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ABSTRACT This study was conducted to investigate
the effects of dietary bamboo leaf extract (BLE) on
growth performance, meat quality, oxidative stability,
and nuclear factor erythroid 2-related factor 2 (Nrf2)
related gene expression of breast meat in broilers. A to-
tal of 576 one-day-old male Arbor Acres broilers were
divided into 6 groups. The control group (CTR) was
fed basal diet, while BLE1, BLE2, BLE3, BLE4, and
BLE5 were fed basal diet supplemented with 1.0, 2.0,
3.0, 4.0, and 5.0 g BLE per kg feed, respectively. Com-
pared with the CTR group, BLE2 and BLE5 increased
average daily feed intake from 1 to 21 D and 22 to 42
D (P < 0.05), BLE1 and BLE2 improved average daily
gain (ADG) and feed to gain ratio from 22 to 42 D
(P < 0.05). Throughout the trial period, the highest
body weight and favorable ADG and feed to gain ra-
tio were observed in the BLE2 group. The drip loss at
24 h and pH at 45 min postmortem of breast meat were
linearly improved by BLE supplementation (P < 0.05).

Shear force was significantly lower in BLE2 and BLE3
than that in CTR group. Increasing supplementation of
BLE linearly improved free radical scavenging capacity
and decreased malondialdehyde content of breast meat
during 12 D of storage (P < 0.05). Total antioxidant
capacity and glutathione peroxidase activity were lin-
early increased by BLE supplementation (P < 0.05).
Compared with the CTR group, the mRNA expres-
sion of Nrf2 and glutathione peroxidase in BLE3, BLE4,
and BLE5 groups was significantly promoted, and glu-
tathione S-transferase gene expression was increased in
BLE2, BLE4, and BLE5 (P < 0.05). The highest (P <
0.05) heme oxygennase-1 gene expression was observed
in BLE5. In conclusion, broiler supplemented with BLE
improved growth performance and meat quality, BLE
supplementation might activate Nrf2 pathway to alle-
viate lipid oxidation and increase antioxidant capacity
of breast meat. The dosage of 2.0 to 3.0 g/kg BLE in
broiler diet was recommanded.
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INTRODUCTION

From nutritional point of view, fat content in poultry
meat is relatively low (2.8 g/100 g breast) and with pos-
itive unsaturated/saturated acid ratio (Barroeta, 2007).
Considering the beneficial effects of n-3 polyunsatu-
rated fatty acids (PUFA), dietary strategies are one of
common ways to enrich its content (Sirri et al., 2011).
However, enrichment of n-3 PUFA in turn makes poul-
try meat susceptible to oxidation (Alkhalifa, 2015). At
the same time, stress factors in intensive breeding envi-
ronments lead to imbalance of homeostasis, accelerated
oxidative stress, and lower meat quality (Kou et al.,
2015). Oxidation continues postmortem and affects the
shelf-life of the meat (Smet et al., 2008). Free radicals
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such as superoxide anion free radicals (O2-•) and hy-
droxyl radicals (OH•) attack unsaturated fatty acids in
biological membranes, resulting in double bond rear-
rangement of unsaturated lipids. In turn, the membrane
lipid is destroyed, and the lipid peroxide malondialde-
hyde is produced (Liu and Ng, 2000). Lipid oxidation
is the main cause of meat quality decline and possi-
ble production of toxic compounds (Gray et al., 1996);
oxidative damage to lipids may be aggravated in the im-
mediate postmortem and, in particular, during storage
(Morrissey et al., 1998). Furthermore, while high PUFA
content in meat is considered healthy for human nutri-
tion, these fatty acids are more susceptible to oxidation
(Gray et al., 1996). Therefore, it is important to pro-
mote free radical scavenging capacity and antioxidant
capacity of poultry meat to improve its quality and shelf
life. Natural plant extracts, such as Ginkgo biloba ex-
tract (Ren et al., 2018), Marigold extract (Wang et al.,
2017), and Forsythia suspensa extract (Wang et al.,
2008), applied as feed additives added to broiler diets
show some promise in serving this purpose.
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Bamboo (Bambusoideae) is widely distributed around
the world, and bamboo leaves have a long history of
medicinal and culinary use in china. Bamboo leaves
contain large quantities of active ingredients such as
flavonoids, polyphenols, and polysaccharides (Hu et al.,
2000). Bamboo leaf extract (BLE) is capable of inhibit-
ing bacterial (Staphylococcus aureus and Escherichia
coli) proliferation (Singh et al., 2010) and can be used
as a food additive to combat food spoilage pathogens
(Zhang et al., 2010). Bamboo leaf extract also has an-
tioxidant and free radical scavenging properties (Guo
et al., 2008; Ni et al., 2013), which have been shown
to prevent low-density lipoprotein peroxidation induced
by copper ions (Hu et al., 2000).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is
a key factor in oxidative stress response of cells. Un-
der normal conditions, intracellular Nrf2 is constantly
ubiquitinated and degraded after synthesis (Lee and
Johnson, 2004). However, when Nrf2 is isolated from
cytoskeleton-associated protein dimer under oxidative
stress, it enters the nucleus under the guidance of nu-
clear localization signaling and binds to antioxidant
response elements, initiating the expression of down-
stream phase II metabolic enzymes to maintain home-
ostasis (Qiang et al., 2010). Elisabeth et al. (2003)
explained that variety of electrophilic compounds in-
cluding polyphenol and plant-derived constituents are
triggers of Nrf2 signal pathway response. However, it
is unclear that whether BLE could activate Nrf2 path-
way to promote phase II metabolic enzymes expression,
such as heme oxygennase-1 (HO-1), superoxide dismu-
tase (SOD), catalase (CAT), which can neutralize per-
oxide directly, and glutathione peroxidase (GSH-Px)
and glutathione S-transferase (GST), which are related
to glutathione synthesis and regeneration (Kensler et
al., 2007) to improve antioxidant capacity.

