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Heat stress aggravates intestinal inflammation through
TLR4-NF-kB signaling pathway in Ma chickens infected with

Escherichia coli O157:H7
Lu-Ping Tang,1 Wei-Hao Li,1 Yi-Lei Liu, Jian-Chi Lun, and Yong-Ming He2

School of Life Science and Engineering, Foshan University, Foshan, China
ABSTRACT Heat stress can decrease poultry perfor-
mance indices, immune function, and intestinal devel-
opment, which can reduce birds’ innate protective
mechanisms and may be more susceptible for pathogens.
Ma chickens heat-stressed with 41�C for 12 h and
recovered for 7 d had extremely low immunity. In this
study, a susceptible chicken model induced by heat stress
and then infected with Escherichia coli O157:H7 was
established to explore the mechanisms of birds’ intestinal
immune function changes. Ma chickens in heat
stress 1 E. coli (HS 1 E. coli) group were stressed at
41�C for 12 h and recovered for 7 d, then chickens in E.
coli group and HS 1 E. coli group were orally adminis-
tered with 1 mL E. coli O157:H7 (1 ! 109 cfu/mL).
Chickens were sacrificed at the fourth day after E. coli
administration. Results showed that the HS 1 E. coli
group had increased intestinal length and weight, had
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higher E. coli counts in cecum contents than the E. coli
group. Heat stress also enhanced serum diamine oxidase
and decreased IgA level in chickens infected by E. coli.
Heat stress had protective effects in small intestinal
morphology except for duodenum by using hematoxylin
and eosin staining. Compared with the E. coli group
birds, IL-1b, TNF-a, and caspase-1 protein levels in the
duodenum and ileum were significantly increased. Heat
stress also can significantly enhance the gene and protein
expression of Hsp70, TLR4, and NF-kB in the duodenum
and ileum, respectively. The gene expression of Hsp70,
TLR4, andNF-kB in the jejunumwas not influenced, but
the protein expression of Hsp70 andNF-kBwas inhibited
by heat stress. The results indicated heat stress can
amplify the effect of E. coli on intestinal inflammatory
injury of Ma chickens through increasing TLR4-NF-kB
signaling pathway.
Key words: heat stress, chicken, intestinal in
flammation, Escherichia coli, NF-kB, TLR4
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INTRODUCTION

Stresses can reduce animal welfare, performance
indices, and immunological parameters in poultry pro-
duction (Bartlett and Smith, 2003; Mashaly et al.,
2004) and high ambient temperature is one of the most
relevant stressors. It’s reported that heat stress (HS)
can depress the growth rate, decrease body weight
gain, and induce a high mortality rate (Syafwan et al.,
2011). Heat stress also was reported to negatively affect
intestinal development, especially the integrity of the in-
testinal epithelium (Soderholm and Perdue, 2001;
Quinteiro-Filho et al., 2010, 2012). Moreover, stress-
induced perturbation of the integrity of the gut epithe-
lium reduces the efficacy of the birds’ innate protective
mechanisms and may increase the potential for patho-
gens (such as Escherichia coli, Salmonella spp) to bind
to and damage the intestinal epithelium (Burkholder
et al., 2008). The loss of intestinal barrier integrity al-
lows for the paracellular transport of endotoxins into
the blood stream leading to the activation of the innate
immune system and systemic inflammation (Hall et al.,
2001).

Escherichia coli is an important inducer of endemic
and epidemic diarrheal disease worldwide and can
induce life-threatening illnesses that require hospitaliza-
tion that can even result in death (Barton Behravesh
et al., 2011). Escherichia coli O157:H7 is an enterohe-
morrhagic serotype of the bacterium E. coli and a cause
of infection, which could result in poor growth, increased
mortality, and a great economic loss in poultry industry
(Alonso et al., 2011). Clinical data indicate that patients
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with E. coli disease had obvious intestinal inflammatory
responses. The inflammatory responses were related
with the host intestinal damage and the subsequent
decreased of host innate immune responses. It’s reported
that chronic intestinal diseases, such as Crohn’s disease
and ulcerative colitis, are developed due to an aberrant
immune response to intestinal microbes in susceptible
hosts (Xavier and Podolsky, 2007).

