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ABSTRACT An enriched environment can promote
adaptability of animals to cope with complex environ-
ments. A total of 18-week-old 216 laying hens were
randomly divided into 2 groups; of which, one group
was housed in conventional battery cages (CC, n5 36),
and the others were housed in furnished cages (FC,
n5 180). At the end of 64 wk of age, 24 chickens of each
group were selected for 4-hour transport treatment.
The spleen tissues of laying hens were collected before
transportation (BT), immediately after trans-
portation, and at 48 h after transportation to detect the
expression of the heat shock protective response
signaling pathway and inflammatory factors. Serum
samples were collected to detect the content of immune
cytokines. Transport stress decreased heat shock pro-
teins (HSP; including Small HSP, HSP27, HSP40,
HSP60, HS70, HSP90, HSP110) in the CC group
(P , 0.05), whereas there was no significant difference
in the expression of HSP (except for Small HSP and
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HSP40) in the FC group (P . 0.05) immediately after
transportation. At 48 h after transportation, mRNA
levels of HSP (except for Small HSP and HSP40) in the
FC group were upregulated, which were higher than
those at BT (P, 0.05). The changes in HSP60, HSP70,
and HSP90 protein levels had similar tendencies. The
results showed that housing in furnished cages allevi-
ated the inhibition of expression of HSP in the hens’
spleen induced by transport stress. In addition, the
hens housed in the FC group had lower expression
levels of proinflammatory factors (nuclear transcrip-
tion factor-kappa B, inducible nitric oxide synthase,
cyclooxygenase-2, prostaglandin E synthase, inflam-
matory cytokines [IL-1b and IL-6], and tumor necrosis
factor alpha) (P , 0.05). We suggest that the enriched
environment can reduce transport stress damage in
laying hens and improve resistance to transport stress
by regulating expression of heat shock response pro-
teins and inflammatory cytokines.
Key words: enriched environment, stress, heat
 shock response, inflammatory factor, laying hen

2021 Poultry Science 100:100939
https://doi.org/10.1016/j.psj.2020.12.036
INTRODUCTION

Transportation is an important part of poultry and
livestock management (Harris, 2001). Transportation
can affect livestock and poultry to varying degrees,
ranging from mild discomfort to death. Transport stress
is complex, related to many factors, including loading
and unloading, crowding, noise, high temperature, and
lack of food and water (Smith et al., 2004). These factors
affect animal welfare, carcass weight, and meat quality,
causing huge economic losses (Greger, 2007,
Schwartzkopf-Genswein et al., 2012). Many different ap-
proaches, such as addition of vitamins, probiotics, and
antibiotics to feed, can reduce the economic lost due to
transport stress (Line et al., 1997; Zulkifli et al., 2000;
Sohn et al., 2013; Zhang et al., 2016).

The response of livestock and poultry to transport is
not only related to transport conditions but also
related to animal body size, age, and health status
before transportation (Schwartzkopf-Genswein et al.,
2012). Enrichment of the environment can improve
the welfare level and immune function and reduce
the stress response of laying hens (Rodenburg et al.,
2008; Shinmura et al., 2010; Meng et al., 2015;
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Matur et al., 2016). It was observed that environ-
mental enrichment significantly increased antibody
production and tended to increase monocyte percent-
age and CD81 cell proportion (Matur et al., 2016).
Pusic et al. (2016) found that enrichment of the envi-
ronment stimulated immune cell secretion of exosomes
and altered immune function that supports brain
health. Altan et al. (2013) demonstrated that early-
enriched environmental experience could effectively
reduce fear and stress response of broilers to future
environmental changes. Matur et al. (2017) found
that comfort behavior of laying hens in furnished cages
increased and agonistic behavior decreased, compared
with laying hens raised in conventional cages after
transportation, indicating that enrichment of the envi-
ronment was conducive to recovery of laying hens after
transport stress. However, no study reported the influ-
ence of enrichment of the environment on the effects of
transport stress on laying hens.

Under various stress conditions, the heat shock pro-
tective response signaling pathway was activated in
body cells, and the expression of heat shock factors
(HSF) and heat shock proteins (HSP) was then
increased. Heat shock proteins have a protective effect
on tissues under stress and maintain cellular metabolism
and structural integrity (Larkins et al., 2012). Heat
shock factors regulate HSP by combining heat shock el-
ements (Pirkkala et al., 2001). Activation of nuclear
transcription factor-kappa B (NF-kB) is closely related
to the occurrence of inflammatory responses
(Mazzarella et al., 2000). Nuclear transcription factor-
kappa B controls the expression of many preinflamma-
tory factors, including inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), and prostaglandin
E synthase (PTGES) (Cogswell et al., 1994), and inflam-
matory cytokines, such as IL, interferon gamma, and tu-
mor necrosis factor alpha (TNF-a) (Valenzuela et al.,
2005; Barber et al., 2006; Yang et al., 2016). The purpose
of this study was to assess the damage of transport stress
to the immune function of laying hens and determine
Figure 1. A sample drawing of the (A) co
whether the long-term experience of enriched environ-
mental housing could enhance the tolerance of laying
hens to transport stress.
MATERIALS AND METHODS