Currently, BLE is widely used in food, medicine, and
cosmetics, but has not been applied in poultry produc-
tion. Moreover, there is limited information regarding
the effects of BLE on broilers, especially on oxidative
stability and Nrf2 pathway of breast meat. Therefore,
the objective of this study was to investigate the effects
of BLE on growth performance, meat quality, oxidan-
tive stability, and Nrf2 pathway related gene expression
of breast meat in broiler chickens, and to determine an
appropriate dosage.

MATERIALS AND METHODS

Experimental Design, Birds, and Diets

Bamboo leaf extract was obtained from Zhejiang
XinHuang Biotechnology Co., Ltd. (Zhejiang, China),
and its main components include flavonoids, polyphe-
nols, and polysaccharides. A total of 576 one-day-old
male Arbor Acres broiler chicks were obtained from
a local commercial hatchery (Hewei Company, Anhui
Province, China) and randomly allotted into 6 groups
with 6 replicates containing 16 birds each. Basal diet

Table 1. Composition and nutrient level of basal diet.

Item
Starter phase

(1-21 D)
Grower phase

(22-42 D)

Ingredient (%)
Corn 57.02 61.36
Soybean 31.3 28.3
Corn gluten meal 3.7 1.7
Soy oil 3 4
Dicalcium phosphate 2 1.6
Limestone 1.2 1.3
L-Lysine 0.33 0.31
DL-Methionine 0.15 0.13
Sodium chloride 0.3 0.3
Premix1 1 1
Total 100 100
Nutrient levels2

ME (MJ/kg) 12.57 12.91
Cp (%) 21.42 19.23
Lys (%) 1.20 1.10
Met (%) 0.50 0.44
Calcium (%) 1 0.93
Available phosphorus (%) 0.46 0.39

1Premix provided per kilogram of diet: VA 10,000 IU, VD3 3,000 IU,
VE 30 IU, VK3 1.3 mg, thiamine 2.2 mg, riboflavin 8 mg, niacin 40 mg,
choline chloride 600 mg, calcium pantothenate 10 mg, pyridoxine 4 mg,
biotin 0.04 mg, folic acid 1 mg, VB12 0.013 mg, zinc 65 mg, iron 80 mg,
copper 8 mg, manganese 110 mg, iodine 1.1 mg, selenium 0.3 mg.

2Calculated value.

designed for starter phase (1 to 21 D) and grower phase
(22 to 42 D) (Table 1) chickens were supplied according
to NRC (1994) recommendations for nutrition require-
ments. A control group (CTR) was fed with a basal
diet, and 5 experimental groups, BLE1, BLE2, BLE3,
BLE4, and BLE5, were fed the experimental diets with
1.0, 2.0, 3.0, 4.0, and 5.0 g BLE being added to basal
diet per kg feed for 42 D, respectively.

Housing

All birds were kept in 3-layer pens, and each repli-
cate divided into 2 pens. Temperature was maintained
at 32°C to 35°C for the first 5 D, then gradually
decreased to 22°C and kept stable until the end of
the experiment. During the trial period, birds had
free access to feed and water. All experimental proce-
dures were approved by the Institutional Animal Care
and Use Committee of Nanjing Agricultural University
(GB14925-2010, NJAU-CAST-2011-093).

Growth Performance and Sample Collection

Feed intake was recorded on daily basis, body weight
(BW) and total feed consumption in each replicate were
recorded at 1, 21, and 42 D to determine average daily
feed intake (ADFI), average daily gain (ADG), and feed
to gain ratio (F/G). At the end of the experiment, 2
birds (near the average BW of each replicate) from each
replicate were selected for slaughter. A piece of meat
sample was cut from left-hand breast meat just after
slaughter and stored at –80°C for antioxidant enzymes
and gene expression analysis. The right-hand breast
meat was stripped from the body and stored at 4°C for
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meat quality determination and lasted 12 D for shelf
life evaluation.