The intestinal mucosa is continuously exposed to a
heavy load of antigenic molecules from ingested food
and microorganisms, such as resident and invading bac-
teria and viruses. If the intestinal barrier is disturbed,
antigen and bacterial passage may therefore increase,
thereby damaging the mucosa and leading to patholog-
ical conditions (Keita and Soderholm, 2010). Stressors
have been reported to enhance the risk of infectious dis-
eases and to influence their severity (Glaser and Kiecolt-
Glaser, 2005). Chronic and acute HS can compromise in-
testinal function, with gut barrier integrity compro-
mised; pathogenic microbes and other debris from the
intestinal tract are more likely to cause systemic infec-
tion. This is primarily attributed to inflammation,
oxidative stress, and the effects of microbial toxins and
stress hormones (Zhang et al., 2015). Furthermore, HS
disrupts the balance of the intestinal microbial ecology
and induces proliferation of harmful pathogens including
total aerobic bacteria, such as Salmonella and E. coli
(Park et al., 2013), resulting in intestinal dysfunction
and damage. Diamine oxidase (DAO) can reflect the
injury of the intestinal mucosa. IgA exists in the mucosal
tissues and can avoid pathogen invasion. Serum DAO
and IgA levels in chickens are indicators to reflect
whether the intestinal mucosal damaged or not.

Acute and chronic HS in broiler chickens can increase
its serum corticosterone levels and induce intestinal
inflammation (Quinteiro-Filho et al., 2010, 2012). Heat
stress can affect the integrity of the intestinal barrier,
and the damaged intestinal barrier integrity leads to
increased intestinal permeability, inducing local intesti-
nal inflammation (Chappell et al., 2009), which stimu-
lates mRNA expressions of proinflammatory cytokines
(Varasteh et al., 2015). Lots of cytokines have been
used to measure intestinal health and inflammatory pro-
cesses. It’s reported that increased gut IL-1b, IL-6, and
TNF-a concentrations could enhance intestinal cell
permeability. In addition, the observed intestinal
inflammation may induce the release of inflammatory
cytokines (such as IL-6, IL-1b, TNF-a) that can induce
sickness-related behaviors in birds (Dantzer, 2001).
TLR4 plays a pivotal role in stress-induced inflamma-
tory priming. Although lots of research studies report
that HS can reduce birds’ innate protective mechanisms
to damage intestinal development, little is known about
the relationship between HS and intestinal inflamma-
tory response after E. coli challenge in birds. The objec-
tive of the present study was to explore the influence of
HS on intestinal inflammatory against E. coli in Ma
chicken. Our findings provide evidence that 12 h heat-
stressed chicken had serious intestinal inflammatory
injury after E. coli challenge by enhancing TLR4-NK-
kB signaling pathway.
MATERIALS AND METHODS

Bacteriology E. coli O157:H7 Strain

The E. coli O157:H7 strain was originally obtained
from Guangdong Microbial Culture Collection Center
(Guangdong, China). The frozen strain was thawed
and 100 mL was inoculated into sterile tubes containing
10 mL of sterile Luria-Bertani broth. The inoculated
broth was incubated at 37�C with orbital shaking for
24 h (HZQ incubator; Harbin Donglian Electronic Tech-
nology Co. Ltd., Heilongjiang, China). The stock culture
was prepared in sterile saline solution and adjusted to 1
! 109 cfu/mL of E. coli O157:H7 as the inoculum.
Animals and Experimental Design

