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SUMMARY

Heat stress (HS) is among the major limiting factors to growth of broilers. Heat stress also results in changes in the
characteristics of the carcass, such as an increase in fat deposition. The molecular mechanisms responsible for fat
deposition in broilers as a response to HS remain unknown. The current study aimed to describe the molecular
mechanisms associated with the effects of high temperature and feed restriction due to chronic heat exposure at
32 °C, and to describe the resulting changes in the growth performance and carcass characteristics of the broilers
at 21 and 42 days of age. In the current study, 441 male Cobb-500® broilers were subjected to three treatments
that differed in rearing temperature and feeding regime: chronic HS fed ad libitum (HS/AL), thermoneutral envir-
onment fed ad libitum (TN/AL) and TN and pair-feeding on the feed intake (FI) of the heat-exposed group (TN/PF).
HS increased fat content in the breast and wings and decreased fat content in the legs, but did not influence
abdominal fat. These effects occurred regardless of reducing consumption induced by HS. Furthermore, HS, inde-
pendently of reduced FI, increased liver sterol-regulatory element-binding protein-1 (SREBP-1) mRNA in both
ages and growth hormone receptor (GHR) mRNA at 42days, whereas feed restriction reduced GHR mRNA
only at 21days. In conclusion, increased fat content in the breast and wings was accompanied by a higher
gene expression of GHR and SREBP-1, suggesting the involvement of both genes in the control of fat deposition
in broilers exposed to HS.

INTRODUCTION

According to the FAO (2012), each year over 59
billion broilers are slaughtered worldwide to meet
the growing demand from human consumption. Due
to the increasing demand for meat, farmers have
begun to select broilers for high growth rate, breast
meat yield and the efficiency of feed conversion
(Arnould & Leterrier 2007; Estevez 2007).
The best results for rearing broilers are achieved

with optimum environmental conditions. For example,
temperature is one of the major limiting factors for
broiler growth (Lara & Rostagno 2013). Broilers reared

at high temperatures exhibit low feed intake (FI) and
consequently poor performance rates (De Faria Filho
et al. 2007; Zuo et al. 2015). It was estimated that
direct effects of high temperature on broiler metabolism
are responsible for 46–50% of weight gain losses in
broilers reared in warm environments, and the remain-
ing 50–54% losses are due to FI reduction (Abu-Dieyeh
2006; Campos et al. 2013).

In addition to a decrease in productive performance
of broilers, heat exposure also induces changes in
their carcasses. Broilers reared in environments with
high temperatures have more fat deposition and less
proteins in the carcass (Zhang et al. 2012), resulting
from a low basal metabolic rate and reduced physical
activity (Cheng et al. 1997; Oliveira Neto et al. 2000).
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The changes in productive performance and
carcass composition of broilers exposed to high tem-
perature are also attributed to lower FI. Malnutrition
alters plasma concentration of growth-controlling hor-
mones in broilers (Gonzales et al. 1998; Buyse et al.
2000). More specifically, decreased levels of expres-
sion of growth hormone receptor (GHR) (Zhao et al.
2004) and liver insulin-like growth factor 1 (IGF-I)
(Kita 1998) are observed, which ultimately reduces
muscle growth and increases the mobilization of
energy for homeostasis (Buyse & Decuypere 1999).
Furthermore, broilers reared at high temperatures
show a lower concentration of plasma growth
hormone (GH) (Buyse et al. 2000).

As suggested above, heat stress (HS) and lower FI
regulate the effect of GH on energy homeostasis,
which may be associated with modifications of car-
casses in broilers exposed to high temperature. To
further investigate the modifications of carcasses,
genes involved in energy metabolism can be identi-
fied and analysed for their role in fat deposition in
broiler carcasses. Energy metabolism is maintained
by the liver, where nutrients from the diet or from cor-
poreal deposition are used in metabolic pathways
regulated by neural and hormonal signals
(Hillgartner et al. 1995). These hormonal signals regu-
late several genes including transcription factors such
as the sterol regulatory element-binding protein-1c
(SREBP-1) and the carbohydrate response element-
binding protein (ChREBP), which are responsible for
regulating energy homeostasis (Shimano et al. 1999).
The reduced expression of these two transcription
factors observed during fasting (Richards et al. 2003;
Wang et al. 2009) is correlated with the expression
of genes for several enzymes from energy metabolism
(Proszkowiec-Weglarz et al. 2009).

It still unknown whether fat deposition in broilers
exposed to high temperatures is due to a reduction
in FI or to the direct effect of HS. Considering the rela-
tionship between the environment and its role in gene
expression as mentioned above, SREBP-1 and ChREBP
become candidates for regulating fat deposition in
broiler carcasses induced fromHS. These transcription
factors have not been investigated to identify their
association with fat deposition in broilers as a
response to HS.

The present study was performed to identify and
describe the molecular mechanisms associated with
the effects of high temperature and feed restriction
due to chronic heat exposure at 32 °C, and to describe
the productive performance and the characteristics of

the carcass under such condition. To describe the
involvement of the molecular mechanisms, the abun-
dance of mRNA related to growth and energy metab-
olism was measured in the liver of broilers reared with
high temperatures. Furthermore, the pair-feeding (PF)
experimental approach isolated the specific effects
of HS and feed restriction on growth performance
and body composition.

