbated apoptosis, acute inflammation, metabolic
disorder, and the development and progression of hepatic
diseases (Cichoz-Lach and Michalak, 2014). The diquat
challenge increased relative liver weight of broiler
chickens in the present study, and this abnormal liver
weight may suggest that oxidative stress induced by
diquat impairs liver function. An increase in relative liver
weight resulting from diquat challenge has also been re-
ported in piglets (Yin et al., 2015) and broiler chickens
(Chen et al., 2020a). The aspartate aminotransferase
and alanine aminotransferase are 2 important metabolic
enzymes existing in the cytoplasm of hepatocytes, and
it is generally thought that the elevations in their activ-
ities in the blood are due to hepatocyte damage and
disruption (Giannini et al., 2005). Total bilirubin in blood
includes the conjugated and unconjugated (free) forms
and, if elevated, is usually indicative of liver damage
(Fevery, 2008). In parallel with an increase in relative
liver weight, the circulating aspartate aminotransferase
and alanine aminotransferase activities and especially to-
tal bilirubin concentration were increased by diquat chal-
lenge in this study, indicating that diquat-induced
oxidative stress impairs liver normal function, which is
further supported by the disrupted antioxidant system
in the liver of broilers subjected to diquat challenge.
The elevated aminotransferase activities induced by
diquat challenge have also been found in mice (Qiao
et al., 2020) and broiler chickens (Chen et al., 2020a).
Chen et al. (2020a) have reported that diquat administra-
tion induced a greater number of apoptotic hepatocytes,
upregulated  hepatic apoptotic gene expression
(CASP3), and decreased hepatic antiapoptotic gene
(Bcl-2) expression in the liver of broiler chickens. In a
model of diquat-induced acute oxidative stress of the
chicken embryo, diquat challenge also increases the
apoptotic index of liver cells (Li et al., 2020). Our results
also showed that diquat upregulated 2 apoptotic gene
expression levels (CASP3 and Baz) in the liver of broilers,
which may provide a possible explanation for the elevated
plasma biochemical parameters. In agreement with the
improved redox status, the administration with squalene
decreased circulating aspartate aminotransferase and
alanine aminotransferase activities and total bilirubin
concentration and normalized the expression levels of
apoptotic genes in the liver of diquat-challenged broilers.
Moreover, the relative liver weight of diquat-challenged
broilers treated with squalene was reduced to a value
similar to that of the normal controls. Taken together,
these results indicate that squalene administration ex-
hibits liver-protective effects on diquat-challenged broiler
chickens. Its antioxidant characteristic could, at least in
part, account for these effects. Mitochondria are the
main source of both energy and cellular ROS, which ren-
ders them to be continuously exposed to free radical
attack and therefore susceptible to oxidative stress. The
oxidative damage to the bioenergetic machinery can
inhibit adenosine triphosphate generation and trigger
mitochondrial-dependent apoptosis (Brookes et al.,
2004). A previous study has shown that diquat-induced
liver impairment of broilers was due to the disrupted

mitochondrial function, as supported by the reduced gen-
eration of adenosine triphosphate and the altered expres-
sion pattern of genes responsible for mitochondrial
biogenesis (Chen et al., 2020a). The protective effects of
dietary squalene administration on mitochondrial func-
tion in the liver have been previously reported in rats
(Buddhan et al., 2007), and this finding may also provide
an explanation to the improved liver function in diquat-
challenged broilers receiving squalene administration.

In conclusion, the acquired results in this study sug-
gested that dietary supplementation with squalene can
improve growth performance, antioxidant status in
plasma and the liver, and liver function of broilers sub-
jected to diquat-induced oxidative stress.
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