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Abstract
Maternal zinc supplementation has a pivotal role in enhancing breast muscle development of the offspring.What is poorly defined
is the impact of supplemental zinc from different sources on the offspring. Broiler breeders at 24-week-old were randomly divided
into three treatments with six replicates of 40 hens each and respectively fed for 8 weeks with supplemental 0-(group Zn/C),
100 mg/kg organic-(group Zn/O), and 100 mg/kg inorganic-(group Zn/I) zinc. The male offspring from each nutritional treatment
were allocated into eight cages of 14 birds each, and a commercial diet supplemented with zinc from ZnSO4 at 20mg/kg was fed to
the offsprings. Results showed that eggs from Zn/O group had the highest zinc deposition (P < 0.05). Furthermore, maternal zinc
supplementation promoted breast muscle yield; increased serum insulin and IGF-I concentration; upregulated AKT, mTOR, and
P70S6K mRNA levels; and improved the phosphorylation of AKT at Serine 473 residue, mTOR at Serine 2448 residue, and
FOXO at Serine 256 residue in the breast muscles of the offspring. In contrast, hens’ diet supplemented with zinc could result in
downregulation of atrogin-1 andMuRF1 mRNA levels in the breast muscle of the offspring. Additionally, no significant effect on
breast muscle development post-hatch was observed between organic and inorganic zinc supplementation. In conclusion, maternal
organic zinc supplementation improved zinc deposition in egg; however, no significant difference was detected in breast muscle
development of the offspring of broiler breeder between organic and inorganic zinc supplementation.
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Introduction

Maternal nutrition affects fetal development with long-term
consequences on postnatal growth of the offspring [1]. The
deficiency of trace element could cause metabolic disorders
[2, 3]. Therefore, researchers have paid more attention to the
studies of association between maternal trace element nutri-
tion and postnatal growth of the offspring [4]. Zinc, an essen-
tial trace element, plays a critical role in enzyme systems and
is involved in protein synthesis, carbohydrate metabolism, and
many other biochemical reactions [5]. The influence of mater-
nal zinc on postnatal development occurred via deposition of
zinc in egg, which was modulated by zinc delivery from

breeders’ blood [6]. Our previous study reported that zinc
supplemented in broiler breeders’ diet could increase the zinc
deposition in egg yolk, which had a long-term influence on the
skeletal muscle development post-hatch [7].

The skeletal muscle is the most important tissue from the
perspective of animal production [8]. The post-hatch growth
of the skeletal muscle is mainly determined by increasing
muscle fiber diameter [8], which needs higher rate of protein
synthesis than protein degradation [9]. Further, the mammali-
an target of rapamycin (mTOR) signaling pathway [10, 11]
and ubiquitin-proteasome pathway [12] are critical for
nutrient-stimulated muscle growth of the offspring through
modulating protein synthesis and degradation, respectively
[8]. Recent studies have found that zinc is a signaling mole-
cule that regulates the protein kinase phosphorylation [13],
including the stimulation of mTOR activity [14, 15].
Gao et al. [7] showed that maternal zinc supplementation
could activate the AKT/mTOR signaling pathway and inhibit
the ubiquitin-proteasome system in the chicks’ skeletal
muscle development post-hatch.
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Supplemental zinc in broiler diets has two forms: inorganic
form, such as zinc sulfate, zinc chloride, and zinc oxide; or-
ganic form includes zinc that is bonded to amino acids, pro-
teins, or carbohydrates [16]. Inorganic zinc is commonly
added in animal diets in the feed industry [17]; however, the
use of organic zinc has been increased during the last 20 years
[18]. With respect to bioavailability of organic and inorganic
zinc, the reported results are inconsistent [18]. Some re-
searchers have documented that organic zinc from a zinc-
amino acid complex has higher bioavailability than that of
inorganic sources [19, 20]; in contrast, other researchers have
indicated that negligible differences have been reported
concerning the bioavailability between organic and inorganic
zinc [21]. So far, however, there has been little research about
the influence of organic and inorganic zinc supplementation in
hens’ diets on the breast muscle development of the offspring.
Therefore, this study attempts to evaluate the effects of mater-
nal organic and inorganic zinc supplementation on the devel-
opment of the breast muscles in broiler breeder chicken.