MATERIAL AND METHODS

This experiment was performed following the rules of
the Animal Ethics Committee (CEUA) of the School of
Agriculture and Veterinary Science, São Paulo State
University.

Broilers and experimental design

The broilers were reared in floor pens 1·7 × 2·5 m2 in
three climatic chambers with wood shavings used as
litter (10 cm deep). The side and top walls of the
chambers were composed of insulating material and
each chamber was equipped with four exhaust fans.
To ensure the consistency of the temperature,
cooling systems and infrared lamps were controlled
by thermostats. The broilers were reared with continu-
ous light for 24 h (15 lux).

The broilers used in the present study were evalu-
ated from 7 to 42 days of age: until 7 days old they
were kept in a thermoneutral (TN) environment
(Anon 2003) with average temperature and relative
humidity of 31·8 ± 0·10 °C and 58·6 ± 2·66%, respec-
tively. At 7 days of age, 441 male Cobb 500® broilers
were distributed in a completely randomized experi-
mental design, in a ‘pair-feeding’ system as described
in Geraert et al. (1996). The PF schedule was used to
separate temperature effects from FI effects, by provid-
ing broilers reared in TN environments the same
amount of feed as that consumed by stressed broilers
on the previous day. The experimental design con-
sisted of three treatments and seven replicates per
treatment, each replicate with 21 broilers. Each treat-
ment differed by the temperature at which broilers
were reared and the feeding regime as follows:
chronic HS fed ad libitum (HS/AL), TN environment
fed ad libitum (TN/AL), and TN and PF on the FI of
the group exposed to HS (TN/PF; Table 1). For this,
each floor pen had one individual feeder and one indi-
vidual drinker. The FI of broilers in the HS/AL treat-
ment was measured daily at 8.00 a.m. for the seven
replicates. Individual daily FI was calculated as the
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mean intake of each broiler in each individual repli-
cate (21 broilers by replicate). Then, the same
amount of feed was provided to the corresponding
TN/PF replicate. The temperature of the environments
was measured every hour throughout the experiment
and weekly averages of temperature are shown in
Table 1. All broilers received the same starter (1–21
days) and grower diets (22–42 days) (Table A1 in the
Appendix).

Growth performance and body composition

For performance analysis, broilers and feed were
weighed at 21 and 42 days old. The following per-
formance indicators were obtained for each experi-
mental unit: FI, body weight gain (BWG) and feed
conversion ratio (FCR = FI/BWG).
At 21 and 42 days of age, one broiler from each rep-

licate was separated and fasted for 6 h, then stunned
by concussion and euthanized by bleeding. After
slaughter, adipose tissue from the abdominal region
surrounding the gizzard and between the intestines
and abdominal wall was removed and weighed. The
commercial cuts [breast, legs (thighs + drumsticks)
and wings], with skin, were separated from the
carcass and frozen at −20 °C for composition analysis.
The cuts were thawed in the laboratory, crushed in a
commercial meat grinder, dried in a forced air oven
(55 °C for 72 h) and ground using a grinder ball. The
cuts were then analysed for dry matter (DM) content
using a forced air oven for 12 h at 105 °C; thereafter
complete combustion at 600 °C for 4 h was used to
attain ash. The Soxhlet extraction method was

performed to obtain ether extract (EE) and the micro-
Kjeldahl method was performed to obtain crude
protein (CP). All procedures were performed following
the protocols of Silva & Queiroz (2002).

Real-time quantitative polymerase chain reaction

Total RNAwas extracted from the liver using a Ribopure
Kit (Ambion® – Life Technologies, Waltham, MA, USA).
The protocol for RNA extraction was modified by the
addition of a DNase treatment between the two wash
steps prior to the elution of RNA from the ceramic
column. The first-strand cDNA synthesis was per-
formed by reverse transcription (RT) from equal quan-
tities (5·0 µg) of total RNA using the SuperScript III
First-Strand Synthesis SuperMix (Invitrogen – Life
Technologies, Carlsbad, USA). The protocol for first-
strand cDNA synthesis was modified by the addition
of a final step of digestion with RNase H (1U)
(Invitrogen) for 22 min at 37 °C. First-strand cDNAs
were purified as described in Madsen et al. (2004)
and was quantified in a NanoDrop spectrophotometer
(ND-1000, Thermo Scientific,Waltham,USA).Working
solutions were prepared and stored at −20 °C until
real-time quantitative polymerase chain reaction
(RT-qPCR) was performed. The set of primers used to
determine the expression of the target genes (GHR,
IGF-I, IGF 1 receptor [IGF-IR], SREBP-1 and ChREBP)
and reference genes (beta-actin [ACTB], glyceralde-
hyde 3-phosphate dehydrogenase [GAPDH] and
large ribosomal subunit [28S rRNA]) were designed
using the Primer Express 3·0 software (Applied
Biosystems – Life Technologies, Carlsbad, USA)
(Table 2). To design the primers, previously described
sequences of broiler genes from Genbank were used
as reference. Furthermore, the primers were designed
to amplify segments that contained at least one intron,
which would eliminate the chance of amplifying
residual genomic DNA.

