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Effects of taurine on growth performance, antioxidant capacity,
and lipid metabolism in broiler chickens
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ABSTRACT To investigate the effects of dietary
taurine supplementation on growth performance, antiox-
idant status, and lipid metabolism in broilers, 384 male
broilers (ArborAcres, 1D of age)were randomly allocated
into 4 groups with 8 replicates of 8 birds. Dietary treat-
ments were supplementedwith taurine at the level of 0.00,
2.50, 5.00, and 7.50 g/kg of the diet (denoted as CON,
TAU1, TAU2, TAU3, respectively). The BW gain from 1
to 21 D and from 22 to 42 D were all increased linearly
(linear, P , 0.001) by taurine supplementation.
Throughout the trial period, the highest BW gain and
favorable gain-to-feed ratio were observed in the TAU2
group. Taurine supplementation increased the antioxi-
dant enzyme activities and decreased (linear, P , 0.001)
the content of malondialdehyde in both serum and the
liver of broilers and alleviated oxidative damage through
enhancing (P , 0.05) the hepatic genes expression of nu-
clear factor erythroid-2–related factor 2 (NRF2), gluta-
thione peroxidase (GPX), and heme oxygenase-1
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(HO-1). Correspondingly, in serum, the activities of
hepatic lipase and total lipase were decreased linearly and
quadratically (linear and quadratic, P , 0.001) with the
increasing inclusion of taurine in the diet. Meanwhile, in
serum, the content of triglycerides was significantly
decreased (P , 0.05), and except for TAU3, the total
cholesterol content was also significantly decreased
(P , 0.05) by taurine supplementation. In addition, the
hepatic content of triglycerideswas significantlydecreased
(P , 0.05) in the TAU1 and TAU2 groups. Compared
with the CON group, the hepatic genes expression of
adenosinemonophosphate–activated protein kinase alpha
(AMPKa), silent 1, (SIRT1) and carnitine palmitoyl-
transferase 1 (CPT-1) were all increased (P, 0.05), and
sterol regulatory element-binding protein-1 (SREBP-1)
expression was decreased (P , 0.05) in the TAU2 group.
These results indicated that taurine supplementation
improved the growth performance, antioxidant capacity,
and lipid metabolism of broilers.
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INTRODUCTION

Broilers of modern intensive production are challenged
by various disorders, infections, oxidative stress, and lipid
accumulation (Zhang et al., 2009). It is well known that
the excess levels of free radicals can lead to damage to cells.
Under normal circumstances, body antioxidant systems
could protect the body from the oxidative damage. Recent
studies confirmed that peroxisome proliferator-activated
receptor a (PPARa) was implicated in the oxidative
stress response and mediated the expression of several
antioxidant genes to relieve oxidative stress, such as
superoxide dismutase (SOD) (Yu et al., 2008), gluta-
thione peroxidase (GPX) (Chung et al., 2009), and
heme oxygenase-1 (HO-1) (Kleinhenz et al., 2009). These
results suggested that antioxidant capacitywas associated
with lipid accumulation (Furukawa et al., 2004). Lipid
metabolism is a complex physiological process that is
involved in nutrient regulation (Chu et al., 2014), hor-
mone adjustment (Bandyopadhyay et al., 2015), and ho-
meostasis (Palomer et al., 2013). In avian species, liver is
the main site of de novo fatty acid synthesis, accounting
for 90–95% in young chicks (Griffin, 1992). Excess lipid
accumulation in the liver could lead to serious biological
damage, several pathologic statuses, and even death
(Fellenberg and Speisky, 2006). Therefore, evaluation of
the lipid metabolism and antioxidant capacity of broiler
chickens is crucial in preventing chicken disease and
maintaining health.

Taurine is a non-nutritive feed additive. It is derived
from biosynthesis inmethionine and cysteinemetabolism.
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Numerous studies show that taurine exerts good antioxi-
dant properties, included inhibiting lipoxygenase and
prostaglandin synthetase activities, reducing lipid perox-
idation (Huxtable, 1992), increasing antioxidant enzyme
activity (Li et al., 2016), and scavenging reactive oxygen
species. Nuclear factor erythroid 2–related factor 2
(NRF2) is a key regulator of the antioxidative defense
pathway (Motohashi and Yamamoto, 2004). It was re-
ported that the translocation of NRF2 from cytoplasm
to the nucleus upregulated the expression of antioxidant
enzymes (Singh et al., 2006; Dreger et al., 2010; Kim
and Vaziri, 2010), indicating that the gene expression of
antioxidant enzymes was governed by the NRF2
signaling pathway (Kobayashi et al., 2009). In addition,
taurine has the biological function of reducing fat meta-
bolism disorders and lipid accumulation in the liver
(Chen et al., 2009; Das et al., 2012; Murakami, 2015).
Many studies clarified that taurine plays a significant
function in the metabolism of lipid, reduces hepatic and
serum lipid accumulation, and improves the plasma levels
of triglycerides (Gentile et al., 2011; Chang et al., 2011;
Nardelli et al., 2011). Taurine supplementation reduced
fat accumulation and decreased lipid levels in the plasma
and liver in rats (Bonfleur et al., 2015). The reason may
be that taurine stimulates the genes expression involved
in lipid metabolism (Tsuboyama-Kasaoka et al., 2006),
such as acetyl-CoA carboxylase (ACC), sterol regulatory
element-binding protein-1c (SREBP-1c), and PPARa
(Davail et al., 2000).