All animals’ work was conducted in accordance with
the guidelines for the care and use of experimental ani-
mals established by the Ministry of Science and Technol-
ogy of the People’s Republic of China (approval number:
2006-398), and was approved by the Laboratory Animal
Management Committee of Foshan University.
A total of 36 two-week-old Ma chickens are a pure line

of local Qing Yuan Ma Chickens from a commercial
hatchery (Foshan Nanhai Poultry Corporation, Foshan,
China). The chickens were randomly divided into 3
groups with 12 replicates per group. The treatments
were as follows: control group, E. coli group, and heat
stress 1 E. coli (HS 1 E. coli) group. Chickens in
HS 1 E. coli group were treated with 41�C HS for 12 h
and then recovered for 7 d (at 21-day-old). At the
seventh day, the E. coli and HS 1 E.coli group chickens
were orally administrated with 1 mL E. coli O157:H7
inoculum (109 cfu/mL) using a polyethylene tube
attached to a syringe. The chickens in the control group
were given the same amount of saline solution. Chickens
had free access to experimental diets and drinking water.
A combination of daylight and artificial light was used,
with a 12-h light/dark cycle.
Birds were selected for sample collection at the fourth

day after E. coli challenge. Blood samples were taken
from the jugular vein and used for the measurement of
DAO and IgA level. The birds were then killed by CO2
inhalation and small intestines were collected, weighed,
and the length measured. Then the duodenum, jejunum,
ileum, and cecum were weighed and their lengths were
measured. Some duodenum, jejunum, and ileum tissues
were retained for qPCR to detect cytokine production,
and for Western blot to detect protein production. The
duodenum, jejunum, ileum, and cecum were fixed in
4% (v/v) paraform aldehyde for evaluation of the tissue
pathology changes by using hematoxylin and eosin stain-
ing. The cecum contents were removed and put in steril-
ized tubes, then stored at 220�C for determination of
E.coli cDNA expression.
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Serum Diamine Oxidase and IgA Analysis

Serum IgA level was analyzed using immunoglobulin
A assay kit (H108) and DAO level was measured by
the DAO assay kit (A088-1-1). The two kits were pro-
vided by Jiancheng Bioengineering Institute (Nanjing,
China).
Intestinal Morphology

At necropsy, a 3 cm long segment of the duodenum,
jejunum, ileum, and cecum were longitudinally cut in
each chicken. The tissues were rinsed with 0.9% NaCl so-
lution and then fixed immediately in 4% (v/v) parafor-
maldehyde solution in PBS until processing. The
paraffin-embedded intestinal samples were sectioned
(5 mm) and stained with hematoxylin and eosin for light
microscopy. The villus height (VH) and corresponding
crypt depth (CD) were randomly chosen from different
well-orientated parts of the sections. The following histo-
logical parameters were measured with computer-
assisted microscopy (Nikon ECLIPSE E200, Tokyo,
Japan): the VH, CD, and the VH/CD ratio (V/C).
Table 1. The primers used in qPCR.
Western Blot Analysis

Standard Western blot analysis was performed on the
duodenum, jejunum, and ileum tissues of birds. Briefly,
tissues were homogenized with protein lysis buffer. Pro-
tein concentration was determined using the BCA pro-
tein assay kit (Thermo Fisher Scientific) as per the
manufacturer’s instructions and using a multimode
microplate reader for spectroscopic measurements.
About 30 mg proteins were mixed with 3 mL loading
buffer and subjected to 10% SDS-PAGE electrophoresis
followed by blotting onto a polyvinylidene difluoride
membrane. Membranes were immersed in blocking solu-
tion (3% BSA in tris buffered saline tween) for 2 h and
then immunoblotted with primary antibodies (Hsp70,
TLR4, NF-kBp65, caspase-1, pro-IL-1b, IL-1b, IL-6,
TNF-a, and b-actin; Cell Signaling Technology, Dan-
vers, MA) diluted with 3% BSA for 2 h at room temper-
ature. The membranes were washed with tris buffered
saline tween buffer 3 times followed by 1 h incubation
with HRP-conjugated secondary anti-mouse IgG from
goat (or anti-rabbit IgG). And the gray level of the pro-
tein expression was analyzed by using the software,
ImageJ.
Primers Gene Sequence (50 to 30)