Quantitative real-time PCR analysis was performed
using the GeneAmp 7900 thermocycler (Applied
Biosystems – Life Technologies, Carlsbad, USA) with
the SYBR Green reagent (Invitrogen), following the
protocol described by Coussens et al. (2003). The
results of the RT-qPCR reactions were analysed with
RQ Manager 1·2·1 (Applied Biosystems – Life
Technologies, Carlsbad, USA) and the values of the
quantification cycle (Cq) corrected for primer amplifi-
cation efficiency and normalized using a control gene
as described in Livak & Schmittgen (2001). The amp-
lification efficiency of the primers ranged from 90% to

Table 1. Environmental temperature and relative
humidity registered at climatic chambers during the
experiment

Periods

HS/AL TN/AL and TN/PF

T°C RH (%) T°C RH (%)

8–14 days 32·4 ± 0·39 64 ± 3·7 29·2 ± 0·70 73 ± 4·8
15–21 days 32·2 ± 0·77 64 ± 4·7 27·1 ± 0·77 73 ± 4·4
22–28 days 32·4 ± 0·16 57 ± 1·9 25·0 ± 0·34 65 ± 1·3
29–35 days 32·3 ± 0·31 61 ± 0·9 22·9 ± 0·49 70 ± 1·9
36–42 days 31·9 ± 0·57 63 ± 1·6 23·9 ± 0·89 72 ± 2·0

HS/AL, Ad libitum-fed heat-exposed; TN/PF, pair-feeding
thermoneutral; TN/AL, thermoneutral ad libitum-fed; T°C,
environmental temperature; RH, relative humidity.
Data are expressed as means ± standard deviations.
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110%. The stability of expression was calculated using
geNorm (https://genorm.cmgg.be/) and NormFinder
(https://moma.dk/normfinder-software), considering
ACTB, GAPDH and 28S rRNA as candidates, which
revealed GAPDH to be the most accurate to normal-
ize gene expression results in the present study.

Statistical analysis

Data from all variables were tested for the presence of
outliers using residual analysis and for homoscedasti-
city and normality of studentized errors using Brown
and Forsythe’s and Cramer-von Mises tests, respect-
ively. After the removal of outliers, all data presented
agreement with the model assumptions. The General
Linear Models procedure in SAS statistical software,
version 9.3 (SAS Institute Inc 2011) was used to
perform all the analysis. Analysis of variance with
fixed effect of treatment and random effect of experi-
mental unit was performed for each variable. The stat-
istical model used for performance and gene
expression was:

Yij ¼ μþ Ti þ EUj þ eij

where Yij is the observation ij; μ is the mean; Ti is the
fixed effect of treatment i; EUj is the random effect of
experimental unit; and eij is the effect of error of
replicate ij.

For body composition variables (DM, EE, CP and
ash), body weight was included as a covariate, and
the statistical model used was:

Yijk ¼ μþ Ti þ BWj þ eijk

where Yijk is the observation ijk; μ is the mean; Ti is the
effect of treatment i; BWj is the effect of body weight;
and eij is the effect of error of replicate ij. When signifi-
cant differences were found, the means were com-
pared by Tukey’s test at P < 0·05.

RESULTS

Growth performance and body composition

The broilers raised in the HS/AL treatment showed
a lower FI and BWG (P < 0·001) and a higher FCR
(P < 0·001) throughout the experimental period as
compared with the TN/AL (Table 3).

Abdominal fat values at 21 (2, 1 and 2% for HS/AL,
TN/PF and TN/AL, respectively) and 42 days of age did
not vary among treatments.

Complete results of the chemical composition of
commercial cuts (DM, CP, EE and ash) at 21 and 42
days are shown in Table A2. The amount of EE in com-
mercial cuts was affected significantly by HS, but not
by feed consumption (Fig. 1). Thus, broilers from treat-
ment HS/AL had higher EE values (P < 0·05) in the
breast and wings (only at 42 days) and lower EE (P <

Table 2. Primers used for real-time PCRa

Target
group GenBank ID Gene description Sequence (5´3´), sense/antisense

Amplicon size
(bp)

GHR NM_001001293·1 Growth hormone receptor GATGACTCCGATGAAAAGAACAGA/ 93
ATCCTTGGCTCCCAAGCAA

IGF-I NM_001004384·2 Insulin-like growth factor-1 TGGCCTGTGTTTGCTTACCTT/ 91
TACGAACTGAAGAGCATCAACCA

IGF-IR NM_205032·1 Insulin-like growth factor-1
receptor

GGCCTGCCGCAATTACTACTA/ 78
CGCCAGCCCTCAAACTTGT

SREBP-1 NM_204126·2 Sterol regulatory element-
binding protein

CATCCATCAACGACAAGATCGT/ 82
CTCAGGATCGCCGACTTGTT

ChREBP NM_001110841·1 Carbohydrate response element
binding protein

GAAGTTCTGGATCGTATCCTTTGG/ 70
TGGACCCAGTGTATGGTGGAA

ACTB NM_205518·1 Cytoplasmic beta-actin TGGGTATGGAGTCCTGTGGT/ 160
AGGGCTGTGATCTCCTTCTG

GAPDH NM_204305·1 Glyceraldehyde-3-phosphate
dehydrogenase

GGATACACAGAGGACCAGGTTGT/ 143
TTGCTGTATCCAAACTCATTGTCA

28S rRNA FM165415·2 28S ribosomal RNA GGCGAAGCCAGAGGAAACT/ 62
GACGACCGATTTGCACGTC

a Primers designed by Primer Express software (Applied Biosystems – Life Technologies, Carlsbad, USA).
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0·05) in the legs (days 21 and 42) than those from the
TN/AL group. Broilers from the HS/AL treatment had
lower ash (P < 0·05) in the breast and higher DM (P
< 0·05) in the wings at 21 days, and lower DM (P <
0·05) in the legs at 42 days, when compared with broi-
lers from the TN/AL treatment.