Materials and Methods

Dietary Treatments and Animal Care

All procedures used in the present experiment were ap-
proved by the Institutional Animal Care and Use
Committee of China Agricultural University. A total of
720 Ross 308 broiler breeding hens at age of 24 weeks
were allocated into three treatments with six replicates of
40 hens each and were fed with diets containing organic
and inorganic zinc at different levels, i.e., (1) Zn/C group
(control) was fed with basal diet without supplemental
zinc; (2) Zn/O group was fed with supplemental organic
zinc (as methionine hydroxy analog-chelated Zn) at
100 mg/kg of the diet; and (3) Zn/I group was fed with
supplemental zinc (as ZnSO4) at 100 mg/kg of the diet. A
corn-soybean meal basal diet (Table 1) was formulated to
meet the nutrient requirements of broiler breeders accord-
ing to the National Research Council [22] with the excep-
tion of zinc. The content of zinc in diets was 30.37,
134.65, and 133.58 mg/kg respectively based on the ac-
tual analysis. All diets were iso-energetic, iso-nitroge-
nous, and iso-methionine. All breeders were housed in a
completely enclosed, ventilated, and conventional caged-
breeder house in which the light regimen was 16 Light
(L): 8 Dark (D). Before the start of the experiment, all
hens were fed with a basal diet for 3 weeks to deplete
body reserves of zinc. During the 8-week experiment,
each female breeder was allotted 160 g of feed at 6:00
AM every day; the laying rate and egg weight were re-
corded. Male breeders were caged and given a commer-
cial diet. Hens were artificially inseminated, and hatching

eggs laid during the 34th week of age were incubated at
37.8 °C in a humidified incubator.

The male offspring from each treatment were divided into
eight cages of 14 birds each. All hatchlings obtained from a
local hatchery and reared in an environmentally controlled
room, were fed with a commercial diet (Table 2) with supple-
mental zinc at 20 mg from ZnSO4/kg of diet ad libitum. The
temperature was maintained at 34 °C on day 1 and decreased
by 2–4 °C each week until 22 °C on day 21. The light regimen
was 23L: 1D. On day 21 and 42, body weight (BW) and feed
consumption for each bird were measured for each cage in
order to calculate the feed conversion ratio (FCR) (kg of feed
consumed/kg of live BW).

Breast Muscle Measurements

On day 14 and 35 post-hatch, the chicks were sacrificed by
exsanguination after being weighed, then the skin was imme-
diately removed from the breast region, 1–2 g of fresh sample
was taken from the left pectoralis major muscle (PMM),
quick-freezed in liquid nitrogen, and stored at − 70 °C for
further analysis. The harvested breast muscles were also
weighed, and the relative weight was calculated based on a
live BW.

Zinc Analysis

After the broiler breeders were fed with the experiment
diets for 8 weeks, the two eggs during the 34th week of
age were randomly chosen from each replicate to detect
the zinc concentration. The egg yolk and albumen were
separated, weighed, sampled, and freeze-dried. The diet,
freeze-dried egg yolk and albumen samples were heated
in silica crucibles under (550 ± 15) °C for 16 h, and the
residue was dissolved in 10 mL mineral analysis grade
nitric acid (6 mol/L) for Zn analysis in a flame atomic
absorption spectrophotometer after its dilution to a cer-
tain volume [7]. The left tibia was dried at 105 °C for
24 h after removing the skin, muscle, and soft tissue.
Then, it was soaked in anhydrous ethanol for 48 h and
extracted in a Soxhlet apparatus with anhydrous diethyl
ether for 12 h. After the tibia was dried again (105 °C,
10 h), the fat-free dry tibia was heated in silica crucibles
under (550 ± 15) °C for 18 h, and the residue was dis-
solved in 10 mL mineral analysis grade nitric acid
(6 mol/L) for zinc analysis with a flame atomic absorp-
tion spectrophotometer (Savant AA, GBC, Australia) af-
ter its dilution to a certain volume. The egg yolk and tibia
samples were analyzed after ten-fold dilution. In this
case, the zinc standards were prepared from a 1-mg/mL
zinc nitrate standard solution. All tubes were soaked in
hydrochloric acid (10% v/v) for 12 h and rinsed with
double distilled water [23, 24].