Meat Quality

pH: At 42 D, 2 birds from each replicate were slaugh-
tered, and an integrity breast meat were striped from
the body. After post-slaughter for 45 min, pH 45 min
of breast meat was one by one measured during sam-
pling process (Wang et al., 2013; Zhang et al., 2015a)
using a portable pH meter (HI9125 portable waterproof
pH/ORP meter, HANNA Instrument, Italy). Three
measurements were taken and the mean value was cal-
culated. After measured pH 45 min, breast meat was
stored at 4°C for the following determination.

Meat Color

L* (lightness), a* (redness), and b* (yellowness) of
the breast meat were measured using a colorimeter
(Konica Minolta Sensing Inc., Osaka, Japan) 24 h post-
mortem (Zhang et al., 2012, 2015a). Color values at 3
different locations on the cut of meat were recorded and
the means were used in further data analyses.

Drip Loss

The drip loss of breast meat was determined as de-
scribed by Zhang et al. (2015a). Briefly, a 3 × 2 ×
1 cm3 cut of breast meat was removed from the same
location on each sample to determine drip loss. This
sample was weighed and the mass was recorded as W1,
and then suspended from a hook and placed in an in-
flatable zip-lock bag with the direction of the muscle
fiber parallel to the direction of gravity and hung at
4°C for 48 h. After 24 h, the sample was removed and
cleaned of moisture using filter paper, then weighed to
obtain W2. This was repeated at 48 h to obtain W3.
Drip loss was then calculated as a percentage, where
drip loss at 24 h (%) = (W1 – W2)/W1 × 100%, and
drip loss at 48 h (%) = (W1 – W3)/W1 × 100%.

Cooking Loss

Cooking loss was measured according to the method
of Zhang et al. (2012). Twenty-four hour postmortem,
a 4 × 3 × 1 cm3 cut of breast meat was weighed
(M1) and placed in a zip-lock bag, and then cooked
in a water bath at 80°C until the core temperature was
maintained at 75°C for 10 min. The sample was then
cooled in running water to room temperature, dried,
and reweighed (M2). Cooking loss was calculated as a
percentage, where cooking loss (%) = (M1 – M2)/M1
× 100%.

Shear Force

Shear force was measured according to Schmidt et al.
(2013) with some modification. In brief, cooked breast

meat after the above experiment was sliced into 3 equal
3 × 1 × 1 cm3 strips. Shear force of each sample
was measured using a Digital Meat Tenderness Meter
(C-LM3B, Northeast Agricultural University, Harbin,
China) perpendicular to the muscle fiber direction.
Each sample was measured 3 times and the average
was used as the shear force value.

Free Radical Scavenging Capacity of Breast
Meat

During 12 D of storage, at 0, 4, 8, and 12 D, 1 g breast
meat was removed and homogenized with 4 mL of 0.9%
sodium chloride buffer with tube embed in ice using
an Ultra-Turrax homogenizer (Tekmar Co., Cincinnati,
OH, USA). The OH• (Kit code number: A025-1-1) and
O2-• (Kit code number: A018-1-1) scavenging activi-
ties, described as inhibition of OH• and O2-• production
(Niu et al., 2016), were measured using commercial kits
purchased from Nanjing Jiancheng Institute of Bioengi-
neering (Nanjing, China).

Lipid Oxidation Evaluation

Lipid oxidation of breast meat was evaluated based
on malondialdehyde (MDA, Kit code number: A003-
1-1) content at 0, 4, 8, and 12 D of storage (Wan
et al., 2016), using a commercial kit purchased from
Nanjing Jiancheng Institute of Bioengineering
(Nanjing, China).

Antioxidant Capacity Evaluation of Breast
Meat

One gram of breast meat from a sample preserved
at –80°C was homogenized by Ultra-Turrax homoge-
nizer (Tekmar Co., Cincinnati, OH, USA) with 4 mL
of 0.9% sodium chloride buffer with tube embed in ice
and centrifuged at 4,000 rpm at 4°C for 10 min. The
supernatant was used to measure SOD (Kit code num-
ber: A001-1-1), GSH-Px (Kit code number: A005-1-1),
CAT (Kit code number: A007-2-1), glutathione (GSH,
Kit code number: A006-1-2), and total antioxidant ca-
pacity (T-AOC, Kit code number: A015-1-2) activities
using different commercial kits purchased from Nanjing
Jiancheng Institute of Bioengineering (Nanjing, China)
according to manufacturers’ instructions.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction

Trizol Reagent (Vazyme, NanJing, China, Kit code
number: R401-01) was used to extract total RNA from
breast meat, which then treated by deoxyribonuclease
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Table 2. Primer sequences used for real-time PCR.

