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Abstract: Experiments were conducted to study the effects of dietary taurine and housing density on oviduct function
in laying hens. Green-shell laying hens were randomly assigned to a free range group and two caged groups, one with
low-density and the other with high-density housing. Each group was further divided into control (C) and taurine
treatment (T) groups. All hens were fed the same basic diet except that the T groups’ diet was supplemented with 0.1%
taurine. The experiment lasted 15 d. Survival rates, laying rates, daily feed consumption, and daily weight gain were
recorded. Histological changes, inflammatory mediator levels, and oxidation and anti-oxidation levels were determined.
The results show that dietary taurine supplementation and reduced housing density significantly attenuated patho-
physiological changes in the oviduct. Nuclear factor-kB (NF-kB) DNA binding activity increased significantly in the
high-density housing group compared with the two other housing groups and was reduced by taurine supplementation.
Tumor necrosis factor-a (TNF-a) mRNA expression in the high-density and low-density C and T groups increased
significantly. In the free range and low-density groups, dietary taurine significantly reduced the expression of TNF-a
mRNA. Supplementation with taurine decreased interferon-y (IFN-y) mRNA expression significantly in the low-density
groups. Interleukin 4 (IL-4) mRNA expression was significantly higher in caged hens. IL-10 mRNA expression was
higher in the high-density C group than in the free range and low-density C groups. Supplementation with taurine
decreased IL-10 mRNA expression significantly in the high-density group and increased superoxide dismutase (SOD)
activity in the free range hens. We conclude that taurine has important protective effects against oviduct damage.
Reducing housing density also results in less oxidative stress, less inflammatory cell infiltration, and lower levels of
inflammatory mediators in the oviduct. Therefore, both dietary taurine and reduced housing density can ameliorate
oviduct injury, enhance oviduct health, and promote egg production in laying hens.
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1 Introduction that produces each structural component of the egg.

Four parts of the oviduct have different functions in

The oviduct is an amazing organ in hens and
other oviparous animals. It provides an environment
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egg production: the infundibulum is the site of ferti-
lization, the magnum is the site of production of
egg-white, the isthmus is where the membrane of the
shell forms, and the shell gland forming the shell of the
egg (Bae et al., 2014). Increasing evidence shows that
oviduct injury significantly decreases egg production
(Rozenboim et al., 2007; Fan et al., 2014). Therefore,
oviduct health is central to egg production. Liebhart
et al. (2013) reported that vaccination of pullets to
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attenuate pathological changes in the reproductive
tract induced by Histomonas meleagridis could pre-
vent a severe drop in egg production of commercial
layers.

At present, high-density cages are the most
economical housing system in the commercial layer
industry (Xin et al., 2011). However, a number of
health problems accompany the economic success of
this system, including hepatic lipidosis, renomegaly,
osteoporosis, cage layer fatigue, ascites, and in-
flammation (Burt, 2002; Robins and Phillips, 2011;
Buijs et al., 2012). In a previous study, we demon-
strated that liver and kidney injury occur in high-
density housed laying hens. Conversely, low-density
and free range hens were less affected (data not pub-
lished). Published reports of the influence of high-
density caging on oviduct health and function are
lacking. Sarica et al. (2008) showed that higher den-
sity rearing decreased egg production, egg mass, and
other performance indicators of hens, and that in-
creasing the space per hen significantly enhanced egg
production. Thus, we hypothesized that stocking
density or rearing pattern may affect oviduct health
and function in hens.

Evidence suggests that stress and disease in-
crease metabolic demand for amino acids, especially
sulfur amino acids, to support various aspects of me-
tabolism (Malmezat et al., 1998; 2000). Taurine (Tau),
2-aminoethane sulfonic acid, is the most abundant
free amino acid in most animal cells and plays a cru-
cial role in some essential biological processes
(Grimble, 2006). Dietary supplementation with tau-
rine and its derivatives has an established role in the
prevention and treatment of topical infections,
chronic inflammatory, and metabolic diseases (Nagl
et al., 2000; Erdem et al., 2008; Ribeiro et al., 2009).
In the poultry industry, taurine is used to regulate
muscle development, myocardial damage, and other
parameters (Ohta et al., 1988; Zielinska et al., 2012).
Our laboratory has established that taurine can ame-
liorate liver and kidney injury in caged laying hens
(data not published). There are no reports docu-
menting the effect of taurine on oviduct health and
function in hens.