Ethics Statement

All experiments were approved by and conducted as
per the guidelines of the Institutional Animal Care and
Use Committee of Northeast Agriculture University
(NEAU-[2011]-9).
Animals and Experimental Design

A total of 18-week-old 216 healthy laying hens were
randomly divided into 2 groups, including conventional
cage (CC, n 5 36, 12 replicates) and furnished cage
(FC, n 5 180, 12 replicates) groups. In the CC group,
the feeding density was 480 cm2 per bird (Figure 1A).
The FC group was furnished with a nest, a sand bath, 2
perches, and a feeding density of 840 cm2 per bird
(Figure 1B). The experiment was conducted in a semi-
closed chicken house (temperature, 18�C–25�C; RH,
40–70%), using natural ventilation and artificial light.
Artificial light was programmed for 15 h (04:30–19:30),
and the light intensity was 18 to 22 lux. Immunization
and disinfection were performed as per routine proced-
ures. All laying hens had free access to feed and water.
The feed came from the commercial laying hens’ full price
feed during the laying period (Wellhope Animal Hus-
bandry Co., Ltd., Harbin, China). The dietary nutrition
level was as follows: ME5 11.13%MJ/kg, CP5 16.08%,
crude fat (CP) 5 2.1%, crude fiber 5 6.96%, ash
content 5 13.52%, calcium 5 2.12 to 4.12%, total
phosphorus 5 0.48%, table salt 5 0.29 to 0.81%,
methionine5 0.31 to 0.99%, and lysine5 0.34 to 0.94%.
The transportation was conducted at 65 wk of age on a

cloudy day at 15�C to 20�C, and the hens were fasted for
10 h before transportation without limitation of drinking
nventional cage and (B) furnished cage.



Table 1. Sequence of primers used in quantitative real-time PCR.

Gene Reference sequence Forward primer sequences (5’–3’) Reverse primer sequences (5’–3’)

b-actin NM 205,518.1 CCGCTCTATGAAGGCTACGC CTCTCGGCTGTGGTGGTGAA
iNOS NM 204,961.1 CCTGGAGGTCCTGGAAGAGT CCTGGGTTTCAGAAGTGGC
NF-kB NM 205,134.1 TCAACGCAGGACCTAAAGACAT GCAGATAGCCAAGTTCAGGATG
COX-2 NM 0.011,67718.1 TGTCCTTTCACTGCTTTCCAT TTCCATTGCTGTGTTTGAGGT
PTGES NM 0.011,94983.1 GTTCCTGTCATTCGCCTTCTAC CGCATCCTCTGGGTTAGCA
TNF-a NM 204,267.1 GCCCTTCCTGTAACCAGATG ACACGACAGCCAAGTCAACG
Interferon gamma NM 205,149.1 GCTGACGGTGGACCTA

TTATTGTAGAG
TTCTTCACGCCAT
CAGGAAGGTTG

IL-2 NM 204153.1 CTGTATTTCGGTAGCAATG ACTCCTGGGTCTCAGTTG
IL-6 NM 204628.1 AAATCCCTCCTCGCCAATCT CCCTCACGGTCTTCTCCATAAA
IL-1b NM 204524.1 ACTGGGCATCAAGGGCTACA GCTGTCCAGGCGGTAGAAGA
Small HSP NM 001010842.2 CGGCTTCATCTCCAGGTGCTTC TTGGCTGGTTCTTCCTTCTTGGC
HSP27 NM 205290.1 ACACGAGGAGAAACAGGATGAG ACTGGATGGCTGGCTTGG
HSP40 NM 001199325.1 GGGCATTCAACAGCATAGA TTCACATCCCCAAGTTTAGG
HSP60 NM 001012916.1 AGCCAAAGGGCAGAAATG TACAGCAACAACCTGAAGACC
HSP70 NM 001006685.1 CGGGCAAGTTTGACCTAA TTGGCTCCCACCCTATCTCT
HSP90 NM 001109785.1 TCCTGTCCTGGCTTTAGTTT AGGTGGCATCTCCTCGGT
HSP110 NM 001159698.1 GGCTCCAGTATTACGCTGCGATAG GCACTCACAGCATTGTTCATCCAC
HSF1 NM 001305256.1 GTCGCAGGAGCAGCAGAAGC CTGAGCCGTGTAGTGAACCAACTG
HSF2 NM 001006685.1 TTCCGCTGCTCGCATTCCTTG GCCTCACTTGCTTCTGCCTCTG
HSF3 NM 001305041.1 AGGCAGAAGCACAGTCAACAACAG GACGGCTGTACTTGG