Gene name1 Primers sequence (5´-3´) Gene bank number

β-actin Forward TGCTGTGTTCCCATCTATCG NM_205518.1
Reverse TTGGTGACAATACCGTGTTCA

Nrf2 Forward CGCTTTCTTCAGGGGTAGCA NM_205117.1
Reverse AGTTCGGTGCAGAAGAGGTG

HO-1 Forward ACGAGTTCAAGCTGGTCACG NM_205344.1
Reverse GGATGCTTCTTGCCAACGAC

GST Forward AGAGTCGAAGCCTGATGCAC NM_001001777.1
Reverse CACTCCGCTTATCAGCAAACA

SOD Forward CCGGCTTGTCTGATGGAGAT NM_205064.1
Reverse TGCATCTTTTGGTCCACCGT

CAT Forward GGTTCGGTGGGGTTGTCTTT NM_001031215.2
Reverse CACCAGTGGTCAAGGCATCT

GSH-Px Forward GACCAACCCGCAGTACATCA NM_001277853.2
Reverse GAGGTGCGGGCTTTCCTTTA

1Nrf2: nuclear factor erythroid 2-related factor 2; HO-1: heme oxygennase-1; GST: glutathione S-transferase;
SOD: superoxide dismutase; CAT: catalase; GSH-Px: glutathione peroxidase.

I to remove the contaminant DNA. RNA was quantified
based on the absorption of light by a Nanodrop ND-
2000c spectrophotometer (Thermo Scientific, Camden,
NJ) at 260 nm (A260) and 280 nm. From each
sample, 1μg of RNA was used to synthesize cDNA
in a 20 μL reaction mixture using the Primer-Script
reagent kit (TaKaRa, Dalian, China, Kit code number:
2690A) following manufacturers’ instructions. The real-
time quantitative polymerase chain reaction was carried
out using the SYBR Premix Ex Taq II kit (TaKaRa,
Dalian, China) in an ABI 7300 fluorescence quanti-
tative polymerase chain reaction instrument (Applied
Biosystems, Foster City, CA). The 20μL reaction sys-
tem included 10 μL of SYBR Premix Ex Taq buffer,
0.4μL each of forward and reverse primers and dye,
2μL of cDNA template, and 6.8 μL of distilled wa-
ter. The real-time polymerase chain reaction cycling
conditions were as follows: 95°C for 30 s, 40 cycles of
95°C for 5 s, and 60°C for 30 s. The relative mRNA
expression was determined using β-actin as an internal
reference gene. The significance and correlation of quan-
titative results were analyzed using 2−��Ct as per Livak
and Schmittgen (2001). Primer sequences are shown in
Table 2.

Statistical Analysis

All data were preliminarily processed using Excel
2016 and analyzed using one-way analysis of vari-
ance in SPSS statistical software (Ver. 20.0 for Win-
dows, SPSS, Inc., Chicago, IL). The data were an-
alyzed as a completely randomized design with a
replicate as an experimental unit. Duncan’s multiple
range test was performed to determine differences be-
tween treatments. The effects of BLE supplementa-
tion at various levels were evaluated using an orthogo-
nal polynomial contrast test for linear and quadratic
effects. Differences were regarded as significant at
P < 0.05.

RESULTS

Growth Performance

In the starter phase, compared to the CTR group
(Table 3), ADFI was significantly higher in the BLE2
and BLE5 groups (P < 0.05), and ABW in the BLE5
group increased significantly (P < 0.05). Meanwhile,
there was no difference in F/G under any BLE dosage.
In the grower phase, compared with the CTR group,
ADFI and ADG in the BLE2 and BLE5 groups were
significantly higher than in the CTR group (P < 0.05).
However, the BLE1 and BLE2 groups showed a signif-
icant decrease in F/G (P < 0.05). Average daily gain
and F/G showed quadratic improvement with increas-
ing BLE dosage, and there was a linear and quadratic
positive influence on ABW when the BLE levels in-
creased. During the whole rearing period, ADG and
F/G improved significantly in the BLE2 group over the
CTR group (P < 0.05).

Meat Quality

Compared with the CTR group, groups BLE3 and
BLE4 showed significantly lower drip loss at 24 h and
higher pH at 45 min (P < 0.05; Table 4). Bamboo leaf
extract supplementation linearly decreased drip loss at
24 h. Bamboo leaf extract supplementation quadrati-
cally decreased shear force, with the lowest shear force
measured in the BLE3 group. Drip loss at 48 h and
cooking loss showed no significant difference among
groups. In addition, L*, a*, and b* meat color values
did not differ in supplemented groups compared to the
CTR group.

Free Radical Scavenging Capacity

The free radical scavenging capacity of breast meat
decreased over 12 D of storage, regardless of BLE
dosage (Table 5). Compared with the CTR group,
all supplemented groups except for BLE3 showed
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Table 3. Effect of dietary BLE on growth performance of broilers.