Gene expression analysis

Heat stress induced a more than three-fold increase of
SREBP-1mRNA at 42 days (P < 0·01) (Fig. 2). A similar
difference was found at 21 days, though not statistic-
ally significant (P = 0·079). Feed restriction was
shown to induce a two-fold increase of SREBP-1

mRNA in both sampling ages, however, no statistical
difference was detected. At 21 days, there was a
decrease in GHR mRNA (P < 0·05) in the TN/PF treat-
ment, which was not detected at day 42. Heat stress
induced an increase in the expression of GHR (P <
0·05) at 42 days. The expression of other genes
belonging to the somatotropic axis (IGF-I and IGF-IR)
did not differ between treatments.

DISCUSSION

Heat stress is one of the major limiting factors for
broiler growth, because the exposure of broilers to

Table 3. Growth performance of broilers for the 7–21 and 7–42 day periods

Treatment Feed intake (g) Body weight gain (g) Feed conversion rate (g/g)

7–21 days
HS/AL 946 ± 20·2 690 ± 14·42 1·36 ± 0·01
TN/PF 887 ± 18·7 613 ± 12·6 1·45 ± 0·01
TN/AL 1070 ± 1·3 802 ± 8·9 1·33 ± 0·02
CV (%) 1·82 1·80 0·97
P-valuea <0·001 <0·001 <0·001
7–42 days
HS/AL 3420 ± 157·6 1928 ± 145·3 1·78 ± 0·06
TN/PF 3356 ± 137·9 1935 ± 101·6 1·74 ± 0·03
TN/AL 4639 ± 59·9 2859 ± 31·9 1·62 ± 0·01
CV (%) 3·19 4·09 1·82
P-value <0·001 <0·001 <0·001

HS/AL, Ad libitum-fed heat-exposed; TN/PF, pair-feeding thermoneutral; TN/AL; thermoneutral ad libitum-fed, CV, coefficient
of variation
a Tukey test.
Data are expressed as means ± standard deviations.

Fig. 1. Effect of heat stress and feed restriction on the ether extract content in retail cuts at 21 (a) and 42 days (b). Data are
expressed as means. Vertical bars indicate the S.D. of mean. HS/AL, Ad libitum-fed heat-exposed; TN/PF, pair-feeding
thermoneutral; TN/AL, thermoneutral ad libitum-fed.
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high environmental temperatures generates behav-
ioural, physiological and immunological responses
(Lara & Rostagno 2013). The performance impairment
causes great losses to the poultry industry: it is esti-
mated that HS results in annual losses of US$128–
165 million in the USA (St-Pierre et al. 2003). This is
important both in tropical countries, where the tem-
perature frequently exceeds 30 °C, and in temperate
regions during the summer months. The findings of
the current study confirm that broiler growth is
reduced by HS, as reported previously (Campos
et al. 2013; Zuo et al. 2015). These data confirm the
hypothesis that reduction in FI is the main cause of
the effect on performance traits (Mignon-Grasteau
et al. 2015).

In addition to concerns about performance impair-
ment, previous studies have shown increased lipid
deposition in the carcass of broilers reared with high
temperatures (Baziz et al. 1996; Zhang et al. 2012).
Similarly, in the current study, HS affected the concen-
tration of EE in carcasses, but did not influence visceral
fat deposition. In fact, the highest fat deposition in
broilers reared under high temperature occurs in the
subcutaneous and intermuscular tissues, with abdom-
inal fat increasing only slightly (Baziz et al. 1996), or
even being broken down (Toplu et al. 2014). The
current data also showed increased lipid content in
carcasses, in agreement with previous works (Baziz
et al. 1996; Zhang et al. 2012), occurring specifically
in the breast and wings, not proportionally throughout
the whole carcass. Since these cuts accounted for
>40% of the carcass weight (data not shown), the

increased lipid content in these areas are responsible
for the increase in whole-carcass lipid content.

To analyse the mechanisms associated with
changes in the composition of commercial cuts
induced by HS and feed restriction, the expression
of genes related to growth and energy metabolism
was evaluated in the broilers’ livers. The PF method
allowed identification of a reduced concentration of
GHR mRNA as a specific effect of feed restriction.
Zhao et al. (2004) also observed a decrease in GHR
mRNA as a result of feed restriction, but the experi-
mental method used did not consider the effects of
temperature. Because the circulating level of GH is
higher in feed-restricted broilers (Gonzales et al.
1998), the decreased expression of GHR observed in
the current work may reflect a downregulation of its
receptors. Feed restriction was shown to induce a
two-fold increase of SREBP-1 mRNA in broilers of 21
and 42 days of age, but no statistical significance
was detected. The increase of SREBP-1 in the present
study differs from previous studies, which found a
lower expression of SREBP-1 in fasted broilers
(Désert et al. 2008; Wang et al. 2009; Yang et al.
2010). The conflicting results may have occurred
because the dietary restriction throughout the
present study was approximately 30%, whereas broi-
lers in the other studies were fasted.