The objective of the present study was to inves-
tigate the possibility of enhancing the health of laying
hens by reducing housing density and by dietary
supplementation with taurine.

2 Materials and methods
2.1 Animals

Fifteen thousand green-shell laying hens (local
cross strain) were reared in the Nanjing Jinshuiwan
Ecological Park (Nanjing, China). At 12 weeks of age,
they were randomly assigned to three groups: a free
range group, a caged group with low-density caged
housing (526 cm” per hen), and a high-density caged
group (351 cm’® per hen). Each group was further
divided into control (C) and taurine treatment (T)
groups (2500 hens per group). Laying hens were
sustained under artificial lighting at fixed humidity
((50+£3)%) and temperature ((20+£3) °C). The free
range group was housed in pastured woods during
daylight and confined to indoor pens at night. The
nutritive values of the experimental diets provided
were set according to commercial recommendations
(Table 1).

Table 1 Composition and nutrient content of diets

Component Proportion (%)
Ingredient
Corn 63.2
Wheat bran 2.5
Soybean meal 23.4
Limestone 6.0
Salt 0.4
Calcium phosphate 1.7
DL-Methionine 0.1
Vitamin-mineral Premix® 2.7
Calculated composition
Metabolizable energy 2600 (kcal/kg)*
Crude protein 16.7
Calcium 3.8
Lysine 0.9
Available phosphorus 0.46

# Vitamin-mineral premix supplied the following (per kg of diet):
vitamin A 12000 IU, vitamin D3 3500 IU, vitamin E 25 IU,
vitamin K5 0.5 mg, vitamin By, 0.014 mg, thiamine 1.8 mg,
riboflavin 5.2 mg, D-pantothenic acid 11 mg, folic acid 0.70 mg,
pyridoxine 2.5 mg, niacin 38 mg, biotin 0.15 mg, microelement
0.1 mg, betaine 0.03 mg, choline chloride 0.5 mg, allicin 0.05 mg.
" Value is expressed in kcal/kg (1 kcal=4.1868 kJ)

2.2 Treatment

At 21 weeks, the treatment groups were fed with
0.1% taurine. After 15 d, 10 laying hens selected
randomly from each group were dissected, oviduct
tissues were aseptically collected, and portions of
tissues were immersed in Bouin’s stationary liquid or
stored at —80 °C until analyzed.
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2.3 Performance measurements

Every week, 50 chickens in each group were
individually weighed and their feed intake and feed to
gain ratio were measured. Dead chickens were re-
moved daily and recorded. The survival rate was
calculated as the number of surviving hens per cage.
Laying rate was calculated as the total egg production
of surviving laying hens per day. Daily consumption
was calculated as grams of feed taken divided by the
number of hens per day, and daily gain was calculated
as the increase in weight of hens per day.

2.4 Preparation of oviduct samples

Oviduct samples were weighed, then homoge-
nized with sterile physiological saline (1:4, w/v) on
ice and then centrifuged at 3000 r/min for 40 min at
4 °C. Fat was removed and the supernatant was col-
lected and stored at —20 °C for subsequent analysis.

2.5 Histological examination

Oviduct tissues were immersed in Bouin’s sta-
tionary liquid for 24 h. Standard dehydration and
paraffin-wax embedding procedures were used to
produce tissue blocks, which were cut as 5-pum-thick
serial sections. After deparaffinization and dehydra-
tion, hematoxylin and eosin stained slides were pre-
pared using standard methods.

2.6 Analysis of inducible nitric oxide synthase
(INOS)

The activities of iNOS were determined using
commercial kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) following the manufac-
turer’s protocols. Briefly, the oviduct samples were
incubated with 0.6 ml reaction buffer (5 mmol/L
MgCl,, 250 mmol/L L-valine, 0.2 mol/L phosphate
buffered saline, 480 pmol/L oxyhemoglobin, and
30 mmol/L NADPH), combined with an iNOS inhibitor
(6 mmol/L ethylene glycol tetraacetic acid (EGTA)).
After 15 min at 37 °C, the reaction was terminated
with 10 mmol/L ethylene diamine tetraacetic acid
(EDTA) and 10 mmol/L HEPES buffer. The colored
compound was photometrically measured at a
wavelength of 530 nm. iNOS activity was calculated
based on the Lambert-Beer Law and expressed as
U/g protein.