Diet treatment3 P value

Item CTR BLE1 BLE2 BLE3 BLE4 BLE5 SEM1 Linear2 Quadratic2

1-21 D
ADFI (g) 44.02c 45.18a–c 45.91a 44.57a–c 44.35b,c 45.53a,b 0.20 0.320 0.366
ADG (g) 31.03 31.79 32.91 31.72 31.28 33.09 0.29 0.188 0.872
F/G 1.42 1.42 1.39 1.40 1.42 1.37 0.01 0.348 0.781
ABW (g) 690.9b 706.8a,b 731.8a,b 706.1a,b 697.0a,b 736.8a 5.96 0.142 0.894
22-42 D
ADFI (g) 124.53b 130.26a,b 133.82a 128.71a,b 128.22a,b 133.53a 1.12 0.132 0.449
ADG (g) 62.77b 68.72a 71.46a 67.37a,b 66.98a,b 69.05a 0.78 0.126 0.046
F/G 1.98a 1.89b 1.87b 1.92a,b 1.91a,b 1.93a,b 0.01 0.573 0.023
ABW (g) 2015d 2190a–c 2277a 2125b,c 2112c,d 2227a,b 19.27 0.024 0.032
1-42 D
ADFI (g) 87.13 90.16 92.57 89.30 88.66 91.35 0.77 0.400 0.424
ADG (g) 50.21b 53.19a,b 55.50a 52.30a,b 52.20a,b 53.66a,b 0.55 0.302 0.145
F/G 1.74a 1.70a,b 1.67b 1.71a,b 1.70a,b 1.71a,b 0.01 0.451 0.058

a–cMeans within the same row with no common superscript differ significantly (P < 0.05). ADFI: Average daily feed intake; ADG: Average daily
gain; F/G: Feed to gain ratio; ABW: Average body weight.

1Standard error of the means.
2Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of BLE treatment.
3CTR: basal diet BLE1, BLE2, BLE3, BLE4, and BLE 5 group, basal diet adding 1.0, 2.0, 3.0, 4.0, and 5.0 g/kg BLE, respectively.

Table 4. Effect of dietary BLE on meat quality of broilers.

Diet treatment3 P value

Item CTR BLE1 BLE2 BLE3 BLE4 BLE5 SEM1 Linear2 Quadratic2

24 h drip loss (%) 3.83a 3.63a,b 3.46a,b 2.94b 2.80b 3.42a,b 0.12 0.035 0.102
48 h drip loss (%) 4.59 4.55 4.21 3.57 3.60 4.15 0.14 0.051 0.161
Cooking loss (%) 14.25 12.80 12.54 14.04 13.96 14.37 0.32 0.405 0.175
pH 45 min 6.53b 6.59a,b 6.63a,b 6.66a 6.69a 6.53b 0.02 0.366 0.003
L* 47.40b,c 47.52b,c 46.31c 49.14a,b 50.27a 49.43a,b 0.37 0.004 0.559
a* 2.87a 2.30a,b 2.47a,b 1.93b 2.06b 2.30a,b 0.10 0.049 0.091
b* 8.75a–c 8.41b,c 8.98a–c 8.16c 10.14a,b 10.32a 0.24 0.013 0.119
Shearing force (N) 28.55a 21.22b,c 19.51b,c 18.67c 23.54a–c 24.76a,b 0.81 0.400 <0.001

a–cMeans within the same row with no common superscript differ significantly (P < 0.05).
L*: Lightness; a*: Redness; b*: Yellowness.
1Standard error of the means.
2Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of BLE treatment.
3CTR: basal diet BLE1, BLE2, BLE3, BLE4, and BLE 5 group, basal diet adding 1.0, 2.0, 3.0, 4.0, and 5.0 g/kg BLE, respectively.

significantly higher O2-• scavenging capacity imme-
diately postmortem and after 4 D of storage (P <
0.05). With the exception of 8 D of storage, a linear
relationship was observed between BLE level and O2-•

scavenging capacity during storage. There was a linear
increase in OH• scavenging capacity on days 0 and 4. In
addition, the OH• scavenging capacity of BLE groups
were significantly higher than the CTR group, with
the exceptions of the BLE3 group at day 0, and BLE1
and BLE3 groups at days 4 (P < 0.05). BLE5 showed
the highest free radical scavenging capacity among all
groups during the storage period.

Malondialdehyde Content

Malondialdehyde concentration increased from 0 to
12 D of storage, regardless of BLE dosage (Table 6). At
day 0, MDA concentrations were significantly lower in
all experimental groups except BLE1 than in the CTR
group (P < 0.05), and a linear decrease occurred as

dietary BLE increased. BLE2 meat samples on day 4
and BLE5 samples on day 8 showed the lowest MDA
concentrations measured. At day 12, dietary BLE sig-
nificantly decreased MDA concentrations in all groups
except BLE1 in comparison to the CTR group (P <
0.05). Meanwhile, the BLE3 group showed the lowest
MDA concentrations, and with BLE supplementation
increased, the MDA concentration in breast meat was
linearly and quadratically decreased.