Adenosine monophosphate-activated protein kinase
(AMPK) and sirtuin 1 (SIRT1) are closely related to
lipid metabolism and activate each other and then stim-
ulate fatty acid oxidation and inhibit hepatic lipid accu-
mulation (Cant�o et al., 2009; Tessari et al., 2009;
Ruderman et al., 2010). Previous studies have shown
that taurine was able to enhance the phosphorylation
of AMPK in murine white adipose tissue and adipocytes
to improve lipid metabolic disorder (Guo et al., 2019).
Phosphorylated AMPK can augment fatty acid oxida-
tion, decrease glucose output, and affect total cholesterol
(TC) and triglyceride (TG) synthesis (Hou et al., 2018).
Moreover, taurine was reported to upregulate fatty acid
oxidation and downregulate lipogenesis by inducing
SIRT1 overexpression and thereby providing protection
against hepatic steatosis induced by a high-fat diet
(Calak et al., 2014). Based on the actions of taurine
against metabolic disorders mediated by SIRT1
(Elwahab et al., 2017) or AMPK (Guo et al., 2019), we
hypothesized that taurine may regulate lipid accumula-
tion through the AMPK/SIRT1 pathway.

However, in broilers, no information has been avail-
able regarding the mechanisms involved in taurine
actions on AMPK/SIRT1 pathway and lipid. Therefore,
the present study aimed to provide a comprehensive
analysis from both the serum and liver to evaluate the ef-
fects of dietary taurine on growth performance, antioxi-
dant status, and lipid metabolism in broilers. The results
of the present study will provide useful information
about the role and mechanisms of taurine in lipid meta-
bolism of broiler chickens.
MATERIALS AND METHOD

Experimental Animals, and Management

Taurine (purity . 98.5%) was purchased from Jian-
gyin Huachang Food Biotechnology Co. Ltd. (Zhejiang,
China). A total of 384 1-day-old similar weight
(40.46 6 0.07) male Arbor Acres broiler chicks were ob-
tained from a local hatchery (Hewei Company, Anhui
Province, China), and chicks were randomly allotted
into 4 groups with 8 replicates of 12 birds each. Birds
were fed mash corn–soybean meal based on diets supple-
mented with 0, 2.50, 5.00, and 7.50 g of previously pre-
pared taurine per kg of the diet (denoted as CON,
TAU1, TAU2, TAU3) for 42 D in 2 phases (1 to 21 D
and 22 to 42 D), respectively. We measured the basal
diet content of taurine performed by the Jiangsu provin-
cial animal products quality testing center (Jiangsu,
China) and performed as per the guidelines set by the
document number 2483 of the Department of
Agriculture (2016) of the national standards of the Peo-
ple’s Republic of China, detailed as follows: diet samples
were extracted by water and the protein precipitant,
derivatization was performed using dansyl chloride,
and all samples were analyzed using HPLC and external
standard. All experimental diets were formulated to
meet the NRC (1,994) recommendation for broilers,
and its ingredients and compositions of diets used in
experiment are listed in Table 1.
Housing

During the trial period, chicks had free access to feed
and water with 23 h light and 1 h darkness per day.
The chicks were weighed and placed in cages
(120 ! 60 ! 50 cm; 0.09 m2 per chick) and kept in
3-layer pens. Birds were vaccinated for Newcastle disease
and infectious bronchitis. The temperature of the room
was kept at 32�C to 35�C for the first 5 D, after which
it declined by 3�C a wk until decreased to 22�C. The
experimental procedures were in accordance with the
guidelines set by the Institutional Animal Care and
Use Committee of Nanjing Agricultural University.
Growth Performance Measurement

At 1, 21, and 42 D of age, BW and total feed con-
sumption in each replicate were recorded to calculate
BW gain (BWG), feed intake (FI), and the gain-to-
feed ratio (G/F). The G/F was calculated as the ratio
between BWG and FI.
Sample Collection

At 42 D of age, 1 bird (close to the average BW of each
replicate) from each replicate was taken out for slaughter
after a period of 12-h fasting. The blood sample from
each animal was collected in a nonanticoagulant sterile
blood vessel from the jugular vein. After blood sampling,
the birds were euthanized by cervical dislocation



Table 1. Ingredient composition and nutrient contents of experimental diets.

Variables1
Starter period (1–21 D) Grower period (22–42 D)

CON TAU1 TAU2 TAU3 CON TAU1 TAU2 TAU3

Ingredient (%)
Corn 56.58 56.58 56.58 56.58 60.55 60.55 60.55 60.55
Soybean meal (44%, CP) 29.76 29.76 29.76 29.76 27.78 27.78 27.78 27.78
Corn gluten meal 4.96 4.96 4.96 4.96 3.47 3.47 3.47 3.47
Soybean oil 3.97 3.97 3.97 3.97 3.97 3.97 3.97 3.97
Limestone 1.19 1.19 1.19 1.19 1.19 1.19 1.19 1.19
Dicalcium phosphate 1.49 1.49 1.49 1.49 0.99 0.99 0.99 0.99
Alanine2 0.54 0.36 0.18 0 0.54 0.36 0.18 0
Microcrystalline cellulose3 0.21 0.14 0.07 0 0.21 0.14 0.07 0
The approximate content of taurine ,0.01 0.25 0.50 0.75 ,0.01 0.25 0.50 0.75
Salt 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Premix4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Total 100 100 100 100 100 100 100 100