2.7 Electrophoretic mobility shift assay (EMSA)

The nuclear factor-kB (NF-kB) consensus oligo-
nucleotide (5"AGTTGAGGGGACTTTCCCAGGC-3")
was used as a DNA probe and labeled with a biotin
3'-end. Following laboratory’s protocols, NF-kB
probe was incubated for 30 min with 15 pg of nuclear
extract in 20 pl of binding buffer. The samples were
then loaded onto a 5% non-denaturing polyacryla-
mide gel for 2 h with 0.5% Tris-borate/EDTA (TBE)
on ice at 80 V. The samples were transferred to a
positively charged nylon membrane (Millipore,
Bedford, MA, USA), and cross-linked for 12 min
using a UV-light. Then, following the manufacturer’s
protocols, binding DNA was detected by enhanced
chemiluminescence (Pierce, USA) and quantified by
scanning densitometry. NF-kB DNA binding activi-
ties were expressed as relative integrated intensity.

2.8 RNA extraction and reverse transcription-
polymerase chain reaction (RT-PCR)

2.8.1 RNA extraction

Following the laboratory’s protocols, total RNA
was extracted from oviduct tissue using TRIzol rea-
gent (TaKaRa, Tokyo, Japan). The concentration was
measured using a BioPhotometer (Eppendorf, Ham-
burg, Germany).

2.8.2 Real-time quantitative RT-PCR

According to the laboratory’s protocols, the
complementary DNA (cDNA) samples were mixed
with 25 pl SYBR™ Green PCR Master Mix (TaKaRa,
Tokyo, Japan) and 10 pmol of each forward and re-
verse primer for tumor necrosis factor-o. (TNF-a),
interferon-y (IFN-y), interleukin 4 (IL-4), and IL-10
(Table 2). All primer sequences were synthesized by
the Invitrogen Biological Company (Shanghai, Chi-
na). Mixtures were incubated in an ABI Prism 7300
Sequence Detection System (Applied Biosystems,
USA) programmed to conduct one cycle at 95 °C for
10 min and 43 cycles at 95 °C for 15 s and 62 °C for
1 min. Results (fold changes) were expressed as 2 T
with AAC=(Cr,; ~Cr, p.aciin, ) (Cr, i, 1= Cr, pactin, 1), Where
Cr, i, and Crt, paciin, j are the Cr for gene i and for
[-actin, respectively, in a sample (named j), and
where Cr ;1 and Cr, paein, 1 are the Cr in sample 1,
expressed as the standard. In this study, the free
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Table 2 Primer sequences of targeted genes and f-actin

Gene Accession number Primer sequence (5'—3") Orientation
P-actin L08165 TGCGTGACATCAAGGAGAAG Forward
TGCCAGGGTACATTGTGGTA Reverse
TNF-a JN942589.1 GATGGGAAGGGAATGA Forward
ACAGGAAGGGCAACTC Reverse
IFN-y NM205149.1 GAGCCATCACCAAGAA Forward
ATAGGTCCACCGTCAG Reverse
IL-4 GU119892.1 CAGCACTGCCACAAGA Forward
AGTTGGTGGAAGAAGGTA Reverse
IL-10 NM001004414.2 GCTGAGGGTGAAGTTTG Forward
GGTGAAGAAGCGGTGA Reverse

Table 3 Survival rate, laying rate, daily consumption, and daily gain of laying hens raised under different conditions