AAGGTGAAG
HSF4 NM 001172374.1 84 TGCCAGCCTTCCTAACCAAG TGGTGCCATTCGTACTCCAG
HSP10 NM 205067.1 GCGCAGCAGAGACCGTAACC TCCAACTGCTACCACTGTTGCTTG

Abbreviations: COX-2, cyclooxygenase-2; HSF, heat shock factor; HSP, heat shock protein; iNOS, inducible nitric oxide synthase; NF-kB,
nuclear transcription factor-kappa B; PTGES, prostaglandin E synthase; TNF-a, tumor necrosis factor alpha.
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water. The temperature inside the truck ranged from
24�C to 28�C. Before transport (BT), a total of 12
chickens were randomly selected from 6 replicates,
with 2 birds each replicate, from the original CC group
and FC group, respectively. Six chickens of 12 from
each group were anesthetized using sodium pentobar-
bital and then slaughtered by using a sharp knife via a
cut to the carotid artery to collect blood samples and
spleen tissues, and the other half of the birds (6 chickens)
were transported together with 6 birds selected from the
other 6 replicates from the CC group and FC group,
respectively, and labeled by leg rings. Two transport
cages (TC) of 74! 55.5! 23 cm were used for the stress
test. Each cage was sectioned into 6 even compartments
in which 2 birds were allowed per section. A total of 12
birds from the CC group were allocated into the same
TC (CC-TC, 6 replicates), and 12 birds from the FC
group were allocated into another TC (FC-TC, 6 repli-
cates). The transport treatment time was 4 h. No food
and water were provided during transportation. After
transportation (0 h), 6 chickens (unlabeled) were
selected from each compartment in the CC-TC and
FC-TC groups, respectively, for collecting samples, and
six other chickens with leg rings were returned to the
original house for 48 h (provided enough food and water)
and sampled at 48 h after transport (48 h). All birds
went through the unloading process. Chickens were
killed by bleeding after anesthetizing; the spleen tissues
were collected and immediately frozen in liquid nitrogen
and then stored at 280�C for quantitative real-time
PCR (qRT-PCR) and Western blot analysis. The blood
samples were collected from the carotid artery into plas-
tic syringes (5-mL capacity) and clotted at room temper-
ature and then centrifuged at 2,500 rmp/min for
10 min. Serum samples were transported into new
1.5-mL Eppendorf tubes. The prepared serumwas stored
at 280�C for ELISA analysis.
Total RNA Extraction and Real-Time PCR
Analysis

Total RNA was extracted from 100 mg of spleen tissue
as per the instructions of the RNAiso Plus kit (Takara,
Dalian, China). The dried RNA was resuspended in
30 mL of 1% diethyl pyrocarbonate water, and then,
RNA concentration was measured by spectrophotom-
etry, with a 260/280 ratio of 1.9–2.1 considered accept-
able (Gene Quant 1300/100, GE Healthcare Bio-
sciences AB, Uppsala, Sweden). RNAwas reversely tran-
scribed to synthesize cDNA as per the RR047 reverse
transcription kit instructions (Takara, Dalian, China).
The final cDNA samples were used for qRT-PCR.

The primers for qRT-PCR were designed using Pre-
mier 5.0 software (PREMIER Biosoft International,
CA) based on the deposited sequences in GenBank and
synthesized by Sangon Biotech Co. Ltd. (Shanghai,
China). The primer sequences are shown in Table 1.

Quantitative real-time PCR was performed using the
Roche Light Cycler 480 (Roche Life Science, Basel,
Switzerland). The reaction system of qRT-PCR was
10 mL, including 5 mL of SYBR green master, 1 mL of
diluted cDNA, 0.3 mL of forward primer, 0.3 mL of reverse
primer, and 3.4 mL of PCR-grade water. The qRT-PCR
reactions were run in triplicate in 96-well format, and
the programwas carried out at 95�C for 10 min; 40 cycles
were repeated at 95�C for 15 s and at 60�C for 1 min. The
established 22DDCt method was used to analyze the
amplification curves, and b-actin was used as the refer-
ence gene (Schmittgen and Livak, 2008).