Calculated nutrient and energy level
Apparent ME (MJ/kg) 12.52 12.52 12.52 12.52 12.92 12.92 12.92 12.92
CP (%) 21.6 21.6 21.6 21.6 20.01 20.01 20.01 20.01
Lysine (%) 1.18 1.18 1.18 1.18 1.06 1.06 1.06 1.06
Methionine (%) 0.52 0.52 0.52 0.52 0.45 0.45 0.45 0.45
Calcium (%) 1.08 1.08 1.08 1.08 0.96 0.96 0.96 0.96
Total phosphorus (%) 0.70 0.70 0.70 0.70 0.68 0.68 0.68 0.68
Available phosphorus (%) 0.46 0.46 0.46 0.46 0.39 0.39 0.39 0.39

Analyzed composition
CP (%) 21.33 21.32 21.47 21.54 19.90 19.91 19.88 19.91
Crude fat (%) 4.81 4.82 4.78 4.84 6.52 6.57 6.58 6.54
Calcium (%) 1.00 1.04 1.00 1.00 0.93 0.94 0.95 0.94
Total phosphorus (%) 0.66 0.64 0.63 0.69 0.66 0.68 0.63 0.67

1CON, basal diet; TAU1, TAU2 and TAU3 group, basal diet adding 2.50, 5.00, and 7.50 g/kg TAU, respectively.
2Alanine, the purity was 99%, was used to balance the nitrogen in all diets.
3Microcrystalline cellulose, the purity was 99%, was used to balance the different percentages of supplemental taurine.
4The premix provided per kg of diet: retinyl acetate for vitamin A, 10,000 IU; cholecalciferol for vitamin D3, 3,000 IU; DL-a-

tocopheryl acetate for vitaminE, 30 IU;menadione sodiumbisulphate, 1.3mg; thiamin, 2.2mg; riboflavin, 8.0mg; nicotinamide,
40mg; choline chloride, 600mg; calciumpantothenate, 10mg; pyridoxineHCl, 4mg;biotin, 0.04mg; folic acid, 1mg; vitaminB12
(cobalamin), 0.013 mg; Zn, 60 mg; Fe, 80 mg; Cu,8.0 mg; Mn, 110 mg; I, 1.1 mg; Se, 0.3 mg.
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immediately, and the liver was isolated. Serum was ob-
tained by centrifugation at 3,500 rpm for 15 min at
4�C in a centrifuge machine, the top serum in the tube
was collected and stored at 280�C for analysis (Tian
et al., 2019). The liver was dissected, weighed, and
then homogenized and stored in liquid nitrogen for enzy-
matic activity and mRNA expression analysis before
freezing for storage (280�C).
Antioxidant Capacity Evaluation of Serum
and the Liver

One gram of liver tissues preserved at 280�C was cut
into small pieces and mixed with 9 mL of 0.9% ice-cold
sodium chloride buffer for subsequent homogenization
using an Ultra-Turrax homogenizer (Tekmar Co., Cin-
cinnati, OH) to centrifuge at 3,500 rpm at 4�C for
10 min (Ge et al., 2019). The hepatic supernatant and
serum were used to measure total antioxidant capacity
(Kit code number: A015-2-1), SOD (Kit code number:
A003-2-1), GPX (Kit code number: A002-1-1), gluta-
thione (GSH; Kit code number: A001-2-1), catalase
(CAT; Kit code number: A007-1-2) activities, and malo-
naldehyde (MDA; Kit code number: A007-3-1) content;
the kits were purchased from Nanjing Jiancheng Insti-
tute of Bioengineering (Jiangsu, China) and the proced-
ures were performed as per the manufacturer’s
instructions.
Analysis of Lipid Metabolism in Serum and
the Liver

Serum levels of TC (Kit code number: A113-2-1), TG
(Kit code number: A113-1-1), high-density lipoprotein
cholesterol (HDL-C; Kit code number: A112-1-1), low-
density lipoprotein cholesterol (Kit code number:
A112-1-2), and nonesterified fatty acid (NEFA; Kit
code number: A042-2-1) and total lipase (TL; Kit code
number: A065-1-1), hepatic lipase (HL; Kit code num-
ber: A065-1-1), and lipoprotein lipase (LPL; Kit code
number: A065-1-1) activities were measured using the
kits obtained from the Nanjing Jiancheng Institute of
Bioengineering (Jiangsu, China). The liver samples
stored in liquid nitrogen were used to make tissue
homogenate, the hepatic TC (Kit code number: A113-
2-1), TG (Kit code number: A113-1-1), and NEFA
(Kit code number: A042-2-1) levels and TL (Kit code
number: A065-1-1), HL (Kit code number: A065-1-1),
and LPL (Kit code number: A065-1-1) activities in the
liver were also measured using kits obtained from the
Nanjing Jiancheng Institute of Bioengineering (Jiangsu,
China). The hepatic fatty acid synthase (FAS, Kit code
number: F7082-A), ACC (Kit code number: F7083-A),
and hormone-sensitive triglyceride lipase (HSL; Kit
code number: F7084-A) activities were measured using
ELISA kits purchased from Shanghai Yili Biological
Technology Co., Ltd. (Shanghai, China) and performed
as per the manufacturer’s protocol.



Table 2. Primer sequence of target and reference genes.

