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ABSTRACT Stocking density is an important envi-
ronment factor that affects the development of poultry
farming, which has caused widespread concern. This
study was carried out to determine the effects of stock-
ing density on growth performance, growth regulatory
factors, and endocrine hormones in broilers under ap-
propriate environments. A total of 144 Arbor Acres
male broilers (BW 1000 £+ 70 g) were randomly di-
vided into low stocking density (LSD; 6.25 birds/m?),
medium stocking density (MSD; 12.50 birds/m?), and
high stocking density (HSD; 18.75 birds/m?) groups,
with 6 replicates in each group, and raised in 3
environmental chambers (same size) from 29-day-old
to 42-day-old, respectively. The trial period lasted for
14 D with 21 + 1°C and 60 + 7% relative humid-
ity, wind speed < 0.5 m/s, ammonia level<5 ppm.
The results indicated that average daily food intake
and average daily gain in HSD group showed signifi-
cantly lower than other 2 groups (P < 0.05). Besides,
the HSD group significantly reduced breast muscle

yield, tibial length, tibial width, and tibial weight of
broilers (P < 0.05). The HSD group increased the
mRNA expression level of myostatin, and reduced the
mRNA expression levels of insulin-like growth factor
1 (IGF-1) and myogenic determination factor 1 (P <
0.05). The HSD group significantly reduced the expres-
sion of parathyroid hormone-related protein in tibial
growth plate (P < 0.05). The HSD group increased
the serum corticosterone levels of broilers (P < 0.05),
and decreased the serum IGF-1 and thyroxine (T4)
levels of broiler chickens (P < 0.05) than other stock-
ing density groups. Moreover, the serum alkaline phos-
phatase levels were decreased (P < 0.05) with increas-
ing stocking density, whereas there were no significant
effects on the serum 3,5,3'-trilodothyronine (T3) con-
centrations in 3 groups (P > 0.05). In conclusion, un-
der appropriate environments HSD reduced the growth
performance of broilers and this negative effect was
likely associated with decreased growth of muscle and
bone.
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INTRODUCTION

Stocking density plays an important role in poul-
try farming, with an increase in the number of birds
per unit space potentially leading to higher returns
(Estevez, 2007). However, high stocking density (HSD)
can also result in increased interference and stress
among broilers, with slower growth, decreased product
quality, and various health problems (Sgrensen et al.,
2000; Thaxton et al., 2006; Tong et al., 2012; Abuda-
bos et al., 2013). Simitzis et al. (2012) reported that
increasing stocking density (from 6 to 13 birds/m?)
negatively affected carcass characteristics, and the car-
cass weight and breast relative yield were decreased
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by increasing the stocking density (25, 30, 35, and
40 kg BW/m?) (Dozier et al., 2006). Stocking density
not only affects breast muscle growth, but also bone
growth. Some studies showed that HSD adversely af-
fected tibia quality (relative weight, mineral composi-
tion, and biomechanical properties) (Sun et al., 2013,
2018), and leg health was shown to be severely af-
fected by increasing stocking density (6, 15, 23, 33, 35,
41, 47, and 56 kg BW/m?) (Buijs et al., 2009). How-
ever, despite considerable focus on the impacts of stock-
ing density on growth performance and other param-
eters, its effects on muscle and bone growth remain
unclear. Furthermore, stocking densities in previous
studies were examined under different environmental
conditions with different temperatures, and little con-
sideration of relative humidity, wind speed, and harmful
gas concentrations.

Many factors affect bone and muscle growth. Pre-
vious studies identified insulin-like growth factor-1
(IGF-1) as a key regulator of muscle and bone
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development and metabolism in chickens (Baker et al.,
1993; Ohlsson et al., 1994; Mcmurtry 1998; Van der
Pol et al., 2019). The muscle-regulatory factor myo-
genic determination factor 1 (MyoD) is also important
for muscle growth by affecting the synthesis of mus-
cle contractile proteins (Shintaku et al., 2016), while
myostatin (MSTN) is a negative regulator of muscle
growth, inhibiting muscle hyperplasia and hypertrophy
(Stinckens et al., 2010). Parathyroid hormone-related
protein (PTHrP) is a growth factor regulating en-
dochondral bone development, which participates in
chondrocyte proliferation and further differentiation
(Kronenberg, 2010). Blood corticosterone (CORT) also
participates in regulating the growth of broilers, but
the results of previous studies differ (Houshmand et al.,
2012; Li et al., 2019).

