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ABSTRACT The aim of this study was to investi-
gate the effect of protocatechuic acid (PCA) on the
growth performance, meat quality, and intestinal health
of Chinese yellow-feathered broilers. Growing broilers
were fed the basal diet or diets supplemented with 300
or 600 mg/kg PCA, or 200 mg/kg enramycin for 52
D. We found that addition of 300 mg/kg PCA signifi-
cantly increased body weight, live weight, and carcass
weight and decreased the feed to gain ratio of broil-
ers; PCA improved meat quality through reducing shear
force, and increasing a* (relative redness) and decreas-
ing b* (relative yellowness) at 24 h after slaughter. The
activities of alkaline phosphatase and diamine oxidase
in plasma were significantly decreased by administra-
tion of 300 mg/kg PCA; PCA also significantly in-
creased total antioxidant capability and decreased mal-
ondialdehyde content and activity of xanthine oxidase
in liver. Meanwhile, it enhanced activities of total su-
peroxide dismutase, glutathione s-transferase, and glu-

tathione peroxidase in the jejunal mucosa. Interleukin-
10 and transforming growth factor- were significantly
increased in jejunal mucosa and plasma of 300 mg/kg
PCA diet group, whereas interluekin-2 and interferon-~y
dropped dramatically. Moreover, relative expression of
apoptosis-related genes decreased in liver, whereas that
of intestinal barrier-related and immunity-related genes
increased in jejunum. Furthermore, 300 mg/kg PCA
treatment significantly changed a-diversity and struc-
ture of the cecal microflora in broilers, with increasing
relative abundance of Firmicutes and Actinobacteria
while reducing Bacteroidetes and Proteobacteria. These
results indicated that PCA improved the feed efficiency,
growth performance, meat quality of broilers, and an-
tioxidant capacity. It also enhanced intestinal immune
function and improved the structure of intestinal flora
to favor improved intestinal health in Chinese yellow-
feathered broilers.
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INTRODUCTION

China is the world’s second largest producer of
chicken meat, half of which is from Chinese yellow-
feathered broilers (Gou et al., 2016). At present, inten-
sive poultry production confronts many stressors such
as high stocking density, heat stress, inter alia, which
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frequently result in inflammation, oxidative damage, in-
creased nutrient consumption, and decreased feed effi-
ciency (Ju et al., 2015). Intestinal health is increasingly
recognized as important for maximizing the health, wel-
fare, and performance of poultry. Intestinal sickness or
injury has devastating financial impact for producers,
and food safety concerns for consumers (Roberts et al.,
2015). There is, therefore, a growing need for appropri-
ate supplementation of broilers to promote intestinal
health and further reduce losses caused by stress.
Recently, functional feeds have been used to en-
hance intestinal health and to obtain safe, reliable, and
high-quality animal products without any in-feed med-
ication or antibiotics (Jayaraman et al., 2013). As an
example of a widely distributed plant component, pro-
tocatechuic acid (PCA, 3,4-dihydroxybenzoic acid) is
used as an active component of many Chinese herbal
medicines because of the benefits from its dietary

3138


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com
mailto:jsqun3100@sohu.com
mailto:weifenli@zju.edu.cn
mailto:weifenli@zju.edu.cn

MANAGEMENT AND PRODUCTION

ingestion and a variety of pharmacological properties
including antibacterial, anti-inflammatory, and antioxi-
dant activities (Kakkar et al., 2014). For example, PCA
content in freeze-dried roselle calyx aqueous extracts in-
hibits the growth of Salmonella Typhimurium DT104,
Escherichia coli O157: HT, Staphylococcus aureus,
Listeria monocytogenes, and Bacillus cereus (Chao and
Yin, 2009). Studies showed that PCA had significant
protective effect against intestinal barrier dysfunction
induced by bile duct ligation in mice (Ning et al.,
2013). PCA protected rats against oxidative damage in-
duced by tert-butylhydroperoxide (t-BHP); pretreat-
ment with PCA significantly lowered serum levels of the
hepatic enzyme markers lactate dehydrogenase (LDH),
alanine aminotransferase (ALT), and aspartate amino-
transferase (AST), as well as reducing oxidative stress
of the liver (Liu et al., 2002; Kakkar et al., 2014).

Recent work in this laboratory has also shown that
PCA improved intestinal barrier and immune func-
tion, regulated the immune system, and improved the
makeup of intestinal flora in mice (unpublished). There
has been no related research on the administration of
PCA to broilers. The goal of this study was to assess the
effects of dietary supplementation of Chinese yellow-
feathered broilers with PCA on their growth perfor-
mance, meat quality, and indicators of antioxidant sta-
tus, immune function, and composition of the intestinal
microflora.

MATERIALS AND METHODS
Chicken Husbandry

The experimental protocol was approved by the
Animal Care Committee of the Institute of Animal
Science, Guangdong Academy of Agriculture Science,
Guangzhou, P. R. China. Male hatching (Lingnan, an
improved meat-type breed, obtained from Guangdong
Academy of Agriculture Science, Guangzhou, China)
was used. A total of 720 broilers with initial body
weight (BW) 41.27 g were randomly assigned to 4 di-
etary treatments, each with 6 replicate pens of 30 birds
(stocking density 0.38 m?/bird). Water and mashed di-
ets were given ad libitum to broilers during the 2 phases
(1 to 21 and 22 to 50 D). Daylight was eliminated and
replaced with 18-h lighting from incandescent bulbs.
The temperature of the room was maintained at 32 to
34°C for the first 3 D and then reduced by 2 to 3°C per
week to a final temperature of 26°C.