Gene name1 Primers sequence (50-30) Accession number

Antioxidant-related genes
NRF2 Forward GAGCCCATGGCCTTTCCTAT NM_001007858.1

Reverse CACAGAGGCCCTGACTCAAA
HO-1 Forward AAACTTCGCAGCCACACAAC NM_205344.1

Reverse GACCAGCTTGAACTCGTGGA
GPX Forward GACCAACCCGCAGTACATCA NM_001277853.1

Reverse GAGGTGCGGGCTTTCCTTTA
SOD1 Forward CCGGCTTGTCTGATGGAGAT NM_205064.1

Reverse TGCATCTTTTGGTCCACCGT
CAT Forward GCGCCCCGAACTATTATCCA NM_001031215.2

Reverse ATACGTGCGCCATAGTC

Lipid metabolism genes
AMPKa Forward GGGACCTGAAACCAGAGAACG NM001039605.1

Reverse ACAGAGGAGGGCATAGAGGATG
SIRT1 Forward GATCAGCAAAAGGCTGGATGGT NM_001004767

Reverse ACGAGCCGCTTTCGCTACTAC
CPT-1 Forward ACAGCGAATGAAAGCAGGGT NM_001012898.1

Reverse GCCATGGCTAAGGTTTTCGT
PPARa Forward AGTAAGCTCTCAGAAACTTTGTTG NM_001001464.1

Reverse AAGGTTGAAACAGAAGCCGC
APOA1 Forward CGCATTCGGGATATGGTGGA NM_205525

Reverse GTCAAGCTGTTTGCCCACAG
SREBP-1 Forward GACCATCCTGGCCACAGTAC AF278697

Reverse TCTCAATGGCATTGTGGGCT
FAS Forward AGAGGCTTTGAAGCTCGGAC NM_205155.2

Reverse GGTGCCTGAATACTTGGGCT
ACC Forward TTGTGGCACAGAAGAGGGAA NM_205505.1

Reverse GTTGGCACATGGAATGGCAG
ACTB Forward TGCTGTGTTCCCATCTATCG NM_205518.1

Reverse TTGGTGACAATACCGTGTTCA

1Abbreviations: ACC, acetyl-CoA carboxylase; ACTB, beta-actin; AMPKa, adenosine
monophosphate–activated protein kinase alpha;ApoA1, apolipoprotein A1;CAT, catalase; SIRT1,
silent 1; CPT-1, carnitine palmitoyltransferase 1; FAS, fatty acid synthase; GPX, glutathione
peroxidase; HO-1, heme oxygenase-1; NRF2, nuclear factor erythroid 2–related factor 2; PPARa,
peroxisome proliferator-activated receptor a; SOD1, superoxide dismutase 1; SREBP-1, sterol
regulatory element-binding protein-1.

HAN ET AL.5710
RNA Extraction and Quantitative Real-Time
PCR

Total RNA in the frozen liver samples was extracted
using TRIzol Reagent (TaKaRa Biotechnology, Dalian,
China; Kit code number: R601-01). The concentration
and purity of RNA were quantified with a spectropho-
tometer (NanoDrop Technologies, Wilmington, DE) as
per the readings at 260 and 280 nm. Subsequently, the
RNA was reverse transcribed into cDNA using the Pri-
meScripte RT Reagent Kit (Perfect Real Time; SYBR
PrimeScriP TaKaRa, China; Kit code number: 3894A)
as per the manufacturer’s instructions. The cDNA sam-
ples were amplified by quantitative real-time PCR with
SYBR Premix Ex Taq Reagents (TaKaRa Biotech-
nology). The real-time PCR cycling conditions were as
follows: 95�C for 30 s, 40 cycles of 95�C for 5 s, and
60�C for 30 s (Lu et al., 2019). The mRNA expression
of target genes relative to beta actin was calculated using
22DDCT method according to Livak and Schmittgen
(2001). All of the primer sequences are listed in Table 2.
Statistical Analysis

All data were preliminarily processed using Excel
2010. The statistical analyses were performed using
SPSS 22.0 statistical software (SPSS Inc., Chicago, IL)
with replicate as an experimental unit. Differences
among treatments were examined using Duncan’s multi-
ple range test and orthogonal polynomial contrast test
for linear and quadratic to evaluate the effects of taurine
supplementation. Differences were considered as signifi-
cant at P , 0.05.
RESULTS

Growth Performance

The effects of taurine supplementation on growth per-
formance of broilers are shown in Table 3. The 21 D BW,
42 D BW, and BWG from 1 to 21 D and 22 to 42 D were
all increased by taurine supplementation (linear,
P , 0.001). Compared with the CON group, TAU2
increased G/F and FI from 22 to 42 D and 1 to
42 D (P , 0.05). Throughout the trial period, the high-
est BWG and favorable G/F were observed in the TAU2
group.
Liver and Serum Antioxidant Capacity

As shown in Table 4, broilers in taurine groups
exhibited less content of MDA (linear, P , 0.001) and
greater (linear, P , 0.01) activities of SOD, GPX, and
GSH than the CON group in serum. In the liver, taurine



Table 3. Effects of dietary taurine at different levels on growth performance of broilers.

Items

Dietary taurine concentration treatment3

SEM1

P Value

CON TAU1 TAU2 TAU3 Linear2 Quadratic2

21 D BW, g 589.144c 645.379a,b 635.331b 664.200a 5.981 ,0.001 0.062
42 D BW, g 1,870.420b 1,990.649a 2,042.854a 2,037.254a 16.578 ,0.001 0.011
1–21 D

BWG (g/bird) 548.766c 604.916a,b 594.852b 623.688a 5.968 ,0.001 0.061
FI (g/bird) 835.574b 855.081a,b 877.602a,b 898.719a 9.836 0.017 0.966
G/F (g/g) 0.658 0.711 0.679 0.697 0.009 0.292 0.336