198 Gao et al.



Serum Measurement

Serum uric acid was measured spectrophotometrically with
commercial diagnostic kits (Beijing Huangying institute of
Biological Technology, China). Serum insulin and IGF-I con-
centration were measured by radioimmunoassay as previously
described [25]. All samples were included in the same assay to
avoid interassay variability, and the intraassay coefficient of
variation of two measurements was 6.9 and 7.0%.

mRNA Levels

Total RNA was isolated from the PMM using Trizol
(Invitrogen, San Diego, CA, USA), its purity and concentra-
tion were respectively determined by biophotometer
(Eppendorf, Hamburg, Germany) and agarose-gel electro-
phoresis. Then, reverse transcription was carried out using
the PrimeScript RT reagent Kit (10 μL) consisted of 500 ng

total RNA, 2 μL 5 × PrimeScript RT Master Mix (RR036A,
TaKaRa Biotechnology, Co., Ltd., Dalian, P. R. China).
After reverse transcription, cDNA was amplified on the
ABI 7500 Real-Time PCR System using SYBR Premix Ex
Taq II in a 20 μL PCR reaction, including SYBR green
master mix (RR420A, TaKaRa Biotechnology, Co., Ltd.,
Dalian, P. R., China) and 0.1 μmol/L of each specific primer
(Sangon Biological Engineering Technology & Service Co.,
Ltd., Shanghai, P. R., China). Each cycle consisted of dena-
turation at 95 °C for 10 s, annealing at 95 °C for 5 s, and
extension at 60 °C for 34 s. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was amplified as an internal con-
trol to normalize the differences in individual samples. The
primer sequences for chicken AKT, mTOR, P70S6K,
Atrogin-1, and MuRF1 are listed in Table 3. All samples
were run in duplicates, and primers were designed spanning
an intron to avoid genomic DNA contamination [26]. The
comparative cycle threshold (CT) method (2−ΔΔCT) was

Table 1 Composition of diets of
broiler breeders Ingredient (%) CON Zn/O Zn/I

Corn 63.314 63.344 63.314

Soybean meal 25.00 25.00 25.00

Limestone 8.20 8.20 8.20

Soybean oil 1.50 1.50 1.50

DL-methionine 0.09 0.09 0.09

MHA 0.03 0 0.03

Choline chloride 0.12 0.12 0.12

Dicalcium phosphate 0.90 0.90 0.90

Sodium chloride 0.35 0.35 0.35

Flavomycin 0.015 0.015 0.015

Antioxidants 0.03 0.03 0.03

Phytase 0.016 0.016 0.016

Mycotoxin antidote 0.1 0.1 0.1

Trace mineral premixa 0.3 0.3 0.3

Vitamin premixb 0.035 0.035 0.035

Total 100 100 100

Zinc source and supplementation level 0 100 mg/kg methionine
hydroxy analog-chelated Zn

100 mg/kg

ZnSO4

Nutrient and energy concentration (calculated except for zinc)

Metabolizable energy (MJ/kg) 11.55 11.55 11.55

Crude protein (%) 16.10 16.10 16.10

Calcium (%) 3.42 3.42 3.42

Available phosphorus (%) 0.29 0.29 0.29

Methionine (%) 0.36 0.36 0.36

Lysine (%) 0.82 0.82 0.82

Zinc (mg/kg) 30.37 134.65 133.58

a Trace mineral premix provided the following from either inorganic or organic sources (per kilogram of diet): Cu
8 mg, Mn 60 mg, Se 0.3 mg, Fe 80 mg, and I 0.7 mg
bVitamin premix provided the following (per kilogram of diet): vitamin A 15,000 IU, vitamin D3 3000 IU,
vitamin E 22.50 IU, vitamin K 3 mg, vitamin B1 3 mg, vitamin B2 8 mg, vitamin B6 6 mg, vitamin B12

0.03 mg, pantothenate acid 17.64 mg, niacin 44 mg, folic acid 1.49 mg, and biotin 0.15 mg
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used to quantitate mRNA expression according to Livak and
Schmittgen [27].

Western Blotting

Polyclonal anti-mTOR, anti-AKT, and anti-FOXO1 antibod-
ies as well as phospho-specific antibodies for mTOR (Ser
2448), AKT (Ser 473), and FOXO1 (Ser 256) were purchased
from Cell Signaling Technology.