Environmental temperature, humidity, and ammonia
concentration can all affect broiler growth (Yi et al.,
2016; Ma et al., 2019; Zhou et al., 2019). However,
there is currently no information on the effects of
stocking density on the factors regulating muscle and
bone growth in broilers under appropriate environmen-
tal conditions in terms of temperature, humidity, wind
speed, and gas concentrations. The aim of the present
study was to investigate the effects of stocking density
on growth performance, growth regulatory factors, and
endocrine hormones in broilers under appropriate envi-
ronments.

MATERIALS AND METHODS

The experimental protocol was approved by the Ani-
mal Experimental Welfare and Ethical Inspection Com-
mittee of the Institute of Animal Science, Chinese
Academy of Agricultural Sciences.

Birds and Treatments

One-day-old Arbor Acres (AA) male chickens were
reared in 1-tier cages with a standard corn—soybean-
meal diet in accordance with NRC (1994) requirements
for AA chickens. The room temperature was adjusted
according to the management guide for AA broilers.
A total of 144 healthy male birds with similar BWs
(1,000 £ 70 g) were selected at 29 days old, divided
randomly into 3 groups, and transferred to separate
environmental chambers. Each environmental cham-
ber had an intelligent control system able to detect
and adjust parameters in real time to ensure that
the environmental conditions were maintained at the
appropriate levels, to accuracies of +1°C, relative hu-
midity £7%, wind velocity <0.5 m/s, and ammonia
level <5 ppm. The 3 chambers were maintained at
21 £+ 1°C, 60 + 7% relative humidity, wind velocity
<0.5 m/s, ammonia level <5 ppm, and 24-h light in
the trial period. All 3 chambers were the same size
and each included 6 one-tier cages (0.80 m length
x 0.80 m width x 0.40 m height, cage floor area
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approximately 0.64 m?), furnished with one-tube feed-
ers (0.82 m length x 0.07 m width x 0.06 m depth)
and 3 nipple drinkers hanging outside each cage. Each
cage was a replicate, and each group included 6 repli-
cations. Birds in the 3 groups were housed in the cages
at low (LSD, 6.25 birds/m? 4 birds/cage), medium
(MSD, 12.50 birds/m?, 8 birds/cage), and high stock-
ing densities (HSD, 18.75 birds/m?, 12 birds/cage),
respectively. These were equivalent to 15.63, 31.25,
and 46.88 kg BW/m? predicted at 42 D at an esti-
mated final BW of 2.5 kg. The trial period lasted for
14 D. The broilers had ad libitum access to feed and
water.

Sampling Collection and Chemical Analysis

All the broilers were observed daily, and mortality
was recorded. When the birds reached 42 days old,
2 birds close to the average BW for the cage were se-
lected at random from each cage. Blood samples were
collected (5 mL; brachial vein, syringe) and the birds
were then euthanized by CO, asphyxiation.

Growth Performance Measurement All the birds
were weighed at the beginning (29 D) and end (42 D)
of the experiment to calculate the average daily gain
(ADG). Feed intake was recorded daily to calculate the
average daily feed intake (ADFI) and feed conversion
ratio (FCR).

The eviscerated carcass, both breast muscles, and
the left tibia of each sampled bird were weighed in-
dividually. The breast muscle yield was expressed as
the weight of both breast muscles as a percentage of the
eviscerated carcass weight. The length and width of the
left tibia were measured using digital Vernier calipers
(AB021015202, Shanghai Tools Co., Ltd., Shanghai,
China).

Serum Endocrine Hormones Serum samples were
obtained by centrifugation at 3,000 x ¢ for 20 min at
4°C and kept at —20°C for further analysis. Serum lev-
els of 3,5,3'-triiodothyronine (T3), thyroxine (T4), and
CORT were measured by radioimmunoassay (RIA) us-
ing a gamma RIA counter (GC-2010, Anhui Ustczonkia
Scientific Instruments Co., Ltd., Anhui, China). All the
procedures were carried out according to the manufac-
turer’s protocol.