Hsp70 for 120 bp CGGGCAAGTTTGACCTAA
Hsp70 rev TTGGCTCCCACCCTA TCTCT
TLR4 for 132 bp TCTTTCAAGGTGCCACATCCA
TLR4 rev AGCGACGTTAAGCCATGGAA
NF-kB for 118 bp TGGGAGTGTCAGATCCCCAA
NF-kB rev TACGGTCCATCTGCTGTTCG
b-actin for 298 bp ACGTCTCACTGGATTTCGAGCAGG
b-actin rev TGCATCCTGTCAGCAATGCCAG
E. coli for 82 bp GTGTGATATCTACCCGCTTCGC
E. coli rev AGAACGCTTTGTGGTTAATCAGGA
rpsl for 75 bp TACGTGGTGCGCTTGACTGC
rpsl rev TAGGACGCTTCACGCCATAC
Gene Expression Analysis

A 5 cm segment of the duodenum, jejunum, and ileum
tissues was snap-frozen in liquid nitrogen and stored at
280�C until mRNA extraction, gene expression per-
formed. Total RNA was extracted from the tissue sam-
ples using the TRIzol Reagent (Hlingene Corporation,
Shanghai, China) as per the manufacturer’s guidelines,
and 10 ug of RNA was used for cDNA synthesis using
UEIris II RT-PCR System for First-Strand cDNA Syn-
thesis (Jiangsu, China) to examine expression of
Hsp70, TLR4, and NF-kB. RNAwas spectrophotometri-
cally quantified (A260) and its integrity was verified by
agarose gel electrophoresis.

To investigate the presence of E. coli in the cecum of
the E. coli–challenged birds, cecum samples were taken
from 8 birds per group. The cecum content DNA was
extracted with the EZNA bacterial DNA kit (Omega,
Doraville, GA). The E. coli DNA was spectrophotomet-
rically quantified (A260) and its integrity was verified by
agarose gel electrophoresis.

All-in-one TM qPCR mix kit (GeneCopoeia) in accor-
dance with the manufacturer’s protocol for the LightCy-
cler 480 Real-Time PCR system (Applied Roche, Basel,
Switzerland). The PCR efficiency and melting curves
were checked to ensure consistent amplification of a sin-
gle PCR product. Gene expression was normalized to b-
actin (internal reference) or rpsl (bacterial internal refer-
ence) and presented as relative fold change compared
with the control. All samples were tested in triplicate.

PCR was performed using specific primers for Hsp70,
TLR4, NF-kB, and E. coli. The primers used in qPCR
are given in Table 1.
Statistical Analysis

All data were analyzed using SPSS 17.0 for one-way
ANOVA. The data are presented as the
mean6 standard deviation. Differences were considered
statistically significant at P , 0.05.
RESULTS

Effects of Heat Stress on Changes of
Intestinal Length and Weight in E. coli–
Infected Chicken

Changes of intestinal length in Ma chicken are shown
in Table 2. The results showed the intestinal length in
the E. coli group birds was longer than that of the con-
trol group birds (P , 0.05). Compared with the E. coli
group, the changes of intestinal length were significantly
decreased in the HS1 E. coli group Ma chicken with 7 d
of recovery from HS (P , 0.05). The length of the duo-
denum, ileum, and cecum in the E. coli group birds
significantly increased compared with the control group



Table 2. Changes of intestinal length in Escherichia coli–challenged Ma
chickens treated with heat stress.

Item Control (cm) E. coli group (cm) HS 1 E. coli group (cm)

Small intestine 69.25 6 8.17 86.17 6 10.35# 62.50 6 4.19*
Duodenum 17.25 6 2.49 22.50 6 2.69# 18.00 6 1.73*
Jejunum 32.75 6 4.26 27.00 6 4.13 29.67 6 3.86
Ileum 19.25 6 4.26 36.67 6 4.33## 14.83 6 1.86**
Cecum 9.50 6 1.12 16.17 6 2.03## 7.81 6 1.92**

#P , 0.05, ##P , 0.01 vs. control group; *P , 0.05, **P , 0.01 vs. E. coli group,
n 5 12.