The total protein was extracted from the breast muscle
using RIPA buffer (CW2333, CWBIO Ltd., Beijing), and
the protein concentration was determined using Pierce™
BCA protein assay kit (CW0014, CWBIO Ltd., Beijing).
Each muscle homogenate was mixed with 5 × sample loading
buffer and boiled at 100 °C for 10 min. The same amount of
protein from each muscle sample (30 μg) was electrophoresed
and transferred to methanol presoaked PVDF membrane
(Huaxingbochuang biotechnology center, Beijing, China).
The membrane was blocked, incubated in primary antibodies,
washed, and incubated with anti-rabbit IgG-conjugated horse-
radish-peroxidase. Then, it was washed again, reacted with
ECL-Plus chemiluminescent reagent, and exposed to film as
previously described [7, 8, 15]. The film was captured and
analyzed with Image J software.

Statistical Analysis

All data were analyzed by one-way ANOVA using the SPSS
version 17.0 program. A post hoc Duncan’s multiple-range
test was used to separate the means that significantly differ
at P < 0.05.

Results

Laying Rate and Egg Weight of Broiler Breeders

The laying rate of broiler breeders from the Zn/O group was
significantly increased in the third (P = 0.028) and fourth (P =

Table 2 Composition of diets of broiler chickens

Ingredient (%) 1-21d 22-42d

Corn 53.23 60.75

Soybean meal 38.69 32.00

Soybean oil 3.70 3.26

Dicalcium phosphate 1.98 1.69

Limestone 1.05 1.08

Sodium chloride 0.35 0.35

DL-methionine 0.18 0.12

Choline chloride, 50% 0.30 0.25

Antioxidants 0.03 0.03

L-lysine 0.04 0.02

Aureomycin, 15% 0.10 0.10

Colistin sulfate,10% 0.03 0.03

Trace mineral premixa 0.30 0.30

Vitamin premixb 0.02 0.02

Total 100.0 100.0

Nutrient and energy concentration (calculated except for zinc)

Metabolizable energy (MJ/kg) 12.35 12.56

Crude protein (%) 21.00 19.00

Calcium (%) 0.98 0.90

Available phosphorus (%) 0.45 0.40

Methionine (%) 0.50 0.40

Lysine (%) 1.15 1.00

Zinc (mg/kg) 52.96 49.38

a Trace mineral premix provided the following from either inorganic or
organic sources (per kilogram of diet): Cu 8mg,Mn 90mg, Se 0.3 mg, Fe
80 mg, and I 0.7 mg
bVitamin premix provided the following (per kilogram of diet): vitamin A
12,500 IU, vitamin D3 2500 IU, vitamin E 30 IU, vitamin K 2.65 mg,
vitamin B1 2 mg, vitamin B2 6 mg, vitamin B6 4 mg, vitamin B12

0.025 mg, pantothenate acid 12 mg, niacin 50 mg, folic acid 1.25 mg,
and biotin 0.0325 mg

Table 3 Primers used for Q-PCR
of the target and reference genes Gene GenBank no. Orientation Primer sequence(5′→ 3′) Product size (bp)

GAPDH NM_204305 Forward ggtgaaagtcggagtcaacgg 244

Reverse cgatgaagggatcattgatggc

AKT AF039943 Forward cattcccgccattatgaatgaagta 130

Reverse cttgtagccaatgaatgtgccatc

mTOR XM_4l7614 Forward gaagtcctgcgcgagcataag 92

Reverse tttgtgtccatcagcctccagt

p70S6K NM_001030721 Forward attcgatcacctcgcagattcatag 111

Reverse agtatttgatgcgctggcagaag

Atrogin-1 NM_001030956 Forward cacggaaggagcagtatggt 124

Reverse aggtctctgggttgttggct

MuRF1 XM_424369 Forward cgacatctacaagcaggagt 163

Reverse tgagcaccgaagacctt
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0.050) weeks (Fig. 1), but no detectable differences were
found in other time periods. There was no notable difference
in egg weight from broiler breeders between the Zn/O and Zn/
I groups (data not shown).

Growth and Muscle Development of the Offspring

The different treatments exerted no considerable effects on the
BW, feed intake, and FCR during 1–21 and 1–42 days post-
hatch of the offsprings (Table 4).

The breast muscle yield of the offspring from the Zn/O and
Zn/I groups was significantly increased (P < 0.05) compared
to Zn/C group on day 14 post-hatch, (Fig. 2(a)); at the same
time, there was no notable difference between the Zn/O and
Zn/I groups (Fig. 2(a)). The offspring from the Zn/I group had
significantly higher breast muscle yield (P < 0.05) than the Zn/
C group on day 35 post-hatch, and there was no difference
been observed in the Zn/O group regarding to the same pa-
rameter (Fig. 2(b)).