Figure 2. Changes in (A) Small HSP, (B) HSP10, (C) HSP27, (D) HSP40, (E) HSP60, (F) HSP70, (G) HSP90, and (H) HSP110mRNA expression
levels in spleens of laying hens in the CC and FC groups before transportation (BT), immediately after transportation (0 h), and at 48 h after trans-
portation (48 h). Lowercase letters “a, b, c” indicate significant differences (P , 0.05), and the same or nonstandard means no significant differences
(P . 0.05). Abbreviations: CC, conventional cage; FC, furnished cage; HSP, heat shock protein.
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Western Blot for HSP60, HSP70, and HSP90
in Spleen Tissues of Laying Hens

Frozen spleen tissues of laying hens (100 mg) were ho-
mogenized at low temperature and then placed in 1 mL
of lysis buffer containing 1 mmol phenylmethanesulfonyl
(Biyuntian, Shanghai, China) and let to stand at 4�C for
2 h to lyse. The homogenates were centrifuged at
12,000! g for 5 min to collect the supernatants. The
supernatant was quantified using an enhanced BCA pro-
tein kit (Biosharp, Beijing, China), and the concentra-
tion of each protein sample was diluted to 5 mg/mL.
Equal amounts of spleen proteins were separated by
SDS-PAGE (12% polyacrylamide) and transferred to a
nitrocellulose membrane (Biosharp, Hefei, China) using
a semidry transfer instrument (Liuyi, Beijing, China).
After blocking nonspecific binding sites with 5% skim
milk (BD, New Jersey), these were then incubated over-
night at 4�C with diluted rabbit antibodies against anti-
chicken HSP90 (1:3000), HSP70 (1:5000), HSP60
(1:3000) (Class 10,000, Hangzhou, China), and b-actin
(1:7000) (Abcam, Cambridge, UK). Polyclonal anti-
bodies (HSP70 and HSP90) were provided by Professor
Shiwen Xu, Northeast Agricultural University, Harbin,
China. The nitrocellulose membrane was then incubated
with horseradish peroxidase–conjugated goat antirabbit
immunoglobin G (IgG) (1:40,000; Bioss Antibodies, Bei-
jing, China) for 1 h at room temperature. After eluting
the unbound antibody, horseradish peroxidase was
detected using the ECL chemiluminescent kit (Biosharp,
Beijing, China). The gray band scanner (GeneGno-
meXRQ, Cambridge, UK) was used to take photographs
and analyze the protein bands. Finally, the optical den-
sity (OD) value of the protein bands was calculated us-
ing Image J software technology (National Institutes of
Health, Bethesda, MD). The relative abundance of
each protein is expressed as the ratio of the OD of each
protein to the OD of its internal reference b-actin.

ELISA

A commercial ELISA kit (Xinle, Shanghai, China)
was used to determine the levels of IL-1b, IL-2, IL-6,
TNF-a, and TFN-g in each group of serum, and all steps
were strictly followed in accordance with the
instructions.

Statistical Analysis

All data were analyzed using SPSS 22.0 Windows
(SPSS, Inc., Chicago IL) for experimental data. The
Shapiro–Wilk test was used to test the normal



Figure 3. Changes in HSP60, HSP70, and HSP90 protein expression levels in spleens of laying hens in CC and FC groups before transportation
(BT), immediately after transportation (0 h), and at 48 h after the transportation (48 h). Lowercase letters “a, b, c” indicate significant differences
(P , 0.05), and the same or nonstandard means no significant differences (P . 0.05). Abbreviations: CC, conventional cage; FC, furnished cage;
HSP, heat shock protein.
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distribution of the data before statistical analysis. The
data were analyzed by one-way ANOVA, and the Dun-
can method was used for multiple comparisons. The re-
sults were expressed as mean 6 SE. Statistical
significance was considered significant when P , 0.05.
RESULTS

Expression Levels of HSP and HSF in the
Spleen of Laying Hens

The mRNA expression levels of HSP in the spleen of
laying hens are shown in Figure 2. Before transportation,
the mRNA expression levels of HSP10, HSP27, HSP40,
HSP60, and HSP90 in the FC group were significantly
lower than those in the CC group (P , 0.05), and the
mRNA expression levels of Small HSP, HSP70, and
HSP110 in the FC group were not significantly different
from those in the CC group (P. 0.05). Transport stress
significantly reduced the mRNA expression levels of
Small HSP, HSP10, HSP27, HSP40, HSP60, HSP70,
HSP90, and HSP110 in the CC group (P , 0.05). In
the FC group, HSP10, HSP27, HSP60, HSP70, HSP90,
and HSP110 mRNA expression levels did not change
significantly between those at BT and at
0 h (P . 0.05), except that expression of Small HSP
decreased (P , 0.05) and HSP40 expression increased
(P , 0.05) at 0 h after transportation. At 48 h after
transportation, expression of Small HSP, HSP27,
HSP70, HSP90, and HSP110 in the CC group recovered
to the level at BT. In addition, expression of HSP10,
HSP40, and HSP60 increased significantly compared
with the 0 h group (P , 0.05), but did not return to
the level at BT. At 48 h, the mRNA expression of HSP
in the FC group significantly increased and was signifi-
cantly higher than that at BT (P , 0.05), except for
Small HSP, which recovered to the level at BT.