22–42 D
BWG (g/bird) 1,281.276b 1,345.270a,b 1,407.523a 1,373.054a 14.399 0.005 0.056
FI (g/bird) 2,244.814b,c 2,292.604a,b 2,154.589c 2,378.973a 25.027 0.178 0.049
G/F (g/g) 0.571b 0.590b 0.653a 0.578b 0.009 0.143 0.001

1–42 D
BWG (g/bird) 1,830.042b 1,950.186a 2,002.375a 1,996.741a 16.587 ,0.001 0.011
FI (g/bird) 3,080.388b 3,147.685a,b 3,032.191b 3,277.692a 28.564 0.038 0.079
G/F (g/g) 0.594b 0.621b 0.660a 0.610b 0.006 0.042 ,0.001

a–cMeans within the same row with no common superscript differ significantly (P , 0.05).
Abbreviations: BWG, BW gain; FI, feed intake; G/F, gain-to-feed ratio.
1Standard error of the means (n 5 8).
2Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of taurine treatment.
3CON, basal diet; TAU1, TAU2 and TAU3 group, basal diet adding 2.50, 5.00, and 7.50 g/kg TAU, respectively.
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supplementation increased the activity of GPX (linear,
P 5 0.004) and decreased (linear, P , 0.001; quadratic,
P 5 0.002) the concentration of MDA. There was a
linear increase in the content of GSH (linear,
P , 0.001) by dietary taurine increase, and the content
of GSH in taurine groups were greater (P , 0.05) than
the CON group. The hepatic activity of total antioxi-
dant capacity in the TAU2 group was greater than
that in the CON group (P , 0.05).
Lipid Profile and Hepatic Enzyme Activities
in Serum and the Liver

Compared with the CON group (Table 5), the serum
level of TG in taurine groups were significantly
decreased (P, 0.05), and except for TAU3, the TC level
in serum was also significantly decreased (P , 0.05). In
addition, the activities of HL and TL in the serum
Table 4. Effects of different levels of taurine on antio

Items

Dietary taurine concentrat

CON TAU1 TA

Serum
T-AOC (U/mL) 12.873b 14.014a,b 14.
SOD (U/mL) 106.365b 127.796a 123.
GPX (U/mL) 224.016c 241.721b 256.
GSH (umol/L) 9.536b 11.513a 10.
CAT (U/mL) 8.424 8.740 8.
MDA (nmol/mL) 10.949a 10.486a,b 10.

Liver
T-AOC (U/mg prot) 0.878b 1.043a,b 1.
SOD (U/mg prot) 312.594 332.161 324.
GPX (U/mg prot) 42.63d 49.25a 45.
GSH (mg/g prot) 3.392c 3.923b 4.
CAT (U/mg prot) 10.434 10.542 10.
MDA (nmol/mg prot) 1.258a 1.029b 1.

a–dMeans within the same row with no common superscr
Abbreviations: CAT, catalase; GSH, glutathione; GPX

superoxide dismutase; T-AOC, total antioxidant capacity.
1Standard error of the means (n 5 8).
2Orthogonal polynomials were used to evaluate linear an
3CON, basal diet; TAU1, TAU2 and TAU3 group, basal
decreased linearly and quadratically (linear and
quadratic, P , 0.001) with the increasing inclusion of
taurine in the diet. In the liver, compared with the
CON group, moderate amounts of taurine in the diet
decreased the level of TG (P , 0.05) and increased the
activities of LPL, TL, and HSL (P , 0.05).
Gene Expression Levels of Antioxidant
Capacity

As seen in Table 6, in comparison with the CON
group, the mRNA expression levels of NRF2 and GPX
were increased (P , 0.05) in the TAU2 group, and the
mRNA expression of HO-1 was also increased in the
TAU2 and TAU3 groups (P, 0.05). The mRNA expres-
sion levels of SOD1 and CAT were not of significant
difference in the liver of broilers among all the groups
(P . 0.05).
xidant function in serum and liver of broilers.

ion treatment3

SEM1

P Value

U2 TAU3 Linear2 Quadratic2

199a 14.060a,b 0.210 0.043 0.116
059a 123.285a 1.825 ,0.001 ,0.001
230a 237.541b 2.861 0.006 ,0.001
931a 11.222a 0.173 ,0.001 0.001
604 8.446 0.067 0.909 0.084
116b 9.954b 0.116 0.001 0.452

122a 1.030a,b 0.034 0.070 0.051
747 330.215 3.525 0.148 0.311
03c 47.00b 0.533 0.004 0.001
609a 4.708a 0.123 ,0.001 0.194
774 11.018 0.151 0.159 0.825
011b 1.026b 0.025 ,0.001 0.002

ipt differ significantly (P , 0.05).
, glutathione peroxidase; MDA, malonaldehyde; SOD,

d quadratic responses to the levels of taurine treatment.
diet adding 2.50, 5.00, and 7.50 g/kg TAU, respectively.



Table 5. Effects of different levels of taurine on serum and liver lipid metabolism in broilers.