Breast Meat Antioxidant Capacity

Total antioxidant capacity activity in BLE3, BLE4,
and BLE5 were significantly higher than the CTR (P <
0.05; Table 7). In addition, there was a linear increase
in T-AOC activity as BLE dose increased. Compared
with the CTR group, GSH-Px activity in the BLE5
group also significantly increased (P < 0.05), and a
linear increase in GSH-Px activity was observed as
BLE dosage increased. No significant differences were
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Table 5. Effect of dietary BLE on free radical scavenging capacity of breast meat during 12 D of storage of broilers.

Diet treatment3 P value

Item CTR BLE1 BLE2 BLE3 BLE4 BLE5 SEM1 Linear2 Quadratic2

O2-• (U/g prot)
0 D 125.00c 138.23a,b 136.64a,b 131.73b,c 138.55a,b 141.28a 1.25 0.001 0.047
4 D 118.14c 127.86a,b 130.05a,b 123.73b,c 132.04a 133.08a 1.21 <0.001 0.406
8 D 114.64b 119.63a,b 123.19a 121.04a,b 122.84a 119.42a,b 1.01 0.123 0.030
12 D 110.31b 113.50a,b 113.37a,b 114.78a,b 116.98a,b 118.09a 0.93 0.009 0.957
OH• (U/mg prot)
0 D 68.39b 72.31a 72.72a 71.87a,b 73.11a 75.48a 0.57 0.001 0.694
4 D 65.11c 66.89b,c 68.69b 64.96c 69.42b 73.91a 0.62 <0.001 0.022
8 D 63.24 64.31 66.58 63.34 65.16 66.80 0.55 0.133 0.931
12 D 61.09a,b 61.75a,b 61.09a,b 59.59b 61.59a,b 63.46a 0.43 0.260 0.086

a–cMeans within the same row with no common superscript differ significantly (P < 0.05).
O2-•: Superoxide anion free radicals; OH•: Hydroxyl radicals.
1Standard error of the means.
2Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of BLE treatment.
3CTR: basal diet; BLE1, BLE2, BLE3, BLE4, and BLE 5 group, basal diet adding 1.0, 2.0, 3.0, 4.0, and 5.0 g/kg BLE, respectively.

Table 6. Effect of dietary BLE on MDA concentrations of breast meat in broilers during 12 D of storage.

Diet treatment3 P value

Item CTR BLE1 BLE2 BLE3 BLE4 BLE5 SEM1 Linear2 Quadratic2

MDA (nmol/mg prot)
0 D 0.431a 0.374a,b 0.353b 0.358b 0.314b,c 0.277c 0.011 <0.001 0.962
4 D 0.561a 0.426b 0.398b 0.479a,b 0.467a,b 0.449b 0.014 0.180 0.029
8 D 0.714a 0.647a,b 0.617a,b 0.684a,b 0.645a,b 0.531b 0.022 0.057 0.575
12 D 1.068a 0.973a,b 0.771b,c 0.655c 0.782b,c 0.719c 0.035 <0.001 0.031

a–cMeans within the same row with no common superscript differ significantly (P < 0.05).
MDA: malonaldehyde.
1Standard error of the means.
2Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of BLE treatment.
3CTR: basal diet; BLE1, BLE2, BLE3, BLE4, and BLE 5 group, basal diet adding 1.0, 2.0, 3.0, 4.0, and 5.0 g/kg BLE,

respectively.

Table 7. Effect of dietary BLE on antioxidant enzyme activities of breast meat of broilers.

Diet treatment3 P value

Item CTR BLE1 BLE2 BLE3 BLE4 BLE5 SEM1 Linear2 Quadratic2

T-AOC (U/mg prot) 0.095c 0.117b,c 0.174a–c 0.182a,b 0.212a 0.193a,b 0.012 0.001 0.212
CAT (U/mg prot) 0.334 0.514 0.379 0.378 0.347 0.381 0.024 0.568 0.555
SOD (U/mg prot) 20.669b 21.939a 21.061a,b 21.462a,b 20.830a,b 20.505b 0.163 0.251 0.052
GSH (mg/g prot) 4.808 5.042 5.577 5.173 5.087 5.182 0.112 0.489 0.211
GSH-Px (U/mg prot) 37.397b 38.906a,b 40.287a,b 41.261a,b 39.877a,b 42.457a 0.557 0.011 0.641

a–cMeans within the same row with no common superscript differ significantly (P < 0.05).
T-AOC: Total antioxidant capacity; CAT: Catalase; SOD: Superoxide dismutase; GSH: glutathione; GSH-Px: Glutathione S-transferase.
1Standard error of the means.
2Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of BLE treatment.
3CTR: basal diet; BLE1, BLE2, BLE3, BLE4, and BLE 5 group, basal diet adding 1.0, 2.0, 3.0, 4.0, and 5.0 g/kg BLE, respectively.

observed among groups in terms of CAT activity or
GSH content.