Survival rate Average laying rate Average daily consumption Average daily gain
Performance (%) %) (g/per hen) (g/per hen)
Free range
C 91.67+2.80 39.10+2.83* 99.3043.17° 2.86+0.14
T 94.05+2.04™ 4421£2.57* 96.77+2.13% 2.95+0.12
Low density
C 95.37+1.96" 53.49+1.78° 87.73+1.65° 3.16+0.09
T 98.53+1.28"8 57.62+1.10"® 85.11+2.89" 3.17£0.12
High density
C 92.13+3.07 51.02+3.26% 85.91+2.39° 3.27+0.15
T 96.76+1.61"AB 54.30+1.89"B 84.45+2 258 3.3240.08

Data are presented as the meantSEM (n=10). C: control; T: taurine treatment. ~ Significant difference between control and treatment groups
in the same rearing pattern (P<0.05). Superscripts not sharing a common letter in a column differ significantly (small letters for control

groups and capital letters for treatment groups; P<0.05)

range control group was determined as standard, thus
leading to a relative expression of 1=20 in this group
(Miao et al., 2013).

2.9 Analyses of total anti-oxidation capability
(T-AOC), superoxide dismutase (SOD), and
malondialdehyde (MDA) levels

T-AOC, SOD, and MDA levels in oviduct ho-
mogenate were determined using commercial kits
purchased from the Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, China). According to the
manufacturer’s protocols, briefly, T-AOC was
measured as absorbance of the reaction mixture at
520 nm per mg of protein at 37 °C. SOD was meas-
ured at 550 nm and expressed as U/mg of protein
(oviduct tissue). MDA was measured at 532 nm and
expressed as nmol/mg of protein (oviduct tissue).

2.10 Statistical analyses

All statistical procedures, mean, and standard
errors of mean (SEM) were computed using the sta-
tistical software SPSS 16.0 (SPSS Inc., Chicago,

IL, USA). Data are expressed as mean+SEM. Dif-
ferences were evaluated by one-way analysis of var-
iance (ANOVA).

3 Results
3.1 Laying hen performance

The survival rate and average laying rate were
higher in caged hens (Table 3). Compared with the
free range group, there was a significant increase in
the lower-density group (P<0.05). In the caged
groups, the survival rate in the low-density group was
higher than that in the high-density group (P<0.05).
Dietary supplementation with taurine increased the
survival rate in all three rearing systems and the av-
erage laying rate was higher in the free range and
low-density groups. The average daily feed con-
sumption was lower in the caged groups compared
with the free range groups (P<0.05). No significant
changes were present in average daily gain among the
different groups (P>0.05).



460 Dai et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2015 16(6):456-464

3.2 Histological examination

In the high-density caged C groups, infiltration
of erythrocytes and neutrophils into the oviduct was
greater than in the other groups. In the low-density
caged C group, there were small numbers of neutrophils
in the oviducts. In the free caged C group, inflam-
matory cells were rare (Figs. 1a—1c).

In the T groups, oviduct epithelial lining cells
were regularly arranged and were shedding villi, and
small numbers of red blood cells (RBC) and neutro-
phils were present in the mucosa and submucosa
(Figs. 1d-1f). The T groups had significantly fewer of
these cells than the C groups.

(a) (b)

Fig. 1 Histology of the oviduct in laying hens
Oviduct sections are stained with hematoxylin and eosin
(H&E). (a) Free range control group; (b) Low-density control
group; (c¢) High-density control group; (d) Free range taurine
treatment group; (¢) Low-density taurine treatment group;
(f) High-density taurine treatment group. Thin arrow: neu-
trophils; Thick arrow: erythrocyte. Original magnification:
200%

3.3 Effect of taurine and different housing modes
on NF-xB DNA binding activity

In the C groups, NF-xB DNA binding activity
was higher in the high-density group than in the free
range and low-density groups (P<0.05 for both)
(Fig. 2a). Taurine had significantly less binding ac-
tivity in the high-density group (P<0.05) (Fig. 2b).