Abbreviation: HS, heat stress.
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birds (P , 0.05, P , 0.01, P , 0.01, respectively), and
HS obviously inhibited the increase in length of the duo-
denum, ileum, and cecum in the HS 1 E. coli group
compared with the E. coli group birds except the
jejunum (P , 0.05, P , 0.01, P , 0.01, respectively).

Results showed the intestinal weight between the E.
coli group and control group birds had no change
(Table 3). Compared with the E. coli group, HS signifi-
cantly decreased intestinal weight in the HS 1 E. coli
group Ma chicken (P , 0.05). The weight changes of
the ileum had the same trend with the length change.
However, the weight of the jejunum was decreased in
the E. coli group compared with the control group
(P , 0.05), and HS significantly reversed the decrease
of the jejunum weight compared with E.coli alone–
treated birds (P , 0.05).

The Effects of Heat Stress on E. coli RNA
Levels in the Chicken Cecum

The data in Figure 1 demonstrated that the cecum
contents of E. coli RNA level was significantly increased
in the E. coli group birds, compared with the control
group birds (P , 0.05). However, HS increased the
cecum contents of E. coli RNA level (P , 0.05) in the
HS 1 E. coli group birds, compared with the E. coli
group birds. Results showed that HS promoted E. coli
replication in E. coli–infected Ma chicken.

The Effects of Heat Stress on Intestinal
Histopathological Changes in Chicken

Intestinal histological changes were observed in
Figure 2 and Table 4. There were no alterations in the
morphology (VH and CD) of the duodenum, jejunum,
or ileum in the control group chicken. However,
Table 3. Changes of intestinal weight
chickens treated with heat stress.

Item Control (g) E. co

Small intestine 12.83 6 2.54 12.58
Duodenum 3.78 6 0.64 3.63
Jejunum 5.84 6 1.48 3.75
Ileum 3.21 6 0.61 5.20
Cecum 2.34 6 0.94 3.59

#P, 0.05, ##P, 0.01 vs. control group;
n 5 12.

Abbreviation: HS, heat stress.
compared with the control group chickens, a mild
decrease of VH and increase of CD were observed in
the jejunum and ileum of the E. coli group birds
(Table 4). Compared with the E. coli group chickens,
HS decreased the jejunum and ileum CD levels
(P , 0.01, P , 0.01) and enhanced ileum VH level
(P , 0.01). But the change of VH in the duodenum
was in contrast (Table 4). These results indicated that
HS may have protective effects in small intestinal ab-
sorption capacity except for the duodenumwhen chicken
are infected with E. coli.
The Effects of Heat Stress on Serum
Diamine Oxidase and IgA Levels in Chicken

To explore the influence of HS on intestinal mucosal
injury, serum DAO and IgA level in Ma chicken were
measured (Figure 3).
Results shown that the E. coli group birds had higher

IgA levels than that of the control group birds (P ,
0.05), but had no change in DAO level (Figure 3A).
However, HS significantly increased DAO levels and
decreased IgA contents in the HS 1 E. coli group birds,
compared with those in the E. coli group (P , 0.05,
P , 0.05). These results suggested that HS induced
gut barrier dysfunction and resulted in weakened intesti-
nal defenses in E. coli–challenged Ma chicken.
The Effects of Heat Stress on Intestinal
Inflammatory Cytokines Expressions in
Chicken

Compared with the control group chicken, E. coli
significantly enhanced the protein expression of TNF-a
and IL-6 in the ileum of chicken, and HS significantly
in Escherichia coli–challenged Ma

li group (g) HS 1 E. coli group (g)

6 1.52 10.22 6 1.83*
6 0.47 3.00 6 0.59
6 0.54# 4.58 6 0.50*
6 0.89## 2.64 6 0.99**
6 1.62 2.19 6 0.99