Items

Dietary taurine concentration treatment3

SEM1

P Value

CON TAU1 TAU2 TAU3 Linear2 Quadratic2

Serum
TC (mmol/L) 4.219a 3.996b 3.959b 4.052a,b 0.035 0.072 0.021
TG (mmol/L) 0.421a 0.339b 0.359b 0.350b 0.012 0.052 0.093
NEFA (u mol/L) 987.645 1,002.180 986.192 1,046.512 12.718 0.164 0.370
HDL-C (mmol/L) 3.127b 3.429a,b 3.617a 3.412a,b 0.067 0.070 0.051
LDL-C (mmol/L) 0.962 0.899 0.929 0.919 0.027 0.696 0.640
LPL (U/mL) 1.966 1.955 1.796 1.921 0.033 0.328 0.306
HL (U/mL) 2.826a 2.283b 2.212b 2.228b 0.055 ,0.001 ,0.001
TL (U/mL) 4.791a 4.237b 4.008b 4.149b 0.066 ,0.001 ,0.001

Liver
TC (mmol/g prot) 0.099 0.093 0.093 0.103 0.004 0.767 0.368
TG (mmol/g prot) 3.017a 2.478b,c 2.289c 2.760a,b 0.085 0.150 0.002
NEFA (u mol/g prot) 103.142 100.165 91.958 100.194 3.118 0.554 0.386
LPL (U/mg prot) 1.330b 1.505a 1.461a,b 1.530a 0.032 0.022 0.828
HL (U/mg prot) 1.481 1.494 1.580 1.545 0.017 0.065 0.464
TL (U/mg prot) 2.811b 2.999a,b 3.041a,b 3.075a 0.039 0.008 0.606
ACC (pg/mg prot) 9.410 9.256 9.273 9.373 0.059 0.862 0.310
FAS (pg/mg prot) 582.583a 559.667b 563.208a,b 561.958a,b 3.824 0.054 0.147
HSL (pg/mg prot) 36.942b 37.132b 39.434a 38.300a,b 0.325 0.018 0.254

a–cMeans within the same row with no common superscript differ significantly (P , 0.05).
Abbreviatioons: ACC, acetyl CoA carboxylase; FAS, fatty acid synthase; HDL-C, high-density lipoprotein cholesterol;

HL, hepatic lipase; HSL, hormone-sensitive triglyceride lipase; LDL-C, low-density lipoprotein cholesterol; LPL, lipo-
protein lipase; NEFA, nonesterified fatty acid; TC, total cholesterol; TG, triglycerides; TL, total lipase.

1Standard error of the means (n 5 8).
2Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of taurine treatment.
3CON, basal diet; TAU1, TAU2 and TAU3 group, basal diet adding 2.50, 5.00, and 7.50 g/kg TAU, respectively.
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Gene Expression Levels of LipidMetabolism

As seen in Table 7, compared with the CON group,
the mRNA expression levels of AMPKa, SIRT1, and
CPT-1were increased (P, 0.05) and the mRNA expres-
sion level of SREBP-1was decreased in the TAU2 group.
Apolipoprotein A1 (APOA1) mRNA expression was
significantly increased by taurine supplementation
(P , 0.05). Compared with the CON group, the
mRNA expression of PPARa was significantly increased
(P , 0.05) except in the TAU1 group, whereas FAS
expression was significantly decreased in the TAU1
group. However, the mRNA expression of ACC was
not affected by taurine supplementation (P . 0.05).
Table 6. Effects of dietary taurine supple
hepatic antioxidant-related genes of broi

Items4

Dietary taurine concentration
treatment3

CON TAU1 TAU2 TA

NRF2 1.000b 1.358a,b 1.461a 1.3
HO-1 1.000b 1.321a,b 1.634a 1.6
GPX 1.000b 1.640a,b 1.807a 1.1
SOD1 1.000 0.989 1.009 0.9
CAT 1.000 0.839 0.949 1.0

a,bMeans within the same row with no
(P , 0.05).

Abbreviations: CAT, catalase;GPX, glutath
NRF2, nuclear factor erythroid 2–related factor

1Standard error of the means (n 5 8).
2Orthogonal polynomials were used to eval

levels of taurine treatment.
3CON, basal diet; TAU1, TAU2 and TAU

7.50 g/kg TAU, respectively.
4Expressed in arbitrary units. The expressi

was assigned a value of 1 and normalized agai
DISCUSSION

Numerous studies have shown that dietary taurine
supplementation increased the feed efficiency in the first
wk (Tufft and Jensen, 1992), enhanced ADG, decreased
feed-to-gain ratio (Zeng et al., 2009), and improved
growth performance of broiler chickens (Lee et al.,
2004a). The aforementioned results were similar to our
results that 0.5% taurine supplementation could increase
the G/F and FI during the entire experimental period
and increase the BWG in the starter phase and the entire
experimental period. Taurine supplementation in ducks
was accompanied with a significant increase of ADG and
a decline of feed-to-gain ratio (Yang, 2011). Besides,
mentation on the expression levels of
lers.

SEM1

P Value

U3 Linear2 Quadratic2

22a,b 0.069 0.074 0.064
08a 0.094 0.010 0.323
65a,b 0.126 0.530 0.010
76 0.051 0.912 0.919
30 0.060 0.720 0.338

common superscript differ significantly

ione peroxidase;HO-1, heme oxygenase-1;
2; SOD1, superoxide dismutase 1.

uate linear and quadratic responses to the

3 group, basal diet adding 2.50, 5.00, and

on of each target gene for the CON group
nst beta actin.



Table 7. Effects of dietary taurine supplementation on the expression levels of
hepatic lipid metabolism–related genes of broilers.