Experimental Diets

The basal corn-soybean meal mashed diets were
based on the recommendations of Chinese Feeding
Standard of Chicken (NY/T815-2004) for the 2 growth
phases. Birds in treatment 1 (control) were fed the basal
diet and those in treatments 2 and 3 (P300, P600) were
fed the basal diet supplemented with 300 or 600 mg/kg
PCA, and treatment 4 (ER) was the basal diet supple-
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Table 1. Composition and nutrient levels of the basal diets.

Phases 1to21 D 22 to 52 D
Ingredients, %
Corn 60.50 64.10
Soybean meal 28.50 23.00
Soybean oil 1.70 3.65
Feather meal 3.00 3.50
Limestone 1.22 1.17
Dicalcium phosphate 1.93 1.65
Methionine 0.17 0.09
Lysine 0.16 0.15
Sodium chloride 0.30 0.30
Zeolite powder 1.52 1.39
Vitamin-mineral premix 1.00 1.00
Diet nutrition level, %
ME (Mcal/kg) 2.90 3.05
Lysine 1.13 0.98
Methionine 0.45 0.36
Methionine + cysteine 0.87 0.73
Threonine 0.83 0.75
Tryptophan 0.25 0.21
Isoleucine 0.86 0.77
CP 21.00 18.95
Calcium 1.00 0.90
Nonphytate phosphorus 0.45 0.40
Table 2. The Premix of vitamin additives.
Phases 1to21 D 22 to 52 D
Ingredients, %
Vitamin A 120.00 90.00
Vitamin D3 30.00 25.00
Vitamin E 40.00 80.00
Vitamin K 0.98 2.94
Vitamin B; 2.50 2.50
Vitamin By 10.00 6.25
pantothenic acid 30.30 30.30
Nicotinic acid 50.51 30.30
pyridoxine 9.09 9.09
biotin 22.50 22.50
folic acid 1.67 1.67
Vitamin By 3.00 3.00
Corncob powder 679.45 697.45
Total 1,000.00 1,000.00
Table 3. The Premix of trace-element additives.
Phases 1to21 D 22 to 52 D
Ingredients, %
ZnS0O, H,O 212.52 180.93
CuSO4 H,O 33.18 33.18
FeSO, H,O 247.75 247.75
MnSO, H,O 263.98 248.45
Ca(10s), 85.80 85.80
NaySeO3 37.60 37.60
Zeolite powder 119.17 166.29
Total 1,000.00 1,000.00

mented with 200 mg/kg enramycin (Sigma, St Louis,
MO). High purity (> 97%) PCA was purchased from
Aladdin Biochemical Technology (Shanghai, China).
The composition and nutrient levels of the basal
diets, the premix of vitamin additives and trace-element
additives are shown in Tables 1-3.
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Measurement of Growth Performance

Feed intake was recorded daily on a per replicate ba-
sis. Birds were weighed at the beginning (day 1) and end
(day 22 and 52) of each phase. Mortality was checked
daily, and dead birds were recorded and weighed to
adjust estimates of gain, intake, and feed conversion
ratio, as appropriate. The average daily gain (ADG),
average daily feed intake (ADFT), and feed to gain ra-
tio (F:G) were calculated. At 52 D of age, birds were
deprived of feed overnight and weighed immediately
prior to slaughter.

Analysis of Carcass Characteristics

The birds were electrically stunned and exsan-
guinated, and then processed by standard method to
obtain carcass trait data. Carcass weight (CW) and
live weight (LW) were recorded. Dressing percentage
(D%) = 100% x carcass weight (with only the blood
and feathers removed)/LW. Immune organ indices =
100% x the immune organ weight /LW.

Determination of Meat Quality

Carcasses were dissected, and indices of meat quality
including color, shear force, drip loss, and pH were de-
termined on breast muscle, with the methods described
previously by Jiang et al. (2011)

pH. The pH was measured at 45 min and 24 h post-
mortem in the right pectoralis major muscle with a
portable pH meter equipped with an insertion glass
electrode.

Water-holding Capacity The water-holding capac-
ity of breast muscle was estimated at 1 h postmortem
by determining drip loss using the method described
by Rasmussen and Andersson (1996) as follows. Broiler
musculus pectoralis major was taken from the carcass
and samples were cut using a 25-mm cork borer at a
right angle to the muscle fiber direction. Samples were
placed in a plastic bag filled with air and fastened to
avoid evaporation, left at 4 to 6°C for 24 h, and drip
loss was determined by weighing. Muscle fiber direction
of the samples was horizontal to gravity, not vertical,
as described in the original method (Rasmussen et al.,
1996).

Color Meat color was measured at 45 min and 24 h
postmortem using a chroma meter to measure CIE LAB
values (where L* measures relative lightness, a* rela-
tive redness, and b* relative yellowness). A reading was
made from the surface of the sample, representing the
whole surface of the muscle. A white tile (L* 92.30, a*
0.32, and b* 0.33) was used as standard.

Shear Force The breast muscles were refrigerated
overnight at 4°C and then brought to room temper-
ature and finally cooked to an internal temperature
of 70°C on a digital thermostat water bath. End-
point internal temperature was monitored with a ther-
mometer. After cooling to room temperature, segments

WANG ET AL.

1 cm? were cut perpendicular to the fiber orienta-

tion of the muscle then 10 sections about 3 cm thick
were cut parallel to the fiber orientation through the
thickest portion of the cooked muscle. Warner-Bratzler
shear force was determined using an Instron Universal
Mechanical Machine (Instron model 4411, Instron
corp., Canton, MA). A Warner-Bratzler apparatus was
attached to a 50-kg load cell, and tests were performed
at a cross head speed of 127 mm/min; signals were
processed with the Instron Series 9™ software package.