Heat stress did not affect the somatotropic axis
genes evaluated at 21 days. At 42 days, however,
the relative amount of GHR mRNA was higher in the
HS/AL broilers. Expression of GH promotes metabolic
responses to direct the energy for growth, suppressing

Fig. 2. Effect of heat stress and feed restriction on the expression of genes of the somatotropic axis and energetic metabolism at
21 (a) and 42 days (b). Data are expressed as fold-changes over TN/AL. Vertical bars indicate the S.D. of mean. HS/AL, Ad
libitum-fed heat-exposed; TN/PF, pair-feeding thermoneutral; TN/AL, thermoneutral ad libitum-fed; GHR, growth hormone
receptor; IGF-I, insulin-like growth factor-1; IGF-IR, insulin-like growth factor-1 receptor; SREBP-1, sterol regulatory
element-binding protein 1; ChREBP, carbohydrate response element binding protein.
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lipogenesis and increasing hepatic gluconeogenesis
(Schreibman 2012). On the other hand, broilers can
increase hepatic lipogenesis by increasing GHR
expression because this receptor reduces the lipolytic
effect of GH via dimerization (Vasilatos-Younken
1995; Hausman et al. 2012). Thus, increased expres-
sion of GHR at 42 days may have increased lipogen-
esis, contributing to higher EE content in the breast
and wings of the broilers exposed to HS.
The SREBP-1 results also indicate a lipogenic response

in broilers subjected to HS. More specifically, the
expression of SREBP-1 increased approximately 3·5
times at 42 days. Sterol-regulatory element-binding
protein-1 is a transcription factor that becomes stimu-
lated with the presence of insulin and is responsible
for regulating energy metabolism, leading to lipogen-
enesis (Desvergne et al. 2006). Previous studies have
shown that broilers exposed to HS exhibit higher con-
centrations of plasma insulin (Sahin et al. 2002). In
high temperatures, insulin regulates energy metabol-
ism for higher use of carbohydrates and less oxidation
of lipids (Rhoads et al. 2013). To the knowledge of the
present authors, the present study is the first to show
that HS increases SREBP-1 gene expression in broilers.
Assuming that insulin is the primary regulator of
SREBP-1, the observed increase in SREBP-1 expression
and associated fat deposition in broilers under HS may
be regulated by increased levels of plasma insulin.
Studies have not been performed to confirm the asso-
ciation of insulin, increases in fat deposition and
SREBP-1 expression.
The evidence found relating to changes in the levels

of SREBP-1 and GHR mRNA are indicative of these
genes being involved in fat deposition in the carcass
as a result of HS. To affirm the involvement of these
genes in fat deposition, future studies should
examine whether these observations are reflected at
the protein level to fully and properly associate these
mechanisms with the activity of these proteins.
The present study provides insights into the molecu-

lar mechanisms underlying fat deposition in broilers
subjected to HS. The increased fat content in the
carcass of broilers affected by HS appears to be regu-
lated by distinct mechanisms, including reduced
adipose tissue catabolism through higherGHR expres-
sion, as well as increased lipogenesis via SREBP-1
stimulation. The following two mechanisms could
explain the difference in fat content between the com-
mercial cuts in response to the specific effect of HS.
The first is that increased hepatic lipogenesis and
uniform triglyceride deposition in the carcass, with

its higher utilization by the oxidative fibres of the
legs (Baziz et al. 1996), leads to the reduction of fat
reserves in the adipocytes of the legs. The second is
that increased hepatic lipogenesis and heterogeneous
triglyceride deposition in the carcass, with increased
activation of adipocytes in the breast and wings to
receive more triglycerides than those present in the
legs. Further research must be performed to clarify
the mechanisms responsible for the difference of the
fat composition between the commercial cuts of broi-
lers reared with high temperatures and to clarify how
abdominal fat is not changed in such conditions.

In conclusion, regardless of the feed restriction
imposed by chronic exposure to 32 °C, HS increased
fat content in the breast and wings and reduced the
percentage of fat in the legs. The increased fat
content in the breast and wings was accompanied
by higher expression of GHR and SREBP-1, suggesting
the involvement of both genes in the control of fat
deposition when exposed to high temperatures.

The authors would like to thank the São Paulo Research
Foundation (FAPESP – Fundação de Amparo à Pesquisa
do Estado de São Paulo – Process numbers 08/54579-1,
08/52533-4, and 12/03927-5) and the National Council
for Scientific and Technological Development (CNPq –

Conselho Nacional de Desenvolvimento Científico e
Tecnológico) for the financial support to conduct the
research.

REFERENCES

ABU-DIEYEH, Z. H. M. (2006). Effect of high temperature per se
on growth performance of broilers. International Journal of
Poultry Science 5, 19–21.

Anon (2003). Cobb 500 Broiler Management Guide. Siloam
Springs, AR: Cobb-Vantress Inc.

ARNOULD, C. & LETERRIER, C (2007). Welfare of chickens reared
for meat production. Production Animales 20, 41–45.