The protein levels of HSP60, HSP70, and HSP90 in
the spleen of laying hens are shown in Figure 3, which
were similar to the expression levels of HSP mRNAs.
The expression levels of HSP60, HSP70, and HSP90 in
the FC group were significantly lower than those in the
CC group before transportation (P , 0.05). Expression
levels of HSP60, HSP70, and HSP90 in the CC group
and HSP90 protein expression levels in the FC group
significantly decreased immediately after transportation
(P , 0.05) and increased at 48 h after transportation
(P , 0.05), but expression levels of HSP60, HSP70,
and HSP90 in the CC group were not restored to the
level at BT. However, the expression of HSP90 in the
FC group was significantly higher than that before
transportation (P , 0.05). The expression of HSP60
and HSP70 in the FC group was increased continually
after transportation (at 0 h and 48 h) compared with
that at BT (P , 0.05), and it was higher than that in
the CC group at 0 h and 48 h (P , 0.05).

As shown in Figure 4, before transportation, the
mRNA expression levels of HSF1 and HSF2 in the FC



Figure 4. Changes in (A) HSF1, (B) HSF2, (C) HSF3, and (D) HSF4 mRNA expression levels in spleens of laying hens in the CC and FC groups
before transportation (BT), immediately after transportation (0 h), and at 48 h after transportation (48 h). Lowercase letters “a, b, c” indicate signif-
icant differences (P , 0.05), and the same or nonstandard means no significant differences (P . 0.05). Abbreviations: CC, conventional cage; FC,
furnished cage; HSF, heat shock factor.
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group were higher (P , 0.05). The mRNA expression
levels of HSF3 were lower than those in the CC group
(P , 0.05), and there was no significant difference in
HSF4 expression (P . 0.05) compared with the CC
group. In the CC group, HSF2 and HSF3 expression
decreased significantly after transportation (P , 0.05)
and then returned to the level at BT at 48 h after trans-
portation (P , 0.05). The mRNA expression level of
HSF1 did not change significantly immediately after
transportation (P. 0.05) but increased to a higher level
at 48 h (P, 0.05). The mRNA expression level of HSF4
continued to increase at 0 h and 48 h after transportation
(P , 0.05). In the FC group, the mRNA expression
levels of HSF1 and HSF2 decreased significantly immedi-
ately after transportation (P , 0.05). Expression levels
of HSF3 increased significantly (P , 0.05) and HSF1
expression levels did not change significantly at 48 h
compared with 0 h (P . 0.05). Expression levels of
HSF2 returned to the level at BT and HSF3 expression
levels continued to increase (P, 0.05). There was no sig-
nificant difference in the mRNA expression level of HSF4
in the FC group at 0 h and 48 h after transportation
(P . 0.05).
Expression Levels of Inflammatory Factors
in the Spleen of Laying Hens

As shown in Figure 5, there was no significant differ-
ence between the CC group and FC group before trans-
portation (P . 0.05). After transportation, the mRNA
expression level of NF-kB increased significantly
(P, 0.05), and the expression level of PTGES decreased
significantly (P , 0.05) in the CC group. The mRNA
expression levels of COX-2 decreased significantly in
the FC group (P , 0.05). At 48 h after transportation,
the mRNA expression level of NF-kB in the CC group
was maintained at the level immediately after transpor-
tation (P. 0.05). The mRNA expression levels of iNOS,
COX-2, and PTGES at 48 h in the CC group were signif-
icantly increased (P , 0.05) than the levels at BT and
0 h. There was no significant difference of the mRNA



Figure 5. Changes in (A) NF-kB, (B) iNOS, (C) COX-2, and (D) PTGES mRNA expression levels in spleens of laying hens in the CC and FC
groups before transportation (BT), immediately after transportation (0 h), and at 48 h after transportation (48 h). Lowercase letters “a, b, c” indicate
significant differences (P , 0.05), and the same or non-standard means no significant differences (P . 0.05). Abbreviations: CC, conventional cage;
COX-2, cyclooxygenase -2; FC, furnished cage; iNOS, inducible nitric oxide synthase; NF-kB, nuclear transcription factor-kappa B; PTGES, prosta-
glandin E synthase.
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expression level of NF-kB at 48 h compared with that at
BT in the FC group (P . 0.05).
Expression Levels of Inflammatory
Cytokines in the Spleen of Laying Hens