Blood and Tissue Sampling

Subsamples of 2 birds per pen (total of 72) were
weighed individually. The birds were bled from the
brachial vein into evacuated EDTA-K, tubes before
slaughter by a trained team. Blood samples were held
on ice for < 1 h then centrifuged at 860 g for 15 min at
4°C, and were collected, snap-frozen in liquid nitrogen,
and stored at —70°C until analysis. The middle segment
of the jejunum was cut for about 10 cm. Then, the je-
junum was opened length-wide on an ice-cooled surface
and the mucosa was gently scraped off and collected.
Liver and cecal contents were collected, and snap-frozen
as well. In addition, pieces of 1 mm were cut from the je-
junal segments using a sharp blade and quickly fixed in
6% solution of phosphate-buffered glutaraldehyde pH
7.4 for 6 h at 4°C (McDowell and Trump, 1976) by
transmission electron microscopy (TEM).

Biochemical Determinations

Frozen tissue (0.2 g) in 2 mL homogenization buffer
(0.9% normal saline) was homogenized on ice with an
Ultra-Turrax homogenizer for 5 s at 12,000 rpm. The
homogenate was centrifuged at 3,000 ¢ for 10 min at
4°C, and the supernatant was stored at —70°C until
analysis.

The activities of aspartate aminotransferase (AST/
GOT), alanine aminotransferase (ALT/GPT), alka-
line phosphatase (AKP), diamine oxidase (DAQ), and
the content of uric acid (UA) in plasma, total super-
oxide dismutase (T-SOD), total antioxidant capability
(T-AOC), activities of glutathione peroxidase (GSH-
Px), catalase (CAT), glutathione S-transferase (GSH-
ST), Na™-K"-ATPase and the content of malondialde-
hyde (MDA) in homogenates of intestinal mucosa, as
well as T-SOD, MDA, activities of GSH-Px, CAT, and
xanthine oxidase (XOD) in liver homogenates were
assayed using colorimetric kits (Nanjing Jiancheng
Insititute of Bioengineering, Nanjing, China) and a
spectrophotometer.

Enzyme Linked ImmunoSorbent Assay

Forty milligrams of jejunum in 4 mL of homoge-
nization buffer (0.9% normal saline) was homogenized
on ice for 5 s at 12,000 rpm. The homogenate was
centrifuged at 3,000 ¢ for 10 min at 4°C. Levels of
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interleukin (IL)-2, IL-12, interferon (IFN)-7, trans-
forming growth factor (TGF)-3, and secretory im-
munoglobulin A (sIgA) in plasma and homogenates
of intestinal mucosa were quantified using sandwich
ELISA kits (Bio-function Technology Co., Ltd, Beijing,
China) as per the manufacturer’s instructions. Briefly,
10 puL of samples, including a standard containing pro-
tein of interest, control specimens, and unknowns, were
pipetted into wells of microplates coated with the cap-
ture antibody, specific for a protein of interest. In this
step, the protein antigen bounded to the capture an-
tibody. After washing 5 times with washing solution,
50 pL of detection antibody was added to the wells,
and this antibody bounded to the immobilized pro-
tein captured during the first incubation. After removal
of excess detection antibody, 50 puL. of HRP conjugate
(secondary antibody or streptavidin) was added and
bounded to the detection antibody. After the third in-
cubation and washing to remove the excess HRP con-
jugate, 50 pL of substrate solution was added and con-
verted by the enzyme to a detectable form (color sig-
nal). The intensity of this colored product was directly
proportional to the concentration of antigen present in
the original specimen.

RT-PCR and Quantitative PCR

Total RNA was extracted from powdered frozen liver
and intestinal mucosa (RNAiso plus, TAKARA, Tokyo,
Japan) and reverse-transcribed using PrimeScript IT 1st
Strand ¢cDNA Synthesis Kit (TAKARA).

Real-time PCR was performed using SYBR Premix-
ExTaq II (TAKARA) and the ABI 7500 real-time PCR
system (Applied Biosystems, Carlsbad, CA) (Satoh
et al., 2010). The primers used are shown in Table 4.
Results were normalized to the abundance of [-actin
transcripts and relative quantification was calculated
using the 2722CT method.

Transmission Electron Microscopy

After initial fixation, the tissues were washed sev-
eral times in cold (4°C) 0.1 M phosphate buffer every
15 min for 2 h. The tissues were post-fixed in a 1% so-
lution of cold osmium tetroxide (OsO,) in 0.1 M buffer
pH 7.2 for 2 h. After rapidly dehydrating through an
ascending series of ethanol, blocks were transferred to
a 1:1 mixture of propylene oxide and epoxy araldite.
After embedding, semithin sections (1 pm) were ini-
tially cut, stained with toludine blue, and viewed with
light microscopy to select suitable areas for ultrastruc-
tural examination. Ultrathin sections (60 to 100 nm)
were cut with a glass knife and stained with uranyl ac-
etate followed by lead citrate (Hayat, 1986; Okle et al.,
2016). These sections were examined with the trans-
mission electron microscope (JEOL 100cx, Akishima,
Tokyo, Japan) operating at 80 kV (Okle, Derbalah and
Euony, 2016).
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DNA Extraction, V4-V5 16S rRNA Gene
Amplification and Microbiota Community
Analysis

Genomic DNA was extracted from cecal contents
of 6 broilers in each treatment using TIANamp Stool
DNA Kits from Tiangen Biotech (Beijing, China).
PCR amplification and sequencing were performed
by the G-BIO Inc. (Hangzhou, China). The V3 and
V4 regions were amplified using forward primers con-
taining the sequence 5-CCTACGGGNGGCWGCAG-
3’ and reverse primers containing the sequence 5'-
GACTACHVGGGTATCTAATCC-3'.