BAZIZ, H. A., GERAERT, P. A., PADILHA, J. C. F. & GUILLAUMIN, S.
(1996). Chronic heat exposure enhances fat deposition
and modifies muscle and fat partition in broiler carcasses.
Poultry Science 75, 505–513.

BUYSE, J. & DECUYPERE, E. (1999). The role of the somatotropic
axis in the metabolism of the chicken. Domestic Animal
Endocrinology 17, 245–255.

BUYSE, J., DECUYPERE, E., DARRAS, V. M., VLEURICK, L. M.,
KUHN, E. R. & VELDHUIS, J. D. (2000). Food deprivation
and feeding of broiler chickens is associated with rapid
and interdependent changes in the somatotrophic and
thyrotrophic axes. British Poultry Science 41, 107–116.

CAMPOS, D.M. B., FERNANDEZ-ALARCON, M. F., SOUZA, F. A.,
NOGUEIRA, W. C. L., HADA, F. H., CARNEIRO, P. R. O. &
MACARI, M. (2013). Is high protein diet a good nutrition

Chronic heat stress and feed restriction affects carcass composition 1493

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0021859617000624
Downloaded from https://www.cambridge.org/core. UNESP-Universidade Estadual Paulista, on 22 Apr 2019 at 16:41:07, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0021859617000624
https://www.cambridge.org/core


strategy for broiler chickens reared at heat stress condi-
tion? In Energy and Protein Metabolism and Nutrition in
Sustainable Animal Production, Vol. 134. (Eds. J. W.
Oltjen, E. Kebreab & H. Lapierre), pp. 197–198. Energy
and Protein Metabolism and Nutrition in Sustainable
Animal Production series, EAAP. Wageningen, the
Netherlands: Wageningen Academic Publishers.

CHENG, T. K., HAMRE, M. L. & COON, C. N. (1997). Responses
of broilers to dietary protein levels and amino acid supple-
mentation to low protein diets at various environmental
temperatures. The Journal of Applied Poultry Research 6,
18–33.

COUSSENS, P. M., COLVIN, C. J., ROSA, G. J. M., LASPIUR, J. P. &
ELFTMAN, M. D. (2003). Evidence for a novel gene blood
expression program in peripheral mononuclear cells
from Mycobacterium avium subsp. Paratuberculosis-
infected cattle. Infection and Immunity 71, 6487–6498.

DE FARIA FILHO, D. E., CAMPOS, D. M. B., ALFONSO-TORRES, K. A.,
VIEIRA, B. S., ROSA, P. S., VAZ, A. M., MACARI, M. &
FURLAN, R. L. (2007). Protein levels for heat-exposed broi-
lers: performance, nutrients digestibility, and energy and
protein metabolism. International Journal of Poultry
Science 6, 187–194.

DÉSERT, C., DUCLOS, M. J., BLAVY, P., LECERF, F., MOREEWS, F.,
KLOPP, C., AUBRY, M., HERAULT, F., LE ROY, P., BERRI, C.,
DOUAIRE, M., DIOT, C. & LAGARRIGUE, S. (2008).
Transcriptome profiling of the feeding-to-fasting transition
in chicken liver. BMC Genomics 9, 611. Available from:
https://doi.org/10.1186/1471-2164-9-611

DESVERGNE, B., MICHALIK, L. & WAHLI, W. (2006).
Transcriptional regulation of metabolism. Physiological
Reviews 86, 465–514.

ESTEVEZ, I. (2007). Density allowances for broilers: where to
set the limits? Poultry Science 86, 1265–1272.

Food and Agriculture Organization of United Nations – FAO
(2012). FAOSTAT Database. Rome, Italy: FAO. Available
from: http://faostat3.fao.org/home/E (verified 18 August
2017).

GERAERT, P. A., PADILHA, J. C. F. & GUILLAUMIN, S. (1996).
Metabolic and endocrine changes induced by chronic
heat exposure in broiler chickens: growth performance,
body composition and energy retention. British Journal
of Nutrition 75, 195–204.

GONZALES, E., BUYSE, J., LODDI, M. M., TAKITA, T. S., BUYS, N. &
DECUYPERE, E. (1998). Performance, incidence of metabolic
disturbances and endocrine variables of food-restricted
male broiler chickens. British Poultry Science 39, 671–678.

HAUSMAN, G. J., BARB, C. R., FAIRCHILD, B. D., GAMBLE, J. & LEE-
RUTHERFORD, L. (2012). Expression of genes for interleukins,
neuropeptides, growth hormone receptor, and leptin
receptor in adipose tissue from growing broiler chickens.
Domestic Animal Endocrinology 43, 260–263.

HILLGARTNER, F. B., SALATI, L. M. & GOODRIDGE, A. G. (1995).
Physiological and molecular mechanisms involved in
nutritional regulation of fatty acid synthesis.
Physiological Reviews 75, 47–76.

KITA, K. (1998). Refeeding increases hepatic insulin-like
growth factor-I (IGF-I) gene expression and plasma IGF-I
concentration in fasted chicks. British Poultry Science
39, 679–682.

LARA, L. J. & ROSTAGNO, M. H. (2013). Impact of heat stress on
poultry production. Animals 3, 356–369.