Zinc Concentration in Yolk and Albumen of the Hen’s
Eggs and in the Tibia of the Offspring

The Zn/O and Zn/I groups got notably higher yolk zinc con-
centration (P < 0.05) than the control group, and the higher
zinc content in yolk was observed in Zn/O group compared
to the Zn/I group (p < 0.05) (Fig. 3(a)). At the same time, the
same result was found in zinc concentration of the egg albu-
men (Fig. 3(b)).

The zinc concentration in tibia of the offspring from the Zn/
O and Zn/I groups was distinctly higher than the control group

on day 14 (P < 0.05) and 35 (P < 0.05) post-hatch (Fig. 4(a,
b)), and there was no detectable difference between the Zn/O
and Zn/I groups.

UA, INS, and IGF-I Concentration in Serum
of the Offspring

On day 14 post-hatch, the serum uric acid concentration of the
offspring from the Zn/O and Zn/I groups was significantly
lower (P < 0.05) than the control group (Table 5). However,
compared with the control group, the serum insulin (Table 5)
concentration of the offspring from the Zn/O and Zn/I groups
was significantly increased (P < 0.05). There was no differ-
ence in serum IGF-I concentration of the offspring between
the Zn/O and Zn/I groups.

On day 35 post-hatch, compared with the control group,
the serum uric acid (Table 5) concentration of the offspring
from the Zn/O and Zn/I groups was significantly decreased
(P < 0.05). On the contrast, the insulin (P < 0.05) and IGF-I
(P < 0.05) concentration in serum of the offspring from the
Zn/O and Zn/I groupswas significantly higher than the control
group (Table 5).

mRNA Expression in the Breast Muscle
of the Offspring

On day 14 post-hatch, the mRNA levels of AKT, mTOR, and
P70S6K in the PMM of the offspring were significantly up-
regulated (P < 0.05) from the Zn/O group than the control
group (Table 6), whereas significant upregulation (P < 0.05)
of mRNA levels of AKT and P70S6K in the PMM of the
offspring from the Zn/I group compared with the control
group (Table 6) was observed. On the other hand, the
mRNA levels of atrogin-1 and MuRF1 in the PMM of the
offspring from the Zn/O and Zn/I groups were significantly
lower (P < 0.05) than the control group (Table 6).

On day 35 post-hatch, the levels of mTOR (P = 0.074) and
P70S6K (P = 0.071) in the PMM of the offspring from the Zn/

Fig. 1 Laying rate of broiler breeders. The laying rate (n = 6 per group) of
broiler breeders on the whole period of the experiment from Zn/C (white
bars), Zn/O (gray bars), and Zn/I (black bars) group. Values are means ±
SD. a,b Means with different letters differ significantly, P < 0.05

Table 4 Effect of maternal zinc nutritional status on body weight, food
intake, FCR of the offspring during 1–21 days and 1–42 days

CON Zn/O Zn/I SEM P value

1–21 days

Body weight (g) 801.04 806.73 809.96 7.83 0.903

Food intake (g) 1056.72 1069.41 1067.90 12.45 0.909

FCR 1.33 1.33 1.32 0.01 0.752

1–42 days

Body weight (g) 2532.38 2530.33 2545.50 41.86 0.988

Food intake (g) 4407.24 4364.53 4353.34 53.14 0.916

FCR 1.745 1.726 1.715 0.01 0.554

Data are means, n = 8
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O group were tended to be higher than the control group
(Table 6). While, compared with the control group, the
mRNA levels of atrogin-1 (P < 0.05) and MuRF1 (P < 0.05)
in the PMM of the offspring from the Zn/O and Zn/I groups
were sharply downregulated (Table 6).

AKT, mTOR, and FOXO and Their Phosphorylation
in the Breast Muscle of the Offspring

The data showed that no significant difference was observed
in the content of AKT (Fig. 5), mTOR (Fig. 6), and FOXO
(Fig. 7) in the PMM of the offspring between different treat-
ments on day 14 post-hatch. However, the offspring from the

Zn/O and Zn/I groups had increased levels of phosphorylation
of AKT at Ser 473 (Fig. 5), mTOR at Ser 2448 (Fig. 6), and
FOXO at Ser 256 (Fig. 7) in the PMM than those in the control
group (P < 0.05).