The processed pair-end reads were assembled using
PandaSeq v2.8 with default parameters. Chimeras were
identified and removed using USEARCH 6.1 within
QIIME. The QIIME script “add_qiime_labels.py” was
used to combine the non-chimeric sequences from each
sample into 1 file. OTU picking and taxonomic assign-
ments was performed using the open-reference OTU
picking workflow in Qiime with the Greengenes refer-
ence database August 2013 release (Lee et al., 2012).
OTUs with abundance below 0.005% of the total num-
ber of sequences were discarded (Bokulich et al., 2013).
Alpha diversity measurements, including Shannon
(Chao and Shen, 2003), Chaol (Chao, 1984), observed
species, and Good’s coverage (Good, 1953), were calcu-
lated using the alpha_rarefaction.py script in QIIME.
Weighted and unweighted unifrac distances (Lozupone
and Knight, 2005) were calculated from the rarefied
OTU table using the beta_diversity_through_plots.py
script in QIIME.3.2.5.1.

Statistical Analysis

Effects of treatment were examined by 1-way anal-
ysis of variance (ANOVA) in SPSS 20.0 for Win-
dows; all percentage data were arcsine transformed be-
fore analysis. When treatment effects were significant
(P < 0.05), Tukey’s multiple range tests were used to
compare the individual means. Tabulated results are
shown as means with SEMs derived from the ANOVA
error mean square.

RESULTS AND DISCUSSION

Growth Performance of Broilers

The effects of supplemental PCA or ER on growth
performance of Chinese yellow-feathered broilers are
presented in Table 5. During the starter phase from 1
to 21 D, there was no significant effect on ADG, ADFI,
and F:G due to treatment with PCA or ER. In con-
trast, from 22 to 52 D, treatment with 300 mg/kg PCA
(P300) increased BW of broilers (P < 0.05) and de-
creased F:G (P < 0.01) compared to the control group,
just as ER did. Moreover, considering the whole growth
period, F:G of broilers in treatments P300 and P600
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Table 4. Primers for real-time PCR.

WANG ET AL.

Gene GenBank Primers (5'-3') Annealing temperature (°C)

MUC-2 NM_.0,013,18434.1 F: GCCTGCCCAGGAAATCAAG 56
R: CGACAAGTTTGCTGGCACAT

p53 NM_205264.1 F: CCCATCCTCACCATCCTTACA 58
R: CTTCAGCATCTCATAGCGGC

CLDN NM_001013611.2 F: AGGGCTGTAGCGGCGGAAAG 56
R: GAGGATGACCAGGTGAAGAAG

Nrf2 NM_205117.1 F: ATCACCTCTTCTGCACCGAA 60
R: GCTTTCTCCCGCTCTTTCTG

TLR-4 NM_001030693 F: AGTCTGAAATTGCTGAGCTCAAAT 57
R: GCGACGTTAAGCCATGGAAG

Caspase-3 NM_204725.1 F: ACTCTGGAAATTCTGCCTGATGACA 56
R: CATCTGCATCCGTGCCTGA

BAX XM_015274882.1 F: GTGATGGCATGGGACATAGCTC 58
R: TGGCGTAGACCTTGCGGATAA

HO-1 NM_205345.1 F: CTCAAGGGCATTCATTCG 56
R: ACCCTGTCTATGCTCCTGTT

CD3 NM_205512.1 F: ATGTTGTCGCCACTGTCTTG 58
R: GGCTATCAGGTTCTGCCTGT

COX2 NC.001323.1 F: TGCAACGATATGGCTGAGAG 57
R: CTGCGATTCGGTTCTGGTAT

B-Gal9 NM_001001611.2 F: ACCACGCAGTTAAGAGCCCT 60
R: CACCAGCAAATGTCAGCAATG

OCLN NM_205128.1 F: TCATCCTGCTCTGCCTCATCT 56
R: CATCCGCCACGTTCTTCAC

B -actin NM 205518 F: GAGAAATTGTGCGTGACATCA 60
R

: CCTGAACCTCTCATTGCCA

BAX, Bcl-2 associated X protein; CDS3, cluster of differentiation 3; CLDN, occudin; OCLN, claudin; COX-2, cyclo-
oxygenase 2; HO-1, heme oxygenasel; Nrf2, nuclear factor 2; p53, tumor protein 53; TLR-4, Toll-like receptor 4;

(-Gal9, 3-Galectin-9.

Table 5. Effect of PCA on growth performance of 1- to 52-day-
old Chinese Yellow broilers.

Table 6. Effects of PCA on slaughter performance of 52-day-old
Chinese Yellow broilers.