Gene Expression

mRNA expression of Nrf2, GSH-Px, and GST in-
creased under BLE treatment, except for GSH-Px in
BLE1 (Figure 1A). In addition, the BLE3, BLE4, and

BLE5 groups showed significantly higher Nrf2 mRNA
expression compared to the CTR group (P < 0.05).
Expression of GSH-Px and GST were also significantly
increased in the BLE4 and BLE5 groups (P < 0.05),
and the greatest GST expression was observed in the
BLE2 group. Furthermore, the BLE5 group showed
the highest HO-1 mRNA expression among all groups
(P < 0.05; Figure 1B). Superoxide dismutase and
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Figure 1. Effects of dietary BLE on Nrf2 and related gene expression of breast meat of broilers. Note: a, b, c, d means within the same gene of
the histogram with no common superscript differ significantly (P < 0.05). CTR: basal diet; BLE1, BLE2, BLE3, BLE4, and BLE 5 group, basal
diet adding 1.0, 2.0, 3.0, 4.0, and 5.0 g/kg BLE, respectively; (A) including Nrf2: nuclear factor erythroid 2-related factor 2; GSH-Px: glutathione
peroxidase; GST: glutathione S-transferase; (B) including HO-1: heme oxygennase-1; SOD: superoxide dismutase; CAT: catalase.

CAT mRNA expression were not significantly different
among groups.

DISCUSSION

Dietary supplementation of BLE improved growth
performance in broiler chickens. It is worth mentioning
that during the whole rearing period, the BLE2 group
showed improved ADFI and ADG by 6.2% and 10.5%,
and F/G was significantly decreased by 4.0%, as com-
pared with the CTR group. Li et al. (2017) reported
that supplementation with bamboo leaf flavonoids at
2.5 g/kg improved BW gain by 17.6% in broiler chick-
ens. It has been suspected that flavonoids might act
as growth hormones in animals due to their hydroxyl
groups of aglycone being positioned in space just like
estrogen (Havsteen, 2002). Our results showed that
there was a linear and quadratic increase in final BW
with the supplementation of BLE, and its supplemented
dosage at 2.0 g/kg was the most effective, and the dose-
dependent effect may be a result of increasing concen-
tration of flavonoids in the diet. As reported in the liter-
ature, when birds suffered with challenge, such as heat
stress (Dai et al., 2009; Niu et al., 2009) and immune-

suppression (Yang et al., 2011), growth performance
will be limited. Research shows that supplementation
with 1.6 g/kg bamboo leaf flavonoids could counteract
growth-suppressing effects of heat stress (Qi et al.,
2014) and immune suppression (Zhang et al., 2015b)
in broiler chickens. We deduced that flavonoids in BLE
may play a major role in promoting growth. How-
ever, because of the intricacy nutrient composition of
BLE, further study is necessary to explain the possible
mechanism. In addition, broilers treated with fermented
Ginkgo biloba leaves (Niu, et al., 2016), Marigold ex-
tract (Wang et al., 2017), and Broccoli extract (Mueller,
et al., 2012), which contain flavonoids, polyphenols
that are similar to BLE components, could enhance
antioxidant capacity and feed palatability to improve
growth performance in chickens. Except the excellent
antioxidant property, BLE also has a specific fragrance
(Zhang, 2002), which might improve feed palatability,
it is pardonable to speculate that the improvement of
feed intake might partly result from increasing concen-
tration of dietary BLE.

Water-holding capacity (WHC), tenderness, pH, and
meat color are usually used to evaluate meat quality
(Castellini et al., 2002). Water-holding capacity
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including drip loss and cooking loss which refer to the
ability to maintain water and are related to nutrition,
flavor, and juiciness. Tenderness is considered as the
most important trait of meat for consumers, and is af-
fected by the quantity and structure of connective tissue
and myofibrils (Wang et al., 2017).

Jiang et al. (2007) reported that meat with higher
WHC could alleviate lipid oxidation. Yang and Chen
(1993) demonstrated that pH value reflects the rate of
carcass glycolysis and associated with shelf life of meat,
since oxidation seems to occur rapidly in low-pH meat.
Our study shows that supplementation of BLE linearly
promoted WHC, and quadratically improved pH 45 min
value and shear force, and a dosage of 3.0 g/kg BLE
supplementation exhibits a better effect. These results
indicated that, to some extent, oxidation was slowed
down due to its higher pH and WHC with BLE sup-
plementation. As was reported in the literature that
flavonoids, such as alfalfa flavonoids (Ouyang et al.,
2016), and genistein (Kamboh and Zhu, 2013) could im-
prove meat quality in broiler chickens. Although there
are no reports on the improvement of meat quality
by BLE, bamboo leaf flavonoids might be attributed
to meat quality improvement. Previous studies have
similarly indicated that diets with natural flavonoids,
such as soy isoflavone (Jiang et al., 2007), quercetin
(Goliomytis et al., 2014) improved meat quality which
might have been caused by the increase in antioxidant
capacity in broilers. Thus, it is reasonable to suggest
that BLE, with flavonoids exhibiting excellent antioxi-
dant ability, improved meat quality in breast meat pos-
sibly by attenuating oxidation. In addition, meat with
a higher WHC may show a higher pH value and accel-
erated tenderization, yielding improved quality (Qiao
et al., 2001).