No notable differences in the content of AKT
(Fig. 8), mTOR (Fig. 9), and FOXO (Fig. 10) in the
PMM of the offspring from broiler breeders fed with
zinc supplementation were found between the different
diet treatments. While, the offspring from the Zn/O and
Zn/I groups got apparently higher phosphorylation of
AKT at Ser 473 (Fig. 8), mTOR at Ser 2448 (Fig. 9),
and FOXO at Ser 256 (Fig. 10) in the PMM compared
with the control group.

Fig. 2 Breast muscle yield of the
offspring on day 14 and 35 post-
hatch. The breast muscle yield
(n = 16 per group) of the offspring
on day 14 and 35 post-hatch from
Zn/C (white bars), Zn/O (gray
bars), and Zn/I (black bars) group.
Values are means ± SD. a,b Means
with different letters differ
significantly, P < 0.05

Fig. 3 Zinc concentration in egg
yolk and albumen. The zinc
concentration in egg yolk and
albumen laid by the broiler
breeders fed with Zn/C (white
bars), Zn/O (gray bars), and Zn/I
(black bars) diets for 8 weeks.
Values are means ± SD (n = 12
per group). a,b Means with
different letters differ
significantly, P < 0.05

Fig. 4 Zinc concentration in the
tibia of the offspring on day 14
and 35 post-hatch. The zinc
concentration in the tibia of the
offspring on day 14 and 35 post-
hatch from Zn/C (white bars), Zn/
O (gray bars), and Zn/I (black
bars) group. Values are means ±
SD (n = 8 per group). a,b Means
with different letters differ
significantly, P < 0.05
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Discussion

Organic Zinc Supplementation Increased Laying Rate
and Zinc Deposition in the Egg

Maternal organic zinc supplementation has a significant
influence on the laying rate in the third and fourth weeks.
However, there is still very little scientific understanding
of the effect of maternal organic zinc supplementation on
their offspring. Trindade Neto et al. [28] found that dif-
ferent chelated zinc levels (137, 309, and 655 mg/kg) had
no marked effect on the laying rate of hens at 24–36 weeks
and 48–60 weeks. In contrast to earlier findings, however,
Khajaren et al. [29] illustrated that layers fed with organic
zinc resulted in their egg production improvements.
Recently, our study showed that the laying rate of hens
was instantly and significantly increased with the

supplementation of organic zinc in hen’s diet; however,
it had no influence on laying rate during the remaining
experimental period.

Yair and Uni have shown that the 0.6 mg/egg organic
Zn, 0.96 mg/egg organic Fe, 0.36 mg/egg organic Mn,
and 0.018 mg/egg organic Cu were enriched by in ovo
feeding methodology on E17 were benefit for the em-
bryo development [30]. Our current study indicating that
the egg yolk and albumen zinc concentration was ele-
vated when hen’s diet was supplemented with
100 mg/kg methionine hydroxy analog-chelated Zn and
ZnSO4. Therefore, the embryo has more zinc to utilize
due to the increased deposition of zinc in the egg yolk
and albumen, which is beneficial for the development of
the skeletal muscle of the offspring [7]. Our results also
showed that the egg yolk and albumen from the Zn/O
group had more zinc deposition compared with the Zn/I
group. In the same view with our current study, Guo
et al. [31] reported that the egg yolk zinc concentration
of laying hens was significantly increased when the
hens’ diet was supplemented with organic zinc rather
than inorganic zinc. Additionally, the complex of metal
ion bound to a single amino acid may increase metal
accumulation in birds [19]. Therefore, it is possible that

Table 6 Effect of maternal zinc nutritional status on mRNA levels in
the PMM of the offspring on day 14 and 35 post-hatch

CON Zn/O Zn/I SEM P value

Day 14

AKT 1.00b 1.60a 1.33a 0.08 0.003

mTOR 1.00b 1.37a 1.19ab 0.06 0.028

p70S6K 1.00b 1.72a 1.61a 0.11 0.006

Atroign-1 1.00a 0.29b 0.35b 0.08 P < 0.001

MuRF1 1.00a 0.27b 0.33b 0.08 P < 0.001

Day 35

AKT 1.00 1.50 1.27 0.12 0.253

mTOR 1.00 1.69 1.32 0.13 0.074

p70S6K 1.00 1.59 1.29 0.11 0.071

Atroign-1 1.00a 0.66b 0.56b 0.06 0.001

MuRF1 1.00a 0.53b 0.54b 0.08 0.022

Data are means, n = 8
a,b Means with different letters differ significantly, P<0.05