Variable CK ER P300 P600 SEM  P-value Variable CK ER P300 P600 SEM  P-value
1to21D Slaughter performance

BW at day 21 (g) 53652 536.63  541.07  521.99  3.386 0.2l LW (kg) 2320 243> 243> 233> 0015 <0.01
ADFTI (g/d) 39.80 39.31 38.85 3820 0392 051 CW (kg) 2.13*  2.23b 2.23" 214" 0.014  0.04
ADG (g/d) 25.90 25.77 25.99 25.04 0.167 0.18 D% 92.25 91.85 90.22  92.06 0.274 0.02
F:G (g:g) 1.60 1.63 1.59 1.62 0.007 0.24 Immune organs indices

Mortality (%) 2.22 1.11 1.11 1.67 0491  0.85 Spleen 0.12*  0.16*> 0.17°  0.13*> 0.001  0.03
22 t0 52 D Thymus 0.33 0.34 0.34 0.30 0.003 0.87
BW at day 52 (g) 2,312.06* 2,413.61°> 2421.49" 2,301.73*> 23.252 0.04 Bursa of Fabricius  0.09¢  0.10? 0.09*  0.14b 0.001 <0.001
ADFI (g/d) 159.18*  132.69°  143.14%"  152.00%" 4.085  0.04

ADG (g/d) 59.16 62.02 62.18 59.43  0.672  0.23 aPMeans with common letters within a main effect do not differ sig-
F:G (g:g) 2.69° 2.16 2.16 2.64*  0.075 <0.01 nificantly (P < 0.05).

Mortality (%) 10.00 11.67 11.67 9.44 1.220  0.90 FEach value is the mean, n = 12.

1to 52D SEM = standard error of the mean; LW = live weight; CW = carcass
ADFI (g/d) 109.60 97.95 105.60 108.75 1.978  0.01 weight; D% = dressing percentage (D%), 100 x CW/LW.

ADG (g/d) 45.46 46.42 46.57 44.36 0.426 0.10

F:G (gg) 2455 2.1320 2.245% 2.462*  0.046  0.01

Mortality (%) 12.22 12.78 12.78 11.11 1.310 0.97

“bMeans with common letters within a main effect do not differ sig-
nificantly (P < 0.05).

Each value is the mean of 6 replicates.

SEM = standard error of the mean; BW = body weight; ADFI =
average daily feed intake; ADG = average daily gain; F: G = feed: gain
ratio.

decreased (P < 0.05), whereas BW of broilers was in-
creased (P < 0.05) only by 300 mg/kg PCA compared
to the control group. These results indicated that sup-
plementation with 300 mg/kg PCA or 200 mg/kg ER
improved growth performance of the broilers.

Both LW and CW of 52-day-old broilers (Table 6)
were increased in treatments P300 (P < 0.01) and ER
(P < 0.05) compared to the control group, whereas

the treatments had no effect on dressing percentage
(D%). Supplementation with 300 mg/kg PCA increased
(P < 0.05) the spleen index of broilers but, unexpect-
edly, 600 mg/kg PCA sharply increased (P < 0.001) the
bursa of Fabricius index compared with the controls.
China is the world’s second largest producer of
chicken meat, and almost half is from Chinese yellow-
feathered broilers, which satisfy consumer preferences
regarding flavor in China and some other countries in
South-East Asia (Gou et al., 2016). The major cost in
poultry feeding enterprises is that of feed, which is be-
coming a significant issue because the prices of feed
ingredients continue to rise (Gou et al., 2016). Any re-
duction in the F:G effectively saves costs. In the present
research, supplementing the diet with 300 mg/kg PCA
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Table 7. Effects of PCA on indices related to meat quality of
52-day-old Chinese Yellow broilers.
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Table 8. Effect of PCA on biochemical indices in plasma of
52-day-old Chinese Yellow broilers.

Variable CK ER P300 P600 SEM P-value Variable CK PCA ER SEM  P-value
Shear force (N) 23.57*  20.67* 17.37° 25.24*> 0.990  0.04 UA (mmol/mL) 178.15  166.22  152.83 4.524 0.08
24-h drip loss (%)  1.90 2.02 212 2.06 0.052  0.26 AKP (U/mL) 55.33*  33.51"  59.78*  4.891 0.04
pH-45 min 6.23 6.22 629 628  0.036  0.23 DAO (U/mL) .18% 5.80" 7322 0.617  0.05
a* value-45 min ~ 55.90  55.97 5552 56.09  0.201  0.10 ALT/GPT (U/mL) 9.05 7.97 8.68 0.393 0.54
b* value-45 min 1514 1579 1531 1556  0.118  0.23 AST/GOT (U/mL) 147.58  146.53  152.60 1.910 0.40
L* value-45 min  12.96*¢ 15.26"¢ 12.30* 15.05" 0.301 <0.01

pH-24 h 5.68 5.67 5.71 5.63 0.010 0.09 abMeans with common letters within a main effect do not differ sig-
a* value-24 h 58.54*  60.13% 60.58" 61.71" 0.319 <0.01 nificantly (P < 0.05).

b* value-24 h 13.58  13.29% 12,69 12.91* 0.130  0.04 Each value is the mean, n = 12.

L* value-24 h 15.80  15.94 13.62 1543  0.278 0.08 SEM = standard error of the mean; UA = Uric acid; AKP = alkaline

abMeans with common letters within a main effect do not differ sig-
nificantly (P < 0.05).

Each value is the mean, n = 12.

SEM = standard error of the mean; a* = redness; b* = yellowness;
L* = lightness.

significantly increased BW of broilers (approximately
5%) and decreased F:G from 22 to 52 D (approximately
80% that of controls), indicating that treatment with
PCA improved the growth performance and efficiency
of broilers.

Meat Quality

The data in Table 7 clearly show that shear force of
breast muscle, harvested at day 52, was significantly
decreased in broilers supplemented with 300 mg/kg
PCA compared to the control group. Furthermore,
300 mg/kg PCA increased meat a* value and b* value
at 24 h postmortem, compared with the controls; there
were no differences in pH or drip loss due to treatment.
The results indicated that treatment with 300 mg/kg
PCA improved indices related to meat quality of breast
muscles. Considering the effect on both growth perfor-
mance and meat quality, the P300 treatment was chosen
to perform subsequent analyses.