As shown in Figure 6, there was no significant differ-
ence in the expression of inflammatory factors between
the FC group and CC group, except for TNF-a and
interferon gamma before transportation (P . 0.05). In
the CC group, the mRNA expression levels of IL-1b,
IL-2, TNF-a, and interferon gamma decreased
(P , 0.05), and there was no significant change in the
mRNA expression level of IL-6 at 0 h compared with
that at BT (P . 0.05). In the FC group, the mRNA
expression levels of IL-1b, IL-2, IL-6, and TNF-a at 0 h
decreased significantly than those at BT (P , 0.05).
On the other hand, expression levels of interferon
gamma increased significantly (P , 0.05). Expressions
of all cytokines in the CC group and FC group were
recovered to normal at 48 h after transportation, except
for the mRNA expression level of IL-6 in the CC group
(P , 0.05). The mRNA expression levels of IL-1b and
interferon gamma at 48 h in the CC group and the
mRNA expression levels of IL-1b and TNF-a at 48 h in
the FC group were lower than those at BT (P , 0.05).
The mRNA expression levels of IL-2 and TNF-a at
48 h in the CC group and the expression of IL-2 at
48 h in the FC group were higher than those at BT
(P , 0.05).
Determination of Serum Cytokines

The change of levels of serum cytokines is shown in
Figure 7. Transport stress showed no significant differ-
ence in expression levels of serum cytokines in laying
hens in the CC and FC groups, except for TNF-a in
the FC group (Figures 7A-7D) (P . 0.05). At 48 h after
transportation, the expression level of IL-2 and IL-1b in
the serum of the CC group had significantly changed
compared with the level at 0 h. The expression level of
IL-2 was lower, whereas the expression level of IL-1b
was higher than that at 0 h (P, 0.05). When compared



Figure 6. Changes in (A) IL-2, (B) IL-6, (C) IL-1b, (D) TNF-a, and (E) interferon gamma mRNA expression levels in spleens of laying hens in the
CC and FC groups before transportation (BT), immediately after transportation (0 h), and at 48 h after transportation (48 h). Lowercase letters “a, b,
c” indicate significant differences (P , 0.05), and the same or nonstandard means no significant differences (P . 0.05). Abbreviations: CC, conven-
tional cage; FC, furnished cage; TNF-a, tumor necrosis factor alpha.
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with the level at BT, expression levels of IL-2 and TNF-a
were significantly lower, and the expression level of IL-1b
was significantly higher (P , 0.05). At 48 h after trans-
portation, there were no significant differences in the
expression level of IL-2, IL-6, IL-1b, interferon gamma,
and TNF-a in the serum of the FC group compared
with that at 0 h (P . 0.05). Compared with the expres-
sion level at BT, there was no significant change in
expression levels of IL-2, IL-6, IL-1b, and interferon
gamma (P . 0.05), except for TNF-a, which was signif-
icantly increased (P , 0.05). Generally, transport stress
had no significant influence in the CC and FC groups,
whereas there was a continuous downward trend in the
CC group. Before transportation, serum cytokines in
the FC group had the same level of expression as that
of IL-6 and IL-1b (Figures 7B and 7C, P . 0.05), or a
lower level of IL-2, interferon gamma, and TNF-a
expression (Figures 7A, 7D and 7E, P , 0.05) was
observed than that in the CC group.
DISCUSSION

Transportation can adversely affect the health of
chickens. Chickens may be exposed to many potential
stressors during transportation, including human
handling, fasting, noise, vibration, high temperature,
social disruption, congestion, and restricted movement
(Nicol and Scott, 1990). Transport stress decreases
weight and quality of meat and increases susceptibility
to disease with tissue damage and immunity weakening
(Ge et al., 2017; Li et al., 2017; Xing et al., 2017). The
enriched environment has the potential to enhance the
immunity of laying hens and can promote chickens’
adaptability to complex environments via mild
stimulation (Campbell et al., 2019). This study indicates
that long-term housing in an enriched environment can
enhance tolerance of laying hens to transport stress.
Heat shock proteins as molecular chaperones can help

other proteins to correctly fold, assemble, and mediate
the degradation of misfolded proteins (Lindquist and
Craig, 1988; Parsell and Lindquist, 1993). Heat shock
proteins have a protective effect on tissues under stress
and maintain cellular metabolism and structural integ-
rity (Larkins et al., 2012). In our study, the expression
levels of HSP10, HSP27, HSP40, HSP60, and HSP90
at BT in the FC group were significantly lower than
those in the CC group, indicating that the enriched envi-
ronment has the potential to reduce stress levels in
laying hens. Sun et al. (2018) showed that the mRNA
expression levels of most HSP in the heart tissues of
chickens were upregulated at 2 h and decreased signifi-
cantly after 4 h for transportation. Similarly, HSP60
and HSP70 mRNA expression levels in the heart
increased significantly when the cold stimulus was less
than 3 h and decreased significantly after 3 h (Zhao
et al., 2013). Different expression levels of HSP may be
related to exposure time. Heat shock protein mRNA
expression levels are upregulated in a short period to pro-
tect the tissue. Long-term exposure disrupts the heat
shock protective response signaling pathway, which re-
duces HSP mRNA expression levels and causes damage
to the tissue. In our study, consistent with the previous
reports, the HSP mRNA expression levels in the CC
group were significantly reduced immediately after
transportation, whereas expression levels of HSP10,
HSP40, and HSP60 showed no return to the level
observed at BT at 48 h after transportation in the CC
group. However, the HSP mRNA expression levels at
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0 h in the FC group remained unchanged, contrasting
with those at BT, except for small HSP and HSP40,
and those at 48 h were increased significantly compared
with those at 0 h and higher than those at BT, except for
Small HSP. Therefore, the expression levels of HSP in
the CC group were more strongly suppressed during
transportation, indicating that the hens in the FC group
may have a stronger tolerance to transport stress, which
was also supported by the Western blotting results.
Heat shock factors regulate the expression of HSP. To