*P, 0.05, **P, 0.01 vs. E. coli group,



Figure 1. Cecum contents of Escherichia coli RNA level in E. coli–
infectedMa chickens loadedwith heat stress.Escherichia coli replication
in cecum contents of Ma chickens were measured on day 4 after E. coli
infection. #P , 0.05 vs. control group; *P , 0.05, vs. E. coli group, (n
5 8).
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inhibited that of inflammatory cytokines expressions
(Figure 4). However, in the jejunum, E. coli increased
TNF-a and decreased IL-6 expressions, and the
HS 1 E. coli birds had higher TNF-a and lower IL-6 ex-
pressions. We got the same trend in the duodenum in the
HS1E. coli birds compared with theE. coli group birds.
Our results observed that E. coli administration did not
have influence on duodenum inflammatory cytokines
(IL-6, TNF-a) but have obvious effects on the jejunum
and ileum. Heat stress can increase the inflammatory
Figure 2. Intestinal histopathological changes on day 4 after Escherichia
tologic sections of intestine from experimental Ma chickens were stained by he
histopathological changes were examined.
cytokines’ expressions in the duodenum and jejunum.
It also can induce caspase-1 so as to activate pro-IL-1b
into mature IL-1b in the duodenum and ileum.
The Effects of Heat Stress on Gene
Expressions of TLR4-NF-kB Signaling
Pathway in the Chicken Intestine

Inflammatory responses during pathogens infection
were triggered by the activation of NF-kB. To confirm
the dependence of inflammation responses on these key
factors, the relative gene expressions of TLR4, NF-kB,
and Hsp70 in the intestine of E. coli–infected Ma chicken
were examined.

The results in Figure 5 express that compared with the
control group, Hsp70 gene expressions were enhanced in
the duodenum, jejunum and ileum of the E. coli group
birds (P , 0.05, P , 0.05, P , 0.01, respectively).
Heat stress significantly increased Hsp70 gene expres-
sions in the duodenum and decreased Hsp70 gene expres-
sions in the ileum compared with those in the E. coli
alone–treated group birds (P , 0.05, P , 0.05).

Compared with the control group, E. coli challenge
enhanced TLR4 and NF-kB genes expressions in the du-
odenum, suppressed its expressions in the jejunum, and
had no influence on the ileum of birds (Figures 5B and
5C). Heat stress significantly increased TLR4 and NF-
kB gene expressions in the duodenum, decreased TLR4
gene expressions in the ileum, and promoted NF-kB
gene expressions in the ileum, compared with those in
the E. coli group birds. However, there was no obvious
coli infection in Ma chickens loaded with heat stress. Representative his-
matoxylin and eosin (H&E, 100! ). The duodenum, jejunum, and ileum
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Table 4. Changes of intestinal histopathological in Escherichia coli–challenged Ma chickens treated
with heat stress.

Small intestine Index Control group E. coli group HS 1 E. coli group

Duodenum Villus height (VH) 118.28 6 7.00 126.85 6 7.13 109.05 6 4.93*
Crypt depth (CD) 13.60 6 1.44 12.93 6 0.61 13.73 6 0.47
V/C 8.82 6 1.27 9.83 6 0.53 7.95 6 0.34**

Jejunum Villus height (VH) 97.34 6 3.64 79.13 6 3.15## 81.53 6 0.96
Crypt depth (CD) 12.73 6 0.66 21.06 6 2.42## 10.78 6 0.71**
V/C 7.68 6 0.60 3.796 6 0.31## 7.596 6 0.45**

Ileum Villus height (VH) 80.78 6 4.92 48.60 6 5.43## 62.40 6 1.10**
Crypt depth (CD) 14.00 6 0.55 15.53 6 0.98# 11.33 6 1.09**
V/C 5.78 6 0.45 3.15 6 0.45## 5.57 6 0.61**

#P , 0.05, ##P , 0.01 vs. control group; *P , 0.05, **P , 0.05 vs. E. coli group.
Abbreviations: HS, heat stress.
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difference that was observed in the jejunum between the
E. coli and HS 1 E. coli group birds on the HSP70,
TLR4, and NF-kB genes expressions.
The Effects of Heat Stress on Protein
Expressions of TLR4-NF-kB Signaling
Pathway in the Chicken Intestine