In the last decade, the need in European Union coun-
tries for improving the quality of the raw meat has been
emphasized (Maiorano et al., 2012). Meat quality con-
trol procedures were carried out in order to reduce eco-
nomic losses and also to supply high-quality products
for the consumers (Ghazali and Rahim, 2016). Most
highlighted value of meat production mainly depends
on the appearance, juiciness, flavor, nutritional value,
wholesomeness, and texture of meat (Rahima et al.,
2013). Breast meat from broilers supplemented with
PCA had a lower average shear force than that from
the controls. Dietary PCA also increased the a* value
and decreased the b* value of breast meat at 24 h after
slaughter. Shear force of breast muscle, an important
objective index indicative of meat tenderness, is one
of the main sensorial attributes that determine global
acceptability (Chen et al., 2007). Meat color is an im-
portant food quality attribute associated with accept-
ability at purchase and a higher a* value of meat is
always favored by consumers. Reduction of L* or b*
values of meat indicates less pale meat (Jiang et al.,

phosphatase; DAO = diamine oxidase; ALT/GPT = alanine aminotrans-
ferase; AST/GOT = aspartate aminotransferase.

Table 9. Effects of PCA on biochemical indices in liver of 52-
day-old Chinese Yellow broilers.

Variable CK PCA ER SEM  p-value
T-AOC (U/mg prot) 0.37* 0.55P 0.42*  0.024 <0.01
GSH-Px (U/mg prot) 15.06  15.68*  19.23>  0.946 0.04
MDA (nmol/mg prot) 1.45% 1.02" 1.16"  0.103 0.08
XOD (U/mg prot) 10.68* 9.45P 9.52>  0.228 0.04

abMeans with common letters within a main effect do not differ sig-
nificantly (P < 0.05).

Each value is the mean, n = 12. SEM = standard error of the mean;
T-AOC = Total antioxidant capability; GSH-Px = Glutathione Peroxi-
dase; MDA = Malondialdehyde; XOD = Xanthine Oxidase.

Table 10. Effect of PCA on biochemical indices in jejunal mu-
cosa of 52-day-old Chinese Yellow broilers.

Variable CK PCA ER SEM  P-value

T-SOD (U/mg prot) 31.63* 37.64" 36.16° 1.101  0.04
T-AOC (U/mg prot) 1.35 1.27 1.24  0.039 0.50

GST-ST (U/mg prot) 13.60* 18.59" 21.61> 1.167 0.01
GSH-Px (U/mg prot) 173.05% 225.65" 259.13> 12.655 0.01
CAT (U/mg prot) 89.01 9830 99.99 2246 0.14
MDA (nmol/mg prot) 2.44 2.75 2.29  0.162 0.52

Na™-K"-ATP (U/mg prot) 10.68  11.71 11.04  0.495 0.70

abMeans with common letters within a main effect do not differ sig-
nificantly (P < 0.05).

Each value is the mean, n = 12.

SEM = standard error of the mean; T-AOC = total antioxidant ca-
pability; T-SOD = total superoxide capability; GSH-Px = glutathione
Peroxidase; GSH-ST = glutathione S-transferase; MDA = malondialde-
hyde; CAT = catalase; NatKT-ATP = Na*K"—ATPase.

2014). The results obtained here indicated that supple-
mentation with PCA increased these indices related to
meat quality of broiler breast muscles.

Antioxidant Status

As shown in Table 8, the activity of AKP and DAO in
plasma was significantly decreased by PCA, indicating
that broilers in the P300 treatment had less indication
of inflammation than did the controls. Also, there were
no significant effects of PCA on plasma content of UA
nor activities of ALT/GPT or AST/GOT compared to
the control group.

Table 9 shows that, compared with the controls,
supplementation with PCA and ER both decreased
hepatic MDA. Also, PCA increased hepatic T-AOC



3144 WANG ET AL.
IL-10 TGF-B
404 * 809 *%
- —_— Oock 3 —_— O cK
-
ﬁao- T ; ZgA ﬁeo. - T ; ZﬁA
D] S
[ =
5 ~
9_ 104 :_-"20-
5 6
— PCA ER ck  PCA  ER
IL-2 IFN-y
* 2.0 *
250+ r 1 O ek ° — O CK
_ I 3
) T N 15 H PCA
3 2004 )
F mPca £ T g ER
- 150+ 5= 1.0
° B ER 5
gwo- > o5
: =
= o
. i - CK PCA ER
CK PCA ER
sigA
1500+
> O CK
2 W PCA
:"g 10004 —— ——
g B ER
E=)
5 5004
<
>
7]
CK PCA ER

Figure 1. Effect of PCA on cytokines and sIgA in jejunum. Contents of IL-2, IL-10, IFN-v, TGF-3, and sIgA in mucosal supernatants were
quantified using sandwich ELISA kits. Data are means + SEM. IL-2, interleukin-2; IL-10, interleukin-10; IFN-v, interferon (IFN)-v; TGF-3,
transforming growth factor-3; sIgA, secretory immunoglobulin A. *P < 0.05, **P < 0.01 (ANOVA).

(P < 0.01) and decreased (P < 0.05) XOD activity,
and ER increased the activity of GSH-Px in liver.

As shown in table 10, treatments with PCA or ER in-
creased jejunal mucosal activities of T-SOD (P < 0.05),
GST-ST (P < 0.01), and GSH-Px (P < 0.01), com-
pared to the controls but there were no differences in
Na™-KT-ATP activity, T-AOC, or MDA content. These
results together indicated that treatment with PCA in-
duced a partial antioxidative effect and compromised
the broiler’s oxidant status.