Table 5 Effect of maternal zinc nutritional status on uric acid, insulin,
and IGF-I concentration in serum of the offspring on day 14 and 35 post-
hatch

CON Zn/O Zn/I SEM P value

Day 14

UA (μmol/L) 342.86a 216.25b 184.78b 17.34 P < 0.001

INS (μIU/mL) 10.99b 14.18a 13.87a 0.48 0.005

IGF-1 (ng/mL) 173.73 198.63 191.20 6.12 0.242

Day 35

UA (μmol/L) 229.35a 139.78b 161.95b 14.61 0.025

INS, (μIU/mL) 11.78b 13.90a 13.73a 0.37 0.031

IGF-1 (ng/mL) 169.55b 214.99a 201.97a 5.65 0.001

Data are means, n = 8
a,b Means with different letters differ significantly, P<0.05

Fig. 5 Protein expression of Phospho-AKT and AKT in the pectoralis
major muscle of the offspring on day 14 post-hatch. Phospho-AKT and
AKT in the pectoralis major muscle of the offspring on day 14 post-hatch
from Zn/C (white bars), Zn/O (gray bars), and Zn/I (black bars) group
(n = 4 per group). (a) Representative Western blots; (b) values are means
± SD. a,b Means with different letters differ significantly, P < 0.05
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zinc from a zinc-amino acid complex is more available
to chicks than zinc from inorganic sources [19].

Maternal Zinc Supplementation Enhanced the Breast
Muscle Development of the Offspring

In agreement with earlier work [7, 32, 33], our present
study found that there was no significant effect on BW,
food intake, and FCR of the offspring during 1–21 and
1–42 days post-hatch by zinc supplemented in hens’ diet.
Our present study also found that the breast muscle yield of
the offspring was sharply increased by maternal zinc sup-
plementation, which further supported our previous study
[7]. Zinc is important for postnatal development [24] due
to its crucial role in the metabolism of proteins, carbohy-
drates, and fat in the body. Therefore, there was a consen-
sus among researchers that zinc deposition in egg yolk and
albumen reinforced the development of the breast muscle
of the offspring [7, 30]. However, there was no detectable
difference between the Zn/O and Zn/I groups in the devel-
opment of the breast muscle of the offspring. This result
suggested that different zinc sources only affect the depo-
sition of zinc in eggs; however, they have no influence on
the development of the breast muscle of the offspring.

In present study, the uric acid concentration in serum of
the offspring was significantly decreased by maternal zinc
supplementation on day 14 and 35. By contrast, the insu-
lin (on day 14 and 35) and IGF-I (on day 35) concentra-
tions in serum of the offspring were significantly in-
creased by zinc supplementation into the hen’s diet. Uric
acid is the end product of protein metabolism in poultry
[25]. The decreased concentration of uric acid in serum of
the offspring suggested that the protein degradation was
inhibited in bird. Insulin and IGF-I, the important growth
factors, control the protein metabolism through AKT/
mTOR and AKT/FOXO signaling transduction pathways
[34]. Therefore, the increased serum concentration of in-
sulin and IGF-I of the offspring indicated that the protein
synthesis was enhanced and its degradation was inhibited,
which were beneficial for post-hatch development of the
breast muscle.

Maternal Zinc Supplementation Affected Protein
Metabolism in the Breast Muscle of the Offspring

Hypertrophy is the primary process of the post-hatch de-
velopment of the breast muscle, which is modulated by
the balance between protein synthesis and degradation
[9]. By augmenting protein synthesis at a higher rate than

Fig. 6 Protein expression of Phospho-mTOR andmTOR in the pectoralis
major muscle of the offspring on day 14 post-hatch. Phospho-mTOR and
mTOR in the pectoralis major muscle of the offspring on day 14 post-
hatch from Zn/C (white bars), Zn/O (gray bars), and Zn/I (black bars)
group (n = 4 per group). (a) Representative Western blots; (b) values are
means ± SD. a,b Means with different letters differ significantly, P < 0.05