Heat stress significantly enhanced Hsp70 protein ex-
pressions compared with the E. coli group birds of the
duodenum and ileum (P, 0.01, P, 0.01, respectively).
Compared with the control group, E. coli challenge
inhibited TLR4 and NF-kB p65 protein expressions in
the duodenum, increased its expressions in the jejunum
of birds (Figure 6). Heat stress significantly increased
TLR4 and NF-kB p65 protein expressions in the duo-
denum and ileum, compared with those in the E. coli
group birds.
DISCUSSION

Heat stress is known to decrease growth rate, body
weight gain, and induce enteritis in broiler chickens
(Shini et al., 2009). Stress-induced decrease in perfor-
mance of broiler chickens may be related to alterations
Figure 3. Serum diamine oxidase (DAO) and IgA levels in Escherichia
serum diamine oxidase (DAO) level in Ma chickens. (B) Measurement of se
vs. E. coli group, (n 5 8).
in HPA axis function by released corticosterone
(Quinteiro-Filho et al., 2010). It’s reported in pigs that
E. coli can reduce the total percentage of intestinal mu-
cosa, which therefore changes the host metabolic pattern
(Sugiharto et al., 2012). The intestinal mucosa has been
noted as the first line of defense against ingested patho-
gens, such as Salmonella and E. coli (Fagarasan and
Honjo, 2003). Some studies found that the intestinal
tract is one of the primary organs by heatstroke (Yi
et al., 2017). Heat stress induces a subsequent reduction
of the intestinal absorption and gastrointestinal injuries
(Quinteiro-Filho et al., 2010). Our results demonstrated
that HS enhanced jejunum weight, increased cecum E.
coli counts, increased serum DAO, and reduced serum
IgA level. These results suggest that HS can decrease
host health status through inducing gut barrier dysfunc-
tion, with cecum E. coli counts increased, serum DAO
increased, and serum IgA level reduced in E. coli–chal-
lenged broilers.
Absence of inflammation also allow for normal gut

functions. Villus height and CD are important indicators
of gut function and animal health (Uni et al., 1995).
Increasing of villi height and decreased CD may result
in higher nutrient absorption, reduced secretion in the
gastrointestinal tract, and improvement of growth per-
formance (Xu et al., 2003). Our results found that HS
coli–infected Ma chickens loaded with heat stress. (A) Measurement of
rum IgA level in Ma chickens. #P , 0.05 vs. control group; *P , 0.05

mailto:Image of Figure 3|tif


Figure 4. Intestinal changes of inflammatory cytokines expressions in Escherichia coli–infected Ma chickens loaded with heat stress. (A) Duo-
denum, (B) jejunum, and (C) ileum inflammatory cytokines expression changes from experimental Ma chickens were measured by Western blot.
#P , 0.05, ##P , 0.01 vs. control group; *P , 0.05, **P , 0.01 vs. E.coli group.
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could improve intestinal morphology in broilers, as evi-
denced by increased VH and V/C ratios in the jejunum
and ileum as compared with the E. coli group. This
finding provides further information to the previous
studies showing positive effects of HS on mucosal archi-
tecture with regard to VH (Thanh et al., 2009).
However, HS decreased VH and V/C ratios in the duo-
denum, which increased the risk of villi damage caused
by higher pathogen populations in the gut, as found in
the present study.

Researchers reported that gut integrity damage oc-
curs because of HS-associated ischemia of the gut



Figure 5. Intestinal changes of HSP70, TLR4, and NF-kB gene expressions in Escherichia coli–infected Ma chickens loaded with heat stress. A
quantitative RT-PCR analysis of HSP70, TLR4, and NF-kB mRNA in Ma chickens were measured. (A) HSP70, (B) TLR4, and (C) NF-kB gene
expression changes in the small intestine. #P , 0.05, ##P , 0.01 vs. control group; *P , 0.05, **P , 0.01 vs. E. coli group.