Items4
Dietary taurine concentration treatment3

SEM1

P Value

CON TAU1 TAU2 TAU3 Linear2 Quadratic2

AMPKa 1.000b 1.681a,b 2.097a 1.780a,b 0.179 0.085 0.159
SIRT1 1.000b 1.629a,b 1.876a 1.435a,b 0.116 0.112 0.017
CPT-1 1.000b 1.467a,b 1.630a 1.257a,b 0.098 0.271 0.032
PPARa 1.000b 1.224a,b 1.422a 1.437a 0.068 0.012 0.415
APOA1 1.000b 1.733a 1.695a 1.689a 0.107 0.027 0.050
SREBP-1 1.000a 0.834a,b 0.752b 0.834a,b 0.034 0.045 0.055
FAS 1.000a 0.669b 0.799a,b 0.768a,b 0.046 0.149 0.089
ACC 1.000 0.856 0.821 0.857 0.091 0.592 0.640

a,bMeans within the same row with no common superscript differ significantly (P , 0.05).
Abbreviations: ACC, acetyl-CoA carboxylase; AMPKa, adenosine monophosphate–

activated protein kinase alpha; APOA1, apolipoprotein A1; CPT-1, carnitine palmitoyl-
transferase 1;FAS, fatty acid synthase;PPARa, peroxisome proliferator-activated receptor a;
SIRT1, silent 1; SREBP-1, sterol regulatory element-binding protein-1.

1Standard error of the means (n 5 8).
2Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels

of taurine treatment.
3CON, basal diet; TAU1,TAU2 andTAU3 group, basal diet adding 2.50, 5.00, and 7.50 g/kg

TAU, respectively.
4Expressed in arbitrary units. The expression of each target gene for the CON group was

assigned a value of 1 and normalized against beta actin.
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taurine was also used as a feed supplement to confer bet-
ter growth and health of common carp fry (Abdel-
Tawwab and Monier, 2018). Taurine improved the
growth performance of broilers, which mainly benefited
from its contribution to the increase palatability of
feed and stimulate appetite (Koven et al., 2016). Howev-
er, research on the effects of taurine supplementation on
the growth performance in broilers was controversial.
Yuan and Wang. (2010) reported that taurine supple-
mentation had no significant effect on the growth perfor-
mance of broilers. We speculated that the reasons for
these phenomena may be related to the type of diet,
growth stage, feeding environment, and amount of
taurine addition. In addition, our broiler chicks had
low hatching weight; several studies have shown that
broilers with lower hatching weight chicks had less
BWG than heavy chicks when both were fed the control
diets (Sklan et al., 2003; Wen et al., 2014), which could
explain why the rate of growth/BWG of broilers is
much slower in than it should be in this study. Moreover,
stocking density (Li et al., 2019), protein source, and
dietary structure (Qaisrani et al., 2014) would also affect
the rate of growth of broilers.
Antioxidant activity is one of the most important bio-

logical functions of taurine (Cassol et al., 2010; Roy and
Sil, 2012). Lipid peroxidation is one of the consequences
of oxidative stress in biological systems (Eghbal et al.,
2004). The removal of lipid peroxides mainly depends
on nonenzymatic compounds such as GSH, and several
important antioxidant enzymes such as SOD, CAT,
and GPX (Rhee et al., 2013). The GSH is the main
endogenous nonenzymatic antioxidant and could abolish
lipid peroxides through a reaction catalyzed by GPX
(Fang et al., 2002). TheMDA content is a main degrada-
tion product of lipid peroxidation and associated with
the oxidative damage. The lower MDA content indi-
cated the lower reaction of lipid peroxidation (Ding
et al., 2017). In this study, we found that dietary taurine
supplementation was conducive to the decline of MDA
in the liver and serum of broilers, which could be
ascribed to the enhancement of activities of GSH and
GPX. Consistent with our results, numerous studies
have confirmed that taurine supplementation signifi-
cantly improved GPX activity, inhibited the accumula-
tion of hydroxyl radicals, and then reduced lipid
peroxidation (Winiarska et al., 2009; Yang et al.,
2010). A similar result was obtained from the recent
work, which suggested that the protective effects of
taurine to alleviate oxidant damage via decreasing the
MDA content (Huang et al., 2014). The activities of
antioxidant enzymes are related to their gene transcrip-
tion. Thus, we examined several key antioxidant gene
expressions involved in antioxidant signals in the present
study. Nuclear factor erythroid 2–related factor 2 is pre-
sent in the cytosol under normal conditions, and when
oxidative stress occurs, NRF2 is translocated into the
nucleus and binds to the antioxidant response element
to augment the expression of antioxidant genes (Li and
Kong, 2009). Heme oxygenase-1 catalyzes the first and
rate-limiting step in heme catabolism and plays an
important role in reducing the total production of reac-
tive oxygen species (Choi and Alam, 1996). The results
showed that dietary taurine supplementation increased
the genes expression of NRF2, GPX, and HO-1 in the
liver. We inferred that taurine, as an antioxidant, may
improve the antioxidant properties of broilers by
enhancing the radical scavenging capacity, reducing
the lipid per-oxidation damage, blocking the gene
expression of the oxidant stress–mediated induction
and regulating the signaling pathway of NRF2. Similar
to our data, Agca et al. (2014) reported that taurine sup-
plementation enhanced the expression of HO-1 through
activating the NRF2 and prompting it to translocate
into the nucleus under stress. However, the detail way
by which taurine regulates these signaling molecule ex-
pressions still needs to be elucidated.
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It is well known that high blood TG, TC, and low-
density lipoprotein cholesterol and low HDL-C are the
major risk factors for cardiovascular and cerebrovascular
disease (Glass and Witztum, 2001). The HDL-C is
involved in the translocation of lipids from peripheral
tissues to the liver for catabolism (Mooradian and
Haas, 2014). The LPL catalyzes the hydrolysis in circu-
lating chylomicrons, thus supplying NEFA for tissue uti-
lization. The liver can absorb LPL and HL from the
blood (Merkel et al., 1998), and the amount of these en-
zymes in the liver represents their status in the blood.
Hormone-sensitive triglyceride lipase is a key enzyme
in fat breakdown, thereby leading to a higher concentra-
tion of NEFA in serum through accelerating hydrolysis
of TG to glycerol and fatty acid (Mersmann, 1998).
The present study showed that dietary taurine supple-
mentation decreased the level of TG in the serum and
the liver, while exerting no influence on the concentra-
tion of NEFA, increased the activities of TL and HL in
serum as well as LPL, TL, and HSL in the liver, and
decreased the activity of FAS in the liver. The elevated
HDL-C level in serum and the increased HSL activity
in the liver confirmed a reduction of lipid accumulation
and implied an alleviation of cardiovascular risk in
broilers with taurine supplementation. Goodbridge
(1973) and Lu et al. (2019) pointed out that taurine sup-
plementation regulated the synthesis of fatty acids and
promoted the activities of LPL and TL, and future facil-
itated the efficient utilization of NEFA in broilers, which
could explain why the taurine supplementation had no
influence on the NEFA in the serum and liver of broilers.
Dong et al. (2015) found that carnitine could improve
TG hydrolysis by improving LPL activity. Davail et al.
(2000) showed that the LPL activity decreased, which
could increase the TG level in serum of geese and even
cause excessive fat deposition in the liver. This seems
to suggest that taurine might cause the decrease of
serum TG by enhancing the LPL activity in the liver
and increase HDL-C level by decreasing the HL activity
in serum (Zhou et al., 2015). Apolipoprotein A1 is the
structural protein of HDL-C and plays a crucial role in
the HDL-C assembly process as well as in the regulation
of cholesterol homeostasis in broilers. We further
measured the mRNA expression level of APOA1 in
broilers and found that the taurine supplementation
improved the APOA1 mRNA expression. Thus, the
result indicated that dietary taurine supplementation
upregulated the hepatic mRNA expression of APOA1
and further increased the level of HDL-C in serum
(Zhou et al., 2015). Meanwhile, the increased mRNA
expression of APOA1 also validated the serum TC
reduction in broilers (Pirany et al., 2020).