LIVAK, K. J. & SCHMITTGEN, T. D. (2001). Analysis of relative
gene expression data using real-time quantitative PCR
and the 2 (-Delta Delta C (T)) method. Methods 25,
402–408.

MADSEN, S. A., CHANG, L.-C., HICKEY, M.-C., ROSA, G. J. M.,
COUSSENS, P. M. & BURTON, J. L. (2004). Microarray analysis
of gene expression in blood neutrophils of parturient
cows. Physiological Genomics 16, 212–221.

MIGNON-GRASTEAU, S., MORERI, U., NARCY, A., ROUSSEAU, X.,
RODENBURG, T. B., TIXIER-BOICHARD, M. & ZERJAL, T (2015).
Robustness to chronic heat stress in laying hens: a meta-
analysis. Poultry Science 94, 586–600.

OLIVEIRA NETO, A. R. D., OLIVEIRA, R. F. M. D., DONZELE, J. L.,
ROSTAGNO, H. S., FERREIRA, R. A., MAXIMIANO, H. D. C. &
GASPARINO, E. (2000). Effect of environment temperature
on performance and carcass characteristics in broilers
pair-fed and two levels of metabolizable energy. Revista
Brasileira de Zootecnia 29, 183–190.

PROSZKOWIEC-WEGLARZ, M., RICHARDS, M. P., HUMPHREY, B. D.,
ROSEBROUGH, R.W. & MCMURTRY, J. P. (2009). AMP-acti-
vated protein kinase and carbohydrate response element
binding protein: a study of two potential regulatory
factors in the hepatic lipogenic program of broiler chick-
ens. Comparative Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology 154, 68–79.

RHOADS, R. P., BAUMGARD, L. H., SUAGEE, J. K. & SANDERS, S. R.
(2013). Nutritional interventions to alleviate the negative
consequences of heat stress. Advances in Nutrition: An
International Review Journal 4, 267–276.

RICHARDS, M. P., POCH, S.M., COON, C.N., ROSEBROUGH, R.W.,
ASHWELL, C.M. & MCMURTRY, J. P. (2003). Feed restriction
significantly alters lipogenic gene expression in broiler
breeder chickens. The Journal of Nutrition 133, 707–715.

SAHIN, K., SAHIN, N., ONDERCI, M., GURSU, F. & CIKIM, G.
(2002). Optimal dietary concentration of chromium for
alleviating the effect of heat stress on growth, carcass
qualities, and some serummetabolites of broiler chickens.
Biological Trace Element Research 89, 53–64.

SAS Institute Inc (2011). SAS/STAT® 9·3 User’s Guide. Cary,
NC: SAS Inst. Inc.

SCHREIBMAN, M. (2012). The Endocrinology of Growth,
Development, and Metabolism in Vertebrates.
New York, USA: Academic Press.

SHIMANO, H., YAHAGI, N., AMEMIYA-KUDO, M., HASTY, A. H.,
OSUGA, J.-I., TAMURA, Y., SHIONOIRI, F., IIZUKA, Y.,
OHASHI, K., HARADA, K., GOTODA, T., ISHIBASHI, S. &
YAMADA, N. (1999). Sterol regulatory element-binding
protein-1 as a key transcription factor for nutritional
induction of lipogenic enzyme genes. Journal of
Biological Chemistry 274, 35832–35839.

SILVA, D. & QUEIROZ, A. D. (2002). Análise de Alimentos:
Métodos Químicos e Biológicos, 3rd edn, Viçosa, MG,
Brazil: Universidade Federal de Viçosa.

ST-PIERRE, N. R., COBANOV, B. & SCHNITKEY, G. (2003).
Economic losses from heat stress by US livestock indus-
tries. Journal of Dairy Science 86 (Suppl), E52–E77.

TOPLU, H. D. O., ORAL, D., NAZLIGUL, A., KARAARSLAN, S.,
KAYA, M. & YAGIN, O. (2014). Effects of heat conditioning

1494 J. De Antonio et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0021859617000624
Downloaded from https://www.cambridge.org/core. UNESP-Universidade Estadual Paulista, on 22 Apr 2019 at 16:41:07, subject to the Cambridge Core terms of use, available at

https://doi.org/10.1186/1471-2164-9-611
https://doi.org/10.1186/1471-2164-9-611
http://faostat3.fao.org/home/E
http://faostat3.fao.org/home/E
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0021859617000624
https://www.cambridge.org/core


and dietary ascorbic acid supplementation on growth per-
formance, carcass and meat quality characteristics in
heat-stressed broilers. Ankara Üniversitesi Veteriner
Fakültesi Dergisi 61, 295–302.

VASILATOS-YOUNKEN, R. (1995). Proposed mechanisms for the
regulation of growth hormone action in poultry: metabolic
effects. The Journal of Nutrition 125 (Suppl), 1783S–1789S.

WANG, P. H., KO, Y. H., CHIN, H. J., HSU, C., DING, S. T. &
CHEN, C. Y. (2009). The effect of feed restrictiononexpression
of hepatic lipogenic genes in broiler chickens and the func-
tion of SREBP1. Comparative Biochemistry and Physiology
Part B: Biochemistry and Molecular Biology 153, 327–331.

YANG, X., ZHUANG, J., RAO, K., LI, X. & ZHAO, R. (2010). Effect
of early feed restriction on hepatic lipid metabolism and

expression of lipogenic genes in broiler chickens.
Research in Veterinary Science 89, 438–444.