Gene Expression of Regulatory Factors Breast
muscle samples (approximately 1 cm?) were collected
from the same location, frozen in liquid nitrogen,
and stored at —80°C for analysis. mRNA levels of
IGF-1, MyoD, and MSTN in the breast muscles
were examined. Total RNA was extracted from each
breast muscle sample using TRIzol reagent (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s
instructions. RT-PCR was performed using a Light-
Cycler 96 system (LightCycler 96 system, Roche,
Basel, Switzerland) based on the general RT-PCR
method. The primers for the target genes were de-
signed and confirmed (Table 1). S-Actin was used as
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Table 1. Primers used for quantitative RT-PCR.
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Primer name' Primer sequence® 5-3’

Product size (bp) GenBank accession number

B-actin F: TGCTGTGTTCCCATCTATCG 150 NM_ 205518
R: TTGGTGACAATACCGTGTTCA

IGF-1 F: ACCTTGGCCTGTGTTTGCTTAC 111 NM_ 001004384
R: AGCCTCTGTCTCCACATACGAAC

MSTN F: TACCCGCTGACAGTGGATTTC 153 NM_ 001001461
R: GCCTCTGGGATTTGCTTGG

MyoD F:GGAGAGGATTTCCACAGACAACTC 113 NM_ 204214

R: CTCCACTGTCACTCAGGTTTCCT

! B-actin, beta-actin; IGF-1, insulin-like growth factor-1; MSTN, myostatin; MyoD myogenic determination

factor 1.
’F, forward; R, reverse.

the reference gene. The gene expression data were
expressed as relative quantification and calculated us-
ing the 2-22C" method.

PTHrP Expression and Serum Parameters lev-
els Tibial growth plate samples were collected, frozen
in liquid nitrogen, and stored at —80°C until analy-
sis. PTHrP expression in the tibial growth plate was
measured by western blot. Briefly, proteins were sepa-
rated, transferred to nitrocellulose membranes in Tris-
glycine buffer at 90 V for 90 min, and then blocked in
Tween Tris buffer solution containing 5% nonfat dry
milk for 2 h at room temperature. The membranes
were incubated in primary antibody solution containing
rabbit anti-PTHrP (LS-C295770; diluted: 1:200; Lifes-
pan Bioscience Inc., Seattle, WA) at 4°C for 18 h.
After washing 3 times for 10 min each with PBS-
T solution, the membranes were incubated with sec-
ondary antibody (goat anti-rabbit IgG horseradish per-
oxidase, diluted 1:10,000) for 1 h at room temperature,
and detected using enhanced chemiluminescence west-
ern blotting reagents (Thermo Fisher Scientific, Inc.,
Waltham, MA). The expression of the measured pro-
tein was presented as the ratio of the level in the sam-
ple relative to the level of B-actin. All the antibodies
used had been validated previously for use with chicken
samples.

Serum IGF-1 levels were measured by RIA using a
gamma RIA counter (GC-2010, Anhui Ustczonkia Sci-
entific Instruments Co., Ltd.). Serum alkaline phos-
phatase (AKP) levels were detected using an automatic
biochemical analyzer (Hitachi 7600, Hitachi Ltd, Tokyo,
Japan). All procedures were carried out according to
the manufacturer’s instructions.

Statistical Analysis

The experimental design was a single factor design, a
1-way analysis of variance (ANOVA) model and Dun-
can’s multiple comparison were used to analyze the data
by SAS 9.2 (SAS Institute Inc., Cary, NC). The data
were reported means + SD. Statistical significance was
set at the level of P < 0.05.

Table 2. Effects of stocking density on ADFI, ADG, and FCR of
broilers.!

Ttems? LSD MSD HSD P-value
ADFI (g)  156.02* £0.33 154.60* +0.17 147.75"+1.82  <0.01
ADG (g) 81.45* +£1.37 83.05* £ 1.18 78.26° +1.52 0.01
FCR (g:g) 1.92+0.03 1.86 £0.03 1.89+0.03 0.20

abMeans within a column with different superscripts are different at
P < 0.05.