The antioxidant status is an important factor af-
fecting host health, and the antioxidant system is
mainly composed of antioxidase and chain reaction
inhibitor. These 2 cooperatively maintain balance be-
tween free radical generation and scavenging. Antioxi-
dant capacity, reflected in T-AOC, results from interac-
tion with various oxidative and antioxidant substances.
The important antioxidant enzymes include GSH-Px,
SOD, and CAT. Specifically, GSH-Px removes per-
oxide and hydroxyl radicals from cellular respiration,
thereby reducing peroxidation of membrane polyun-
saturated fatty acids; SOD scavenges superoxide an-
ion free radicals and protects structure and function

of cell membranes; CAT catalyzes the decomposition
of hydrogen peroxide, reducing the formation of harm-
ful hydroxyl radicals. Collectively, elevated activity of
GSH-Px, SOD, T-AOC, and CAT reflects increased
antioxidant capacity (Ju et al., 2015; wang et al.,
2016a). Dietary treatment with PCA enhanced the ac-
tivities in jejunal mucosa of T-SOD, GST-ST, and
GSH-Px compared to those in controls. In addition,
the relative expression of apoptosis-related genes BA X,
HO-1, and p53 decreased in PCA-treated broilers com-
pared with controls, indicating that PCA suppressed
hepatic apoptosis, which is consistent with reduced ox-
idative stress and the improved antioxidant status.

Immune System and Intestinal Barrier
Function

Cytokines and Immunoglobulin As shown in
Figure 1, supplementation with PCA significantly in-
creased anti-inflammatory cytokines IL-10 and TGF-
0, and reduced the proinflammatory cytokine IL-2 in
jejunal mucosa, and also reduced IFN-v content; it
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Figure 2. Plasma concentrations of cytokines and sIgA. Contents of IL-2, IL-10, IFN-y, TGF-3, and sIgA in plasma were quantified using
sandwich ELISA kits. Data are means + SEM. *P < 0.05, **P < 0.01 (ANOVA).

had no effect on jejunal sIgA. Comparable changes
occurred in plasma, as shown in Figure 2, where
treatment with PCA increased TGF-G and reduced
IFN-7, compared with those in broilers in the control or
ER group. As important cytokines, IL-10, TGF-3, IFN-
v, and IL-2 play essential roles in immunity in broil-
ers, and these results together demonstrate that treat-
ment with PCA caused changes that were consistent
with improving intestinal immune function, inflamma-
tion, and relief from inflammation at the whole body
level.

Transmission Electron Microscopy Images of
TEM of the jejunum are presented in Figure 3, showing
that broilers treated with dietary PCA or ER showed
normal arrangement of microvilli, compared with that
in the controls. These together suggested that treat-
ment with PCA was not observed to affect the normal
morphology of the jejunal mucosa, indicating that PCA
did not show negative effects on intercellular connec-
tivity, evident at the level of tight junctions, adhesion
belts, and desmosomes.

Gene Expression The effect of PCA on hep-
atic gene expression was examined (Figure 4a), and

relative expression of apoptosis-related genes, such
as BAX, HO-1, and p53, significantly decreased in
PCA-supplemented broilers compared with the con-
trols, whereas there were no difference compared with
ER group, indicating that PCA and ER resulted in
suppression of apoptosis in the liver. Jejunal mu-
cosal gene expression (Figure 4b) of ZO-1, CLDN, and
OCLN, encoding proteins related to the intestinal bar-
rier, was significantly increased by treatment with PCA
compared with those in controls. In addition, dietary
PCA also increased mucosal expression of TLR-4, Nrf-
2, and CD3.

The immune system is the most effective defense
against the invasion of pathogens. The thymus is the
central organ of cellular immunity, whereas both thy-
mus and spleen produce a large number of lymphocytes,
contributing to cellular and humoral immunity (Wang
et al., 2016). The bursa of Fabricius is the specific cen-
tral immune organ of birds, producing B lymphocytes
and antibody (Ju et al., 2015; Wang et al., 2016a).
The BW-normalized indices of these 3 organs are used
to evaluate the immune state of broilers (Rivas and
Fabricant, 1988); larger organ indices indicate stronger
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Figure 3. Transmission electron micrographs of jejunal brush border in broilers. Magnification: 8000 x, 20,000 x. Red circle, tight junction

and adhesion belt.
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Figure 4. Effect of dietary PCA on relative gene expression in liver (a) and jejunal mucosa (b) of 52-day-old Chinese yellow broilers. Data are
means + SEM for n = 12. Differences by ANOVA are indicated by * (P < 0.05). BAX, Bcl-2 associated X protein; CD3, cluster of differentiation
3; CLDN, occudin; OCLN, claudin; COX-2, cyclo-oxygenase 2; HO-1, heme oxygenasel; Nrf2, nuclear factor 2; p53, tumor protein 53; TLR-4,

toll-like receptor 4; 3-Gal9, 3-Galectin-9.

cellular and humoral immune capacity. In the present
study, supplementation with PCA increased indices of
spleen and bursa of Fabricius compared to those in con-
trols, indicating enhanced immune capacity.