Natural antioxidants can also improve WHC by mod-
ulating the redox state (Rajput et al., 2014), and in-
creased antioxidant capacity yields a suite of other
benefits to meat quality. Our present study indicated
that supplementation of BLE linearly improved free
radical scavenging capacity in breast meat, and has
a dose-independence effect during storage. Luo et al.
(2011) reported that the semi-inhibitory concentration
of bamboo leaf flavonoids to O2-• was 11.7 μg/mL.
Favorable free radical scavenging capacity in breast
meat due to increasing BLE inclusion might attribute
from increase of dietary flavonoids concentration. In
addition, supplementation with BLE linearly lowered
MDA concentrations over 12 D of storage, a dosage of
2.0 g/kg exhibits better lipid oxidation inhibition ef-
fect. Higher free radical scavenging capacity and lower
MDA concentrations occurred at BLE supplementa-
tion greater than 1.0 g/kg, with these results indicat-
ing that BLE improves the redox state of breast meat.
It is clearly demonstrated that flavonoids possess the
ability to scavenging free radicals and chelate transi-
tion metal ions to prevent lipid oxidation (Ross and
Kasum, 2003). Gong et al. (2015) proved that BLE has
a strong scavenging effect on free radicals in vitro stud-

ies, and other studies have demonstrated that dietary of
supplementation with plant extracts rich in flavonoids
or polyphenols can increase free radical scavenging
capacity and reduce lipid oxidation in broilers (Wan
et al., 2016; Kamboh et al., 2017). Such extracts may
enhance hydrogen-donating ability to improve free rad-
ical scavenging capacity (Zhang et al., 2015a). Further-
more, polyphenols also play a role in inhibiting the for-
mation of thiobarbituric acid-reactive substances (De-
jong and Lanari, 2009). Hence, it is reasonable to spec-
ulate that the favorable scavenging free radical capac-
ity of BLE might be attributable to the presence of
flavonoids and polyphenols in the extract. In our study,
diets supplemented with BLE exceeding 2.0 g/kg led
to significantly increased activity of T-AOC in breast
meat compared to CTR group. In addition, an increase
in SOD and GSH-Px level was observed. Previous stud-
ies similarly have shown that BLE can significantly in-
crease SOD, GSH-Px, and CAT contents in hyperlipi-
demic rats, and can improve total antioxidant capacity
(Liu et al., 2014; Zhang et al., 2014). According to the
present results, it is suggested that BLE promotes an-
tioxidant capacity of breast meat by improving free rad-
ical scavenging capacity and inhibiting oxidative pro-
cesses.

Gene expression of Nrf2-related mRNAs also indi-
cated favorable changes under BLE supplementation. It
has been verified that phytogenic extracts activate the
Nrf2 signal pathway to induce GSH synthesis in broil-
ers (Aruna et al., 2008; Zhang et al., 2018). The results
of the present study showed that supplementation with
BLE enhances gene expression of Nrf2, GSH-Px, and
GST in breast meat. While SOD and CAT gene expres-
sions were shown without significant difference, which
was consistent with the corresponding antioxidant en-
zymes activities. In addition, Scapagnini et al. (2002)
illumiated that natural compounds such as polyphe-
nols may be potent inducers of HO-1 in cells. HO-1
is important for reducing the total production of re-
active oxygen species by decomposing heme, releasing
carbon monoxide, and biliverdin to counteract cellu-
lar dysfunction (Lee et al., 2018). In the present study,
HO-1 gene expression was upregulated with increasing
BLE supplementation. Since the MDA concentration
during 12 D of storage, GSH-Px enzyme activity and
Nrf2 pathway related gene expression were improved; it
is reasonable to believe that BLE strengthens oxidative
stability by improving free radical scavenging capacity
and activating GSH-related enzyme gene expression in
the Nrf2 signaling pathway. However, as the relation-
ship between antioxidant enzymes and the Nrf2 sig-
naling pathway involving BLE is not fully understood,
further research should be carried out to elucidate this
aspect.

In summary, broiler chickens supplemented with
BLE at a dosage of 2.0 g/kg presented a priority
of growth performance. Bamboo leaf extract supple-
mentation linearly improved antioxidant capacity of
breast meat. Water-holding capacity and tenderness of
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breast meat were linearly or quadratically improved
by BLE supplementation, and a dosage of 3.0 g/kg
BLE showed preferably effects. During 12 D of storage,
lipid oxidation was linearly decreased by BLE inclusion,
and 2.0 g/kg of which present optimal effects. Taken
together, it is suggested that BLE as a potential feed
additive with an appropriate dosage from 2.0 to
3.0 g/kg was recommended in poultry production.
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