'All means reported as means + SD (n = 12).

2ADFI = average daily gain; ADG = average feed intake; FCR =
ADFI/ADG.

LSD, low stocking density (6.25 birds/m?); MSD, medium stocking
density (12.50 birds/m?); HSD, high stocking density (18.75 birds/m?).

RESULTS

Growth Performance

During the trial period, all the birds show no signs
of clinical diseases, and no mortality. As shown in
Table 2, ADFI and ADG in HSD group were signifi-
cantly lower than that in LSD group and MSD group
(P < 0.05), whereas FCR showed no significant differ-
ence in 3 stocking density groups (P > 0.05).

The tibial parameters and breast muscle yield of
broilers are reported in Table 3. Compared with LSD
group and MSD group, the HSD group significantly re-
duced breast muscle yield (P < 0.05), tibial length, and
tibial weight of broilers (P < 0.05), and there was no
significant difference in LSD group and MSD group.
Tibial width was significantly reduced for HSD group
compared to MSD group (P < 0.05).

Regulatory Factors Gene Expression

The mRNA expression level of MSTN in the HSD
group was significantly higher than in LSD group, and
it was also higher for MSD than for LSD (P < 0.05;
Table 4). The mRNA expression levels of IGF-1
and MyoD in HSD group were significantly lower
than in MSD and LSD groups (P < 0.05), and the
IGF-1 expression level was higher for LSD than for
MSD.
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Table 3. Effects of stocking density on tibial parameters and breast muscle yield of broilers.’

Items LSD MSD HSD P-value
Length (mm) 108.37* £0.83 109.00* £0.95 103.40" +0.56 <0.01
Width (mm) 13.93%P £1.11 15.61* £1.38 12.86> £ 0.39 0.01
Weight (g) 22.75* +£0.79 23.83*+3.30 19.28" +1.08 0.02
Breast muscle yield (%) 29.91* £2.47 30.60* +2.89 25.41> +£0.60 0.05

abMeans within a column with different superscripts are different at P < 0.05.

'All means reported as means + SD (n = 12).

LSD, low stocking density (6.25 birds/m?); MSD, medium stocking density (12.50 birds/m?); HSD,

high stocking density (18.75 birds/m?).

Table 4. Effects of stocking density on the mRNA expression of
breast muscles growth-related regulatory factors of broilers.!

Ttems? LSD MSD HSD P-value
IGF-1 1.74*£0.11 0.93>40.07 0.36¢ +0.04 <0.01
MSTN 0.24" +0.01 0.67* +0.14 0.63* +0.12 0.01
MyoD 1.10* £0.13 1.14* +£0.17 0.22" 4 0.03 <0.01

#“Means within a column with different superscripts are different at
P < 0.05.

LAll means reported as means + SD (n = 12).

2IGF-1, insulin-like growth factor-1; MSTN, myostatin; MyoD, myo-
genic determination factor 1.

LSD, low stocking density (6.25 birds/m?); MSD, medium stocking
density (12.50 birds/m?); HSD, high stocking density (18.75 birds/m?).
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Figure 1. Effects of stocking density on expression of parathyroid
hormone related protein (PTHrP) in tibial growth plate and serum
alkaline phosphatase (AKP) levels of broilers. LSD, low stocking den-
sity (6.25 birds/m?); MSD, medium stocking density (12.50 birds/m?);
HSD, high stocking density (18.75 birds/m?). Each bar presents means
+ SD (n = 12). Different letters are different at P < 0.05.

PTHrP Expression and Serum Parameters
Levels

As shown in Figure 1, the expression of PTHrP in
tibial growth plate in the HSD group was significantly
lower than in the LSD and MSD groups (P < 0.05),
whereas there was no significant difference in LSD and
MSD groups (P > 0.05). Moreover, the serum AKP lev-
els of broilers were decreased (P < 0.05) with increasing
stocking density.