The cytokine IL-2 has key functions in the immune
system, affecting tolerance and immunity, primarily via
its direct effects on T cells (Malek and Castro, 2010;
Liao et al., 2011). As a proinflammatory cytokine, the
reduction in IL-2 indicated less inflammation in PCA-
treated broilers, which is consistent with the increased
levels of the anti-inflammatory cytokines IL-10 and
TGF-3. In addition, PCA decreased INF-v, excess of
which is associated with auto-inflammation. Dietary
PCA also increased the expression of some immunity-
related genes in jejunal mucosa, such as TLR-/4, Nrf-2,
and CD3. These genes either transduce the activation
signals produced by T-cell receptor recognition antigens
or regulate the expression of antioxidant proteins that
protect against oxidative damage triggered by injury
and inflammation, so as to play a fundamental role in
pathogen recognition and activation of innate immu-
nity.

The intestinal barrier consists of an intrinsic layer,
including epithelial cells with tight junctions, an ex-
trinsic layer of resident bacteria, and a coating of mu-

cus containing high concentrations of sigA (Walker and
Sanderson, 1992). Dietary supplementation of broilers
with PCA here did not affect the content of sIgA in jeju-
nal mucosa. The ultrastructural images suggested that
treatment with PCA did not affect the normal morphol-
ogy of jejunum, but enhanced intercellular connectivity,
including tight junctions, adhesion belts, and desmo-
somes. Tight junctions between mucosal cells are vital
for the intestinal mucosal barrier resisting invasion by
viruses and bacteria (Anderson and Van Itallie, 1995;
Ulluwishewa et al., 2011; Lin et al., 2016) Claudins,
the main proteins of the tight junction complex, con-
tribute to their integrity; any impairment increases mu-
cosal barrier defects (Kinugasa et al., 2000; Kucharzik
et al., 2001; Berkes et al., 2003). Gene expression of
proteins related to the intestinal barrier, such as ZO-
1, CLDN, and OCLN, was increased by dietary PCA,
which is consistent with PCA improving barrier func-
tion in addition to favoring local immune function.

Structure of Intestinal Flora

As shown in Figure ba, a-diversity (Chaol, Shan-
non, and Observed_species) in cecal contents of birds
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Figure 5. Microflora analysis of 52-day-old Chinese yellow broilers. (a) o diversity analysis for samples from the 3 treatments (n = 6). (b)
(

Phylum distributions of gut microbiota (n = 6). (¢) Genus distributions of Barnesiella, Helicobacter, and Faecalibacterium.* P < 0.05

supplemented with PCA differed from the controls
(CK), whereas there was no significant difference in the
PD _whole_tree, indicating that PCA treatment changed
diversity of the microflora.

Phylum distributions of gut microbiome for the dif-
ferent treatments are shown in Figure 5b. Compared
with the controls, relative abundance of Firmicutes, and
Actinobacteria in broilers supplemented with PCA and
ER increased, whereas that of Bacteroidetes and Pro-
teobacteria decreased (P < 0.01). Furthermore, the rel-
ative abundance of Firmicutes (P < 0.01), Actinobac-
teria (P < 0.05) increased in birds supplemented with
PCA and that of Bacteroidetes (P < 0.01) decreased
compared with birds fed ER. Concerning genus distri-
butions (Figure 4c), treatment with PCA markedly re-
duced the relative abundance of Barnesiella (P < 0.05)
and Helicobacter (P < 0.05), while increasing the rel-
ative abundance of Faecalibacterium (P < 0.05) com-
pared with that in the controls.

The complex gut microbial flora (microbiota) har-
bored by individuals has long been proposed to con-
tribute to intestinal health and disease (Mai and
Draganov, 2009). The present study showed that di-
etary PCA changed microflora diversity. Compared
with controls, there were more Firmicutes and Acti-
nobacteria and fewer Bacteroidetes and Proteobacte-
ria in broilers treated with PCA. Firmicutes are pre-
dominant bacteria in the intestinal tract and capable
of oxidizing sugars by lactic acid fermentation (Hold
et al., 2002; Vaughan et al., 2002; Eckburg et al.,
2005). A relative increase in Firmicutes could benefit
gut health (Wang et al., 2016). Proteobacteria, Gram-
negative bacteria, include many enteric pathogens,
such as E. coli and Salmonella (Bergey et al., 1984;

NOVA).

Madigan and Martinko, 2005). At the level of genus
distributions, dietary PCA markedly reduced relative
abundance of Barnesiella and Helicobacter, while in-
creasing that of Faecalibacterium. Faecalibacterium are
among the most abundant and important commen-
sal bacteria and mainly produce butyrate and other
short-chain fatty acids by fermentation of dietary fiber
(Lopez-Siles et al., 2012); with other actions, they boost
the immune system (Miquel et al., 2013). Strains of He-
licobacter are pathogenic to humans or animals, as they
are strongly associated with peptic ulcers, chronic gas-
tritis, duodenitis, and stomach cancer (Adeniyi et al.,
2012). The present results together suggested that di-
etary PCA improved the population makeup of intesti-
nal flora in favor of improved intestinal health.

Even though there was no study on the administra-
tion of PCA to animals to focus on its growth promoting
or meat quality improving effect, there were some famil-
iar investigation on broilers with administration with
plant extracts. Administration with extract from willow
leaves improved production performance and slaugh-
ter performance of broilers (Wang et al., 2018). Adding
plant extracts from thyme and rosemary to diet effec-
tively regulated microflora and improve intestinal tract
quality (Wen et al., 2017). The consistent results of
these researches and ours indicated that plant extracts
had great potentialities as new feed additives for broil-
ers.

In conclusion, dietary supplementation with PCA in-
creased efficiency and growth performance of Chinese
yellow-feathered broilers and caused changes consistent
with improved meat quality. PCA also improved antiox-
idant capacity and reduced oxidative damage in broil-
ers. Finally, PCA enhanced indices of intestinal immune
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function and improved the structure of intestinal flora,
favoring intestinal health.
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