Figure 6. Intestinal changes of HSP70, TLR4, and NF-kB p65 protein expressions inEscherichia coli–infectedMa chickens loaded with heat stress.
HSP70, TLR4, and NF-kB p65 protein expressions changes in the (A) duodenum, (B) jejunum, and (C) ileum. #P , 0.05, ##P , 0.01 vs. control
group; *P , 0.05, **P , 0.01 vs. E. coli group.

TANG ET AL.8



Figure 7. Priming and activation of the TLR4-NF-kB signaling
pathway. Pattern recognition receptor TLR4 recognizes Escherichia
coli and subsequent activates NF-kB, which then drives transcription
of TNF-a and caspase-1.
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epithelia (Leon and Helwig, 2010). TNF-a is an eficient
proinfammatory factor. Various HS can make injured
cells to produce IL-6, which is necessary for tissue ho-
meostasis. IL-1b has been categorized as a master regu-
lator of mediating inflammation (Basu et al., 2004).
Pro-IL-1b must be cleaved by caspase-1 to form the bio-
logically active, mature form of IL-1b. In our study, E.
coli administration did not have influence on the duo-
denum inflammatory cytokines (IL-6, TNF-a, and IL-
1b), but have obvious effects on the jejunum and ileum.
Compared with the control group chicken, E. coli signif-
icantly enhanced the protein expression of TNF-a and
IL-1b in the ileum of chicken, and HS significantly
inhibited inflammatory cytokines expressions. However,
in the jejunum, E. coli increased TNF-a and IL-1b, and
decreased IL-6 expressions, and the HS 1 E. coli birds
had higher TNF-a and IL-1b but lower IL-6 expressions.
A similar trend was observed in the duodenum in the
HS1E. coli birds compared with theE. coli group birds.
Heat stress can increase the inflammatory cytokines ex-
pressions especially in the duodenum and jejunum.
Indeed, HS induced enteritis in the jejunum of broiler

chickens with increased production of proinflammatory
cytokines (Quinteiro-Filho et al., 2010), which can in-
crease the permeability of the mucosa to the pathogenic
bacteria (Al-Sadi et al., 2008). We demonstrated mild
enteritis in heat-stressed Ma chickens with E. coli infec-
tion. This inflammation was characterized by increased
inflammatory cytokines infiltrates in all regions of the
small intestine (duodenum, jejunum, and ileum) in the
E. coli group chickens. We also observed increased, mod-
erate enteritis throughout the small intestine in the
chickens that were both heat-stressed and infected
with E. coli. Another important finding was the presence
of an increased area of inflammation in the duodenum of
the birds that were both stressed and infected with E.
coli. This inflammation was characterized by a larger
number of villi and crypts that exhibited prominent in-
flammatory infiltrates. TNF-a and IL-1b expressions
were significantly increased in the duodenum of heat-
stressed chicken infected with E. coli. Results suggested
that the duodenum is a critical part of the small intes-
tine, which is more sensitive to inflammation caused by
HS than other parts.

It’s reported that HS can disturb the microecological
balance of the intestinal microbiota, which caused bacte-
rial translocation so as to induce intestinal endotoxins
(LPS) production. These endotoxins can activate the
TLR4-mediated response, including the initiation of
NF-kB and MAPK pathways. Signaling at TLR4 initi-
ates an intracellular signaling cascade to activate the
transcription factor NF-kB (Kawai and Akira, 2010),
which is a critical step to promote the overproduction
of the inflammatory cytokine (Kagan and Medzhitov,
2006). Therefore, it is necessary to reduce the inflamma-
tory status by restraining the activation of TLR4-
mediated NF-kB pathway. In the present investigation,
TLR4 and NF-kB mRNA expression were examined by
qPCR analysis in small intestine (duodenum, jejunum,
and ileum). Escherichia coli infection significantly
increased TLR4 and NF-kBmRNA expression in the du-
odenum and decreased its expressions as compared with
the control group chickens. TLR4 and NF-kB mRNA
were higher in the HS 1 E. coli group chicken than in
the E. coli alone–treated group. But, the effects of HS
on expression of TLR4 and NF-