further determine the effects of transport stress on HSP
expression levels, mRNA expressions of HSF were exam-
ined before and immediately after transportation. Multi-
ple inducing factors can induce HSF binding to heat
shock elements, thereby mediating transcription of
HSP and leading to accumulation of HSP (Morimoto,
1998). Heat shock factor 1 and HSF3 regulate the expres-
sion of HSP during stress, and the effects are synergistic
(Tanabe et al., 1998; Pirkkala et al., 2001). Heat shock
factor 2 is involved in expressing HSP in cells under non-
stress conditions (Pirkkala et al., 2001). The expression
of HSF4 is tissue specific, and the overexpression of
HSF4 can reduce endogenous HSP27, HSP70, and
HSP90 gene expression (Nakai et al., 1997). Therefore,
downregulation of HSP expression in the CC group at
0 h after transportation may be due to the decreased
expression of HSF3 and the overexpression of HSF4.
The HSP expression in the FC group changed immedi-
ately after mild transportation, which may be the result
of the combined effects of the decreased HSF1 expression
level and increased HSF3 expression level. The rapid
Figure 7. Changes in (A) IL-2, (B) IL-6, (C) IL-1b, (D) interferon gamma
FC groups before transportation (BT), immediately after transportation (0 h
cate significant differences (P, 0.05), and the same or nonstandardmeans no
FC, furnished cage; TNF-a, tumor necrosis factor alpha.
recovery expression of HSP to the level of before trans-
portation in the FC group at 48 h after transportation
may presumably be related to the overexpression of
HSF3.

Nuclear transcription factor-kappa B is an important
transcription factor in the inflammatory response and
can be rapidly activated by environmental stress
(Mazzarella et al., 2000). Activation of NF-kB can in-
crease the expression of proinflammatory factors, such
as COX-2 and PTGES (Ben-Neriah, 2002; Ko et al.,
2017). Toll-like receptor 4 recognizes HSP60, HSP70,
and HSPgp96 and activates the expression of related in-
flammatory cytokines through the NF-kB signaling
pathway (Knapp, 2010; Yanai et al., 2012). Therefore,
the HSP-activating process could mediate the responses
of the NF-kB inflammation pathway. IL is a cytokine
produced by white blood cells, mediating cell–cell inter-
actions. It plays an important role in transmitting infor-
mation, activating and regulating immune cells,
mediating T- and B-cell activation, adjusting cell prolif-
eration and differentiation, and participating in inflam-
matory responses (Lillehoj et al., 2001). Matur et al.
(2015) found that hens housed in furnished cages
exhibited higher innate immune responses than those
reared in traditional battery cages, and Matur et al.
(2016) showed that the weight of immune organs
(spleen, thymus, and bursa) of birds had not been
affected by the enriched environment and that the anti-
body response of birds was higher. However, the effects
of the transport stress on the expression of
inflammation-related factors have not been fully
, and (E) TNF-a expression levels in serum of laying hens in the CC and
), and at 48 h after transportation (48 h). Lowercase letters “a, b, c” indi-
significant differences (P. 0.05). Abbreviations: CC, conventional cage;
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understood. In our study, the expression of NF-kB was
upregulated in the CC group at 0 h and remained at a
high expression level at 48 h. The expression of PTGES
decreased significantly immediately after transporta-
tion. At 48 h after transportation, the expression levels
of COX-2 and PTGES significantly increased. It is spec-
ulated that acute stress during the transportation phase
causes expression of proinflammatory factors of COX-2
and PTGES, which promotes accumulation of NF-kB
and induces persistence of inflammation. There were
no significant changes in the expression of inflammatory
factors of NF-kB and PTGES in the FC group in this
study. Sun et al. (2018) showed that long-term transpor-
tation (more than 4 h) inhibited the expression of HSP in
chicken cardiomyocytes and caused heart damage in
chickens. In this study, compared with the FC group,
the expression of HSP in the CC group was more
strongly inhibited under transport stress, which may
cause spleen damage in the CC group via activating
the NF-kB inflammation pathway.