3.4 Changes in iINOS

Oviduct iNOS activities were higher in the caged
hens than in the free range groups. Taurine supple-
mentation did not cause a significantly decrease in
iNOS activity among rearing systems (Fig. 3).
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Fig. 2 Effect of taurine on NF-kB DNA binding activ-
ity by EMSA analysis in oviduct tissue from laying
hens

(a) Lanes 1 and 2 are control and treatment groups in a free
range environment; Lanes 3 and 4 are control and treat-
ment groups in a low-density caged environment; Lanes 5
and 6 are control and treatment groups in a high-density
caged environment; Lane N is a negative control. (b) Re-
sults of statistical analysis for NF-kB DNA binding activ-
ities. Data are presented as the mean+=SEM (n=10). : Sig-
nificant difference between control and treatment groups
in the same rearing pattern (P<0.05). The means not
sharing a common letter are significantly different for
control groups (P<0.05)
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Fig. 3 Changes in oviduct iNOS of laying hens housed in
different conditions
Data are presented as mean+SEM (n=10)
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3.5 Real-time quantitative RT-PCR analysis of
gene expression

Compared with the free range group, TNF-a
mRNA expression in the high-density and low-
density groups increased significantly in the C and T
groups (P<0.05 for both). Dietary taurine remarkably
reduced the expression of TNF-oo mRNA in the free
range and low-density groups (P<0.05 for both)
(Fig. 4a). In the high-density C group, IFN-y mRNA
expression was higher than in the free range group
(P<0.05). Supplementation with taurine significantly
decreased IFN-y mRNA expression in the low-
density group (P<0.05) (Fig. 4b). IL-4 mRNA ex-
pression was significantly higher in caged hens than
in free range hens (P<0.05) (Fig. 4c). IL-10 mRNA
expression was higher in the high-density C group
than in the free range and low-density C groups
(P<0.05 for both). Supplementation with taurine de-
creased IL-10 mRNA expression significantly in the
high-density group (P<0.05) (Fig. 4d).

3.6 Activities of SOD and levels of T-AOC and
MDA in the oviduct

There were no significant differences in MDA
and T-AOC levels among the different groups

=207
s @) ocmET
4
E b
5 15T
5 b B
g
S . N
€ A
7
£ 05
=)
il
© 1 1 ]
© 00 Free range Low-density High-density
2207 (©) Oca@rT
Z
b
o c
€ .
g 157 b
8
& a B
o
[S
<
4 051
°
©
X 59 1 1 )
Free range Low-density High-density

(Figs. 5a and 5c). Supplementation with taurine in-
creased SOD activity in the free range hens (P<0.05;
Fig. 5b).

4 Discussion

We quantified performance traits including sur-
vival rate, laying rate, daily feed consumption, and
daily weight gain. These parameters are important to
the egg industry. The higher survival and average
laying rates in caged hens further establish that caging
is financially advantageous to the commercial layer
industry. However, housing density is important. As
demonstrated in our study, the survival rate and av-
erage laying rate were significantly higher in the
low-density group than in the free range group. Die-
tary taurine supplementation improved egg produc-
tion as previously reported (Wang et al., 2010). Thus,
both taurine supplementation and reduced stocking
density can be used to improve the production per-
formance of laying hens.

Oviduct health is closely related to production
performance. We hypothesized that dietary taurine
supplementation and reduced housing density are
linked to increased production via improved oviduct
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Fig. 4 Changes in TNF-a (a), IFN-y (b), IL-4 (¢), and IL-10 (d) gene expression in oviducts of laying hens housed in

different conditions

The expression levels of each gene were determined by real-time RT-PCR, and the expressed RNA levels were normalized to B-actin as a ratio
of the gene of interest/B-actin mRNA levels. Data are presented as mean+SEM (n=10). " Significant difference between control and treatment
groups in the same rearing pattern (P<0.05). The means not sharing a common letter are significantly different (small letters for control groups

and capital letters for treatment groups; P<0.05)
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activity (b) in the oviduct of laying hens housed in differ-
ent conditions

Data are presented as the mean+SEM (n=10). ~ Significant
difference between control and treatment groups in the same
rearing pattern (P<0.05)

function. In the current study, we investigated histo-
logical changes in the different groups. More eryth-
rocytes and neutrophils infiltrated the oviducts in the
high-density housing group than in the free range and
low-density housing groups, respectively. Addition-
ally, inflammatory cell infiltration was more severe in
the C groups than in the T groups. Numerous previous
studies have reported that inflammatory cell infiltra-
tion is the first step in metabolic and inflammatory
diseases (Grisham et al., 1986; Miao et al., 2012).
Therefore, the oviducts of laying hens reared in a
high-density environment could be protected from
injury by taurine supplementation or by lowering the
housing density.