Fig. 7 Protein expression of Phospho-FOXO and FOXO in the pectoralis
major muscle of the offspring on day 14 post-hatch. Phospho-FOXO and
FOXO in the pectoralis major muscle of the offspring on day 14 post-
hatch from Zn/C (white bars), Zn/O (gray bars), and Zn/I (black bars)
group (n = 4 per group). (a) Representative Western blots; (b) values are
means ± SD. a,b Means with different letters differ significantly, P < 0.05
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protein degradation, the post-hatch breast muscle devel-
opment could be heightened [9]. Mammalian target of
rapamycin (mTOR) [10] and ubiquitin-proteasome system
(UPS) [12] were important in molecular signaling path-
ways for protein synthesis and degradation, respectively.
Therefore, the development of the breast muscle of the
offspring was controlled by gene and protein expression
of these two signaling pathways.

Further, AKT, a serine/threonine kinase, could activate
its downstream kinase by different nutrients and growth
factors [10, 35]. mTOR, an important regulator, could
integrate a variety of growth signals for protein synthesis
[36]. Ribosomal p70S6 kinase was necessary for muscle
fibers to achieve its normal size [37]. Therefore, the acti-
vation of the AKT/mTOR/ p70S6K pathways is a crucial
regulator of the skeletal muscle development of the off-
spring. In present study, the mRNA levels of AKT,
mTOR, and P70S6K in the breast muscle of the offspring
were significantly upregulated by zinc supplementation
into the hen’s diet. The phosphorylation of AKT at Ser
473 and mTOR at Ser 2448 in the PMM of the offspring
on day 14 and 35 was significantly increased by maternal
zinc supplementation which resulted in the activation of
AKT/mTOR pathways. The gene and protein expression
demonstrated that maternal zinc supplementation could

promote the protein synthesis in the skeletal muscle of
the offspring.

Moreover, the increased protein degradation was primarily
caused by the activation of the ubiquitin-proteasome pathway
[12]. Both muscle atrophy F box (MAFbx, also called atrogin-
1) and muscle ring finger-1 (MurRF-1) were shown to encode
E3 ubiquitin ligases, which were an indispensable part of the
ubiquitin-proteasome pathway [36]. Previous studies on skel-
etal muscle of different animals demonstrated that the mRNA
levels of atrogin-1 and MuRF1 were significantly increased,
which preceded the onset of muscle weight loss [38]. AKT
could inhibit the upregulation of atrogin-1 and MuRF1
through regulating the FOXO family of transcription factors
[38], which was deactivated due to its phosphorylation [36].
The present data showed that the gene expression of atrogin-1
and MuRF1 in the breast muscle of the offspring on day 14
and 35 was significantly downregulated by maternal zinc sup-
plementation. The phosphorylation of FOXO at Ser 256 in the
PMM of the offspring on day 14 and 35 was significantly
increased by zinc supplementation into the hen’s diet, which
indicated that AKT could inhibit atrogin-1 and MuRF1 gene
expression by phosphorylation of FOXO family. Therefore,
these results demonstrated that maternal zinc supplementation
could inhibit the protein degradation in the breast muscle of
the offspring.

Fig. 8 Protein expression of Phospho-AKT and AKT in the pectoralis
major muscle of the offspring on day 35 post-hatch. Phospho-AKT and
AKT in the pectoralis major muscle of the offspring on day 35 post-hatch
from Zn/C (white bars), Zn/O (gray bars), and Zn/I (black bars) group
(n = 4 per group). (a) Representative Western blots; (b) values are means
± SD. a,b Means with different letters differ significantly, P < 0.05

Fig. 9 Protein expression of Phospho-mTOR andmTOR in the pectoralis
major muscle of the offspring on day35 post-hatch. Phospho-mTOR and
mTOR in the pectoralis major muscle of the offspring on day 35 post-
hatch from Zn/C (white bars), Zn/O (gray bars), and Zn/I (black bars)
group (n = 4 per group). (a) Representative Western blots; (b) values are
means ± SD. a,b Means with different letters differ significantly, P < 0.05
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Conclusion

Maternal organic zinc supplementation increased more zinc
concentration in egg. Both zinc source supplementation into
the broiler breeders’ diet improved the breast muscle yield of
the offspring, which could be due to the activation of AKT/
mTOR pathways and deactivation of the ubiquitin-
proteasome system in the breast muscle of the chick post-
hatch. However, there was no significant difference on the
breast muscle development of the offspring compared be-
tween organic and inorganic zinc supplementation.
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