ZHANG, Z. Y., JIA, G. Q., ZUO, J. J., ZHANG, Y., LEI, J., REN, L. &
FENG, D. Y. (2012). Effects of constant and cyclic heat
stress on muscle metabolism and meat quality of broiler
breast fillet and thigh meat. Poultry Science 91, 2931–2937.

ZHAO, R., MUEHLBAUER, E., DECUYPERE, E. & GROSSMANN, R.
(2004). Effect of genotype-nutrition on growth and soma-
totropic gene expression in the chicken. General and
Comparative Endocrinology 136, 2–11.

ZUO, J., XU, M., ABDULLAHI, Y. A., MA, L., ZHANG, Z. & FENG, D.
(2015). Constant heat stress reduces skeletal muscle
protein deposition in broilers. Journal of the Science of
Food and Agriculture 95, 429–436.

APPENDIX

Table A1. Composition of starter (1–21 days) and grower (22–42 days) diets for broilers

Parameters Starter Grower

Components (g/100 g mixture)
Maize 57·96 58·47
Soybean meal (45%) 35·62 32·42
Soybean oil 2·57 5·47
Dicalcium phosphate 1·82 1·68
Limestone 0·99 0·95
Salt 0·44 0·40
DL-methionine 0·15 0·14
L-lysine 0·16 0·18
Mineral-vitamin premixa 0·10 0·10
Choline chloride 0·10 0·10
Antibioticb 0·04 0·04
Coccidiostatc 0·05 0·05
ME (MJ/kg) 12·56 13·40
Crude protein 21·4 20·0
Calcium 0·96 0·90
Available phosphorus 0·45 0·42
Sodium 0·22 0·20
Potassium 0·84 0·77
Chloride 0·37 0·35
Choline (ppm) 1950 1868
Digestible lysine 1·14 1·08
Digestible methionine 0·45 0·42

a Mineral-vitamin premix supplied (kg of product): Zn – 91250 mg, Cu – 10000 mg,Mn – 76260 mg, I – 13000 mg, Se –273·6 mg,
niacin – 34650 mg, biotin – 1600 mg, pantothenate – 9500 mg, retinol – 7000000 UI, thiamine – 1780 mg, cyanacobalamin –

10000mcg, riboflavin –9600 mg, pyridoxine –3465 mg, cholecalciferol –3000000UI,DL-α-tocopherol –25000 mg,menadione –
980 mg, antioxidant – 100 mg.
b Zinc bacitracin 15%.
c Coxistac® 12%.
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Table A2. Carcass parts composition of broilers at 21 and 42 days

Treatment

CV (%) P-valueaParts HS/AL TN/PF TN/AL

21 days
BW 816 ± 21 746 ± 17 924 ± 7 2·25 <0·05
DM† 303 ± 10 306 ± 12 301 ± 11 3·41 NS

Breast CP 727 ± 31 736 ± 27 721 ± 34 4·17 NS
EE 245 ± 27 239 ± 20 241 ± 25 10·18 NS
Ash 47 ± 10 61 ± 6 59 ± 8 15·13 <0·05
DM 315 ± 11 325 ± 11 324 ± 11 3·33 NS

Legs CP 583 ± 50 565 ± 34 544 ± 37 6·95 NS
EE 310 ± 23 340 ± 17 351 ± 23 6·47 <0·05
Ash 65 ± 15 65 ± 12 56 ± 8 20·12 NS
DM 349 ± 9 346 ± 8 334 ± 9 2·63 <0·05

Wing CP 536 ± 12 526 ± 25 530 ± 20 2·31 NS
EE 343 ± 23 371 ± 21 359 ± 20 5·95 NS
Ash 124 ± 17 120 ± 19 113 ± 13 5·75 NS

42 days
BW 2046 ± 94·4 2071 ± 101·0 2904 ± 55·1 3·67 <0·05
DM 285 ± 14 290 ± 12 281 ± 13 4·78 NS

Breast CP 677 ± 56 685 ± 56 694 ± 32 7·36 NS
EE 227 ± 51 164 ± 16 173 ± 17 14·16 <0·05
Ash 41 ± 13 36 ± 6 33 ± 11 29·23 NS
DM 295 ± 13 312 ± 19 325 ± 18 5·47 <0·05

Legs CP 489 ± 74 481 ± 43 464 ± 29 7·01 <0·05
EE 318 ± 61 322 ± 23 353 ± 31 7·76 <0·05
Ash 37 ± 9 52 ± 7 45 ± 6 17·01 <0·05
DM 352 ± 21 349 ± 9 356 ± 9 2·91 NS

Wing CP 487 ± 26 468 ± 22 476 ± 36 5·07 NS
EE 408 ± 30 363 ± 33 351 ± 19 7·63 <0·05
Ash 61 ± 17 64 ± 4 51 ± 15 19·16 NS

HS/AL, Ad libitum-fed heat-exposed; TN/PF, pair-feeding thermoneutral; TN/AL, thermoneutral Ad libitum-fed; DM, dry
matter (g/kg); CP, crude protein; EE, ether extract and ash are presented as g/kg efficient of variation.
a Tukey test for fixed effect (treatment).
Data are expressed as means ± standard deviations.
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