The liver is the crucial organ for lipid metabolism
including lipogenesis and fatty acid oxidation. The
SREBP-1 plays an essential role in the regulation of lipo-
genesis involved in fatty acid and TG synthesis (Brown
and Goldstein, 1997; Shimano et al., 1999; Aggarwal,
2010). Besides, SREBP-1 can further catalyze the tran-
scription of the crucial genes, such as ACC and FAS,
that are required in the fat synthesis (Demeure et al.,
2009). The content of FAS in tissues determines the
maximum ability of de novo synthesis of fatty acids in
tissues (Zhao et al., 2010), directly activated by
SREBP-1. In the present study, taurine decreased the
expression levels of SREBP-1 and FAS, which proved
that taurine supplementation reduced lipid synthesis
to some extent. Besides, taurine significantly decreased
the expression level of PPARa in the liver. The PPARa
is a key factor in lipid metabolism and can enhance the
body’s fatty acid decomposition ability (Bremer, 2001)
and diminish circulating TG and increase HDL-C level
(Berger et al., 2005). The PPARa as ligand-activated
nuclear receptor participates in the transcriptional regu-
lation of lipid metabolism and hepatic fatty acid oxida-
tion. Previous investigations showed that the taurine
supplementation enhanced the expression levels of
PPARa and carnitine palmitoyltransferase 1 (CPT-
1), which in turn decreased the expression levels of
ACC, FAS, and SREBP-1. Thus, the blood lipid was
improved, and the fat deposition was reduced (Fouad
et al., 2013; Lu et al., 2014; Han et al., 2016;
Murakami, 2017), which suggested that dietary taurine
supplementation might protect mitochondria and
enhance lipid aerobic metabolism in the liver. Another
observation in this study was that the expression levels
of AMPKa, SIRT1, and CPT-1 were all increased by
0.5% taurine supplementation. The CPT-1 plays an
important role in the decomposition of fatty acids.
Fang et al. (2014) indicated that when the body used
liver substrates to provide energy for the oxidation of
beta, which would activate SIRT1 and upregulate the
gene expression of CPT-1. It had been demonstrated
that the activation of AMPK alleviated the decomposi-
tion and nuclear translocation of SREBP-1 (You et al.,
2004) and reduced the expression levels of ACC-1 and
FAS, further inhibition of fatty acid synthesis pathway
(Wang et al., 2018a; Wang et al., 2018b) and reduction
of TC and TG contents in serum (Huang et al., 2013).
These results revealed that taurine may ameliorate he-
patic lipid accumulation by activating the signaling
pathway of AMPK/SIRT1, which could decrease the
expression of lipogenesis genes SREBP-1 and FAS and
increase the expression of fatty acid b-oxidation genes,
including PPARa and CPT-1. In addition, the synthesis
and decomposition of lipid can be affected by heredity
(Bouchard and Perusse, 1988), nutritional state
(Saadoun and Leclercq, 1987) and environmental stimuli
(Cao et al., 2011). The specific regulation mechanism of
taurine on lipid metabolism remains to be further inves-
tigated in broilers.
CONCLUSION

We found that dietary taurine supplementation
enhanced the growth performance and antioxidant func-
tion of broilers. We also discovered that dietary taurine
supplementation regulated lipid accumulation of broilers
may be owing to the activation of the AMPK/SIRT1
signal pathway, followed by the regulated expression of
lipid metabolism–related genes. Together, this
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experiment could provide references for taurine to relieve
oxidative stress and lipid-related metabolic disorder.
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