As shown in Figure 2, compared with LSD and MSD
groups, the serum IGF-1 levels of broiler chickens in
the HSD group were significantly lower (P < 0.05), and
there was no significant difference in LSD and MSD
groups.
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Figure 2. Effects of stocking density on serum insulin-like growth
factor 1 (IGF-1) levels of broiler chickens. LSD, low stocking den-
sity (6.25 birds/m?); MSD, medium stocking density (12.50 birds/m?);
HSD, high stocking density (18.75 birds/m?). Each bar presents means
+ SD (n = 12). Different letters are different at P < 0.05.

IGF-1 (ng/ml)
—_ [ ') )
[ 9] [—3 n
< < < <

9]
(=]
1

Table 5. Effects of stocking density on serum endocrine hormones
of broilers."

Ttems? LSD MSD HSD P-value
CORT (nmol/L) 74.40"+£0.27 71.32°+1.06 83.11°+522 <0.01
T4 (ng/mL) 69.41" £2.84 62.76"+6.90 49.39"+£3.11  0.01
T3 (ng/mL) 1384028 1084006 123+024  0.20

abMeans within a column with different superscripts are different at
P < 0.05.

'All means reported as means + SD (n = 12).

2CORT, corticosterone; T4, thyroxine; T3, 3,5,3'-triiodothyronine.

LSD, low stocking density (6.25 birds/m?); MSD, medium stocking
density (12.50 birds/m?); HSD, high stocking density (18.75 birds/m?).

Serum Endocrine Hormones

The serum CORT levels of broilers in the HSD group
were significantly higher (P < 0.05; Table 5), com-
pared with LSD and MSD groups, and the levels of
T4 in serum of broiler chickens in the HSD group
were significantly lower (P < 0.05), whereas there were
no significant effects on the levels of T3 in 3 groups
(P > 0.05).

DISCUSSION

The results of the present study revealed that HSD
significantly decreased the ADFI and ADG but had no
significant effect on FCR. These results were consis-
tent with the findings of previous studies showing that
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HSD reduced ADFI and BW gain in chickens (Bessei,
2006; Beloor et al., 2010). Similarly, Abudabos et al.
(2013) found no effect on FCR of increasing the stock-
ing density of broilers from 37.0 to 40.0 kg/m?. Our
results indicated that HSD was detrimental to growth
performance in broilers. These results were consistent
with Shakeri et al. (2014) who suggested that HSD was
detrimental to weight gain compared with LSD. How-
ever, some studies reported no significant differences in
42-D BW, BW gain, FCR, and mortality among broilers
raised at different stocking densities (30, 35, 40 kg/m?)
(Rambau et al., 2016), and no detrimental effect of HSD
(16 birds/m?) on growth performance or survivability
(Najafi et al., 2015). Breast muscle is one of the most
important parts of broilers and directly affects broiler
production. Breast meat yields were decreased by in-
creasing stocking densities to >13 birds/m?* (Dozier
et al., 2006), whereas HSD had no effect on whole car-
cass and breast meat yields relative to BW in broil-
ers (Dozier et al., 2005), in accord with the results of
Feddes et al. (2002). In the present study, breast muscle
yield was significantly reduced in the HSD group. Tib-
ial length, width, and weight of broilers were also sig-
nificantly reduced in HSD group, similar to the results
of Kestin et al. (1992) who found frequent leg prob-
lems in poultry fed at high densities, and Sanotra et al.
(2001) who showed increased tibial dysplasia with in-
creasing stocking density. A recent report showed that
layer breeder males kept at HSD had shorter tibias (Li
et al., 2019), in agreement with the current results. Dif-
ferences in feeding environments (including tempera-
ture, relative humidity, etc.), age, broiler strain, and
feed kinds among studies may have contributed to in-
consistent results among previous studies. However, the
present study found that poor growth performance in
broilers at HSD was related to specific growth regula-
tory factors under appropriate environments.