NF-kB is a transcription factor that is constitu-
tively expressed in almost all tissues and has a crucial
role as a transcriptional regulator responding to stress
and infection. Normally, the signaling pathway me-
diated by NF-xB has been considered both anti-
apoptotic and pro-inflammatory and is implicated in
the pathogenesis of many diseases, including in-
flammatory disorders and tumorigenesis (Robinson
and Mann, 2010; Baker ef al., 2011; He and Karin,
2011). In metabolic diseases, the activation of NF-«xB
plays a central role in tissue damage (Yin et al., 2012).
In the current study, NF-xkB DNA binding activity
was significantly lower in the free range and low-
density groups than in the high-density group. Tau-
rine supplementation decreased NF-kB DNA binding
activity in the high-density groups. Thus, we con-
clude that reducing the inflammatory reaction is one
of the mechanisms by which dietary taurine and lower
density reduce oviduct injury. This conclusion is
supported by measurement of TNF-oo mRNA expres-
sion and iNOS activity, which are downstream ef-
fector molecules of the NF-xB pathway. Our data
show that TNF-o mRNA expression was markedly
reduced by taurine supplementation and lower hous-
ing density.

Immune cell infiltration is another feature of the
inflammatory reaction and the status of the immune
cells in tissues is a reliable measure for assessing
animal health. CD4" T helper (Th) lymphocytes are
integral to an effective immune response. CD4" T
cells have been classified into two major types, Thl
and Th2 (Crews et al., 2006; Miao et al., 2009). INF-y
is one of the primary pro-inflammatory Th1 cytokines.
The current data indicate that INF-y mRNA expres-
sion in the oviduct was increased in the high-density
group. Laying hens in the low-density and free range
groups had lower levels of Thl cytokines than those
in the high-density group, and taurine supplementa-
tion decreased INF-y mRNA expression in the ovi-
duct. This demonstrates that low-density housing and
taurine supplementation may suppress the expression
of proinflammatory Thl cytokines.

IL-4 and IL-10 are the main anti-inflammatory
cytokines, well known for their pro-Th2 effects dur-
ing T cell differentiation (Margais et al., 2013). The
present study demonstrates that the expressions of
IL-4 and IL-10 mRNA in the oviduct were increased
significantly in the high-density group. Dietary
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taurine supplementation and lower housing density
can decrease IL-4 and IL-10 levels (in the
high-density group, IL-10 mRNA expression de-
creased significantly with taurine supplementation).
The Th1/Th2 ratio plays a key role in the process of
disease (Hossain et al., 2001; Schulze-Koops and
Kalden, 2001). Our data indicate that a reduced
housing density and dietary supplementation with
taurine might better balance the Th1/Th2 ratio and
protect the oviduct from inflammation.

Oxidative stress is caused by increased oxidants
or decreased antioxidant defense that damages cellu-
lar function and takes part in the pathophysiological
changes of many diseases (Kaneto et al., 1999;
Beshay and Carrier, 2004). T-AOC levels reflect the
activity of scavenging free radicals (Lewis et al.,
1995). SOD can catalyze O, disproportionately into
H,0,; and O, (Lewis et al., 1995; Tian et al., 2011).
MDA is a product of lipid peroxidation, which is
often used as a bio-marker of tissue oxidative stress
and cell damage (Parikh et al., 2003; Wu et al., 2012).
There were no significant differences in MDA and
T-AOC levels among the different groups in this
study. Dietary taurine supplementation increased
SOD activities in the free range hens. These results
are consistent with several other studies showing that
taurine has an anti-oxidant role (Lakshmi Devi and
Anuradha, 2010; Oliveira et al., 2010).

In summary, we demonstrated that taurine has
important protective effects against oviduct damage.
Reducing housing density also results in less oxida-
tive stress, less inflammatory cell infiltration, and

lower levels of inflammatory mediators in the oviduct.

Therefore, both dietary taurine and reduced housing
density can be used to ameliorate oviduct injury,
enhance health, and promote the production perfor-
mance of laying hens.
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