Acute stress suppresses immunoglobulin expression in
the spleen and reduces white blood cell aggregation,
which contributes to stress-induced immunosuppression
(Zalcman and Anisman, 1993). Under stress, leukocytes
accumulate at the site of inflammation, and the amount
of aggregation is determined as per the severity of the
injury site and reaches a peak within 24 to 48 h
(Viswanathan and Dhabhar, 2005). Wein et al. (2017)
demonstrated that laying hens had been acutely stressed
during the collection and loading stages. During trans-
portation, the level of inflammatory factors is suppressed
and then increases, and during the recovery of transpor-
tation stress, it continues to rise to a peak and then
returns to normal levels. IL-1b, IL-2, and IL-6 are proin-
flammatory factors, and IL-4 and IL-10 can inhibit the
inflammatory response (Gordon, 2003). Tumor necrosis
factor alpha can maintain survival of various cells,
such as T lymphocytes, B lymphocytes, and tissue-
derived fibroblasts and epithelial cells, thereby promot-
ing the inflammatory response (Croft et al., 2013). In
this study, the mRNA expression levels of inflammatory
factors IL-1b, IL-2, and IL-6 in spleens had no significant
difference between the CC group and FC group immedi-
ately after transportation, and the mRNA expression
level of TNF-a in the FC group was higher than that
in the CC group. Except for the serum concentrations
of IL-2, interferon gamma, and TNF-a in the FC group,
which are lower than those in the CC group, the expres-
sion levels of some detected inflammation factors (IL-6
and IL-1b) in the FC group were not significantly
different from those in the CC group when subjected
to housing in furnished cages or traditional cages. This
is consistent with the finding of the study by Chen
et al. (2014) and Meng et al. (2015), who had found
that the effects of traditional cages and furnished cages
with different structures were not significantly related
to inflammatory factors in laying hens, which may be
due to adaptation of hens to the corresponding environ-
ment for a long term to achieve a similar and stable
state. The mRNA expression levels of inflammatory fac-
tors in the CC group were not consistent at 0 h after
transportation because inflammatory factors were in
the rising phase after acute stress. At 48 h after transpor-
tation, they were in the recovery phase. In addition to
IL-6, inflammatory factors (IL-2, IL-1b, TNF-a, and
interferon gamma) in the CC group recovered toward
the levels at BT. The mRNA expression of inflammatory
cytokines in the FC group was inhibited immediately af-
ter transportation, possibly because the FC group had a
stronger tolerance to transport stress; at 0 h after trans-
portation, the body was not injured, so the level of in-
flammatory cytokines (IL-6, IL-1b, and interferon
gamma) increased toward the level observed at BT at
48 h. These changes may be associated with the overex-
pression of HSP and non-activation of NF-kB pathway
in the FC group. Interferon gamma is an important
proinflammatory factor and plays a protective role in
some autoimmune diseases and chronic inflammation
(Chu et al., 2007; Lees et al., 2008). Owing to space prob-
lems in traditional chicken cages, laying hens have been
under chronic stress for a long time (Baxter, 1994;
McAdie et al., 2005; Savory, 2010). To protect the
body, the interferon gamma mRNA expression level in
the CC group was significantly higher than that in the
FC group.
Stress can be acute or chronic. Importantly, cogni-

tive mechanisms regulate the perception, response,
and control of stress, and psychosocial factors (e.g., so-
cial support) are key factors that determine the dura-
tion and intensity of physiologically driven
physiological stress responses (Shini et al., 2010;
Dhabhar, 2011). The concepts of allostasis and the
allostatic load were introduced by Sterling and Eyer
(1988). Arroyo et al. (2019) suggested that housing
conditions could change the way pigs cope with un-
known conditions. It is speculated that hens in the
FC group may have a stronger tolerance to transport
stress. Therefore, transport stress is chronic stress to
hens in the FC group, or allostasis of the chickens in
the FC group is not destroyed. Thus, the expression
of interferon gamma in the spleen at 0 h in the FC
group increased to protect the body from damage and
decreased at 48 h. In contrast to acute stress, chronic
stress induces immunosuppression by inhibiting the
redistribution of white blood cells in blood (Dhabhar
and Mcewen, 1997). Therefore, after transportation,
the expression of inflammatory factors in the serum
in the FC group was in a stable state and recovered af-
ter 48 h. However, further studies are needed whether
transport stress is a chronic stress in laying hens reared
in furnished cages. Therefore, the enriched environ-
ment enhances the tolerance of laying hens to immune
damage during transportation.
CONCLUSION

In summary, the experience of hens in furnished cages,
compared with rearing in traditional cages, alleviated
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the inhibition of HSF–HSP expression caused by trans-
port stress and reduced the expression of proinflamma-
tory factors (NF-kB, iNOS, COX-2, and PTGES) and
inflammatory cytokines (IL-1b, IL-6 and TNF-a).
Therefore, an enriched environment may enhance laying
hens’ resistance to transport stress.
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