The reasons for changes in breast muscle yield in re-
lation to stocking density are unclear. Breast muscle
growth is regulated by many factors, including IGF-1,
MyoD, and MSTN. IGF-1 provides an important in-
volvement of growth factor systems in the growth pro-
cess (Baker et al., 1993), and several studies demon-
strated that skeletal muscle growth was regulated by
IGF-1, which is in turn involved in many signaling path-
ways (Mcmurtry, 1998; Beccavin et al., 2001). IGF-1
can promote skeletal muscle hypertrophy and prevent
muscle atrophy (Latres et al., 2005; Wen et al., 2014b).
MyoD is one of the most important factors regulating
muscle growth (Rudnicki et al., 1993). MyoD is involved
in myoblast differentiation and increases the expression
of contractile-apparatus genes to direct the synthesis
of contractile proteins in the muscle (Yi et al., 2010;
Shintaku et al., 2016). MSTN is an essential factor for
muscle growth and development, and it acts as a nega-
tive regulator of muscle growth (Stinckens et al., 2010;
Wen et al., 2014a). MSTN had a negative effect on mus-
cle development before birth and muscle hypertrophy
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after birth in chickens (Kocamis et al., 2001). In the
present study, mRNA expression levels of IGF-1 and
MyoD in breast muscle were significantly lower than
other groups, whereas mRNA expression level of MSTN
at HSD was significantly higher. These results suggest
that HSD might affect breast muscle hypertrophy and
differentiation by regulating the expression of IGF-I,
MyoD, and MSTN.

IGF-1 is also involved in bone growth, as confirmed
by gene knockout studies (Wang et al., 2002). IGF-
1 was shown to stimulate endochondral cell prolifer-
ation. Endochondral bone formation is also regulated
by other autocrine/paracrine growth factors, such as
PTHrP (Stevens and Williams, 1999). PTHrP reg-
ulates terminal differentiation of growth plate chon-
drocytes and slows the rate of differentiation of pre-
hypertrophic to hypertrophic chondrocytes within the
growth plate (Farquharson et al., 2001), thus facili-
tating the formation of complex traits and structures
during bone growth and development. AKP is a spe-
cific marker of early osteoblast differentiation and is
often used as a marker of osteoblast function (Col-
lette et al., 2010). Ozbey and Esen (2007) found that
serum levels of AKP in rock partridges decreased sig-
nificantly with increasing stocking density (15, 20, 25
bird/m?). In the current study, serum IGF-1 levels and
PTHrP expression in the tibial growth plate were lower
in HSD compared with MSD and LSD broilers. Further-
more, serum AKP levels were also lowest in the HSD
group, indicating that higher stocking density inhibited
tibia growth. These results suggest that HSD may re-
duce tibial length, width, and weight in broilers by ad-
versely affecting tibia proliferation, differentiation, and
formation.

High CORT levels can affect bone growth and signif-
icantly reduce feed intake and BW gain in broilers (Luo
et al., 2013). Serum CORT levels were significantly el-
evated in HSD broilers in the current study. These re-
sults were similar to those of Tiirkyilmaz et al. (2008),
who showed that CORT levels at 42 D increased with
increasing stocking density (15, 20, 25/m?), but differ-
ent from those of Thaxton et al. (2006), who found
no significant changes in serum CORT levels in rela-
tion to stocking density. These discrepancies may be
due to differences in the housing systems used. Feddes
et al. (2002) reported that broilers subjected to HSD
experienced difficulties with heat and gas exchange in
the microclimate. The HSD might result in increasing
stress, and several researches have shown that stress in-
creased the serum concentrations of T3 and T4 (Sahin
et al., 2002; Dai et al., 2011). T3 and T4 affect al-
most every physiological process in the body and are
important hormones supporting chicken growth (Xiao
et al., 2017). However, information on the effects of
stocking density on 2 hormones in birds raised under
appropriate environments is limited. The current study
found that serum T4 levels were reduced in broilers at
HSD compared with lower densities.
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To sum up, the current results indicated that there
is no significant difference in growth performance be-
tween LSD and MSD, and HSD can adversely affect
muscle and bone growth in broilers under appropriate
environments because it might affect breast muscle hy-
pertrophy and differentiation, tibia proliferation, differ-
entiation, and formation, and serum endocrine hormone
levels in broilers. Overall, keeping broilers at HSD thus
reduces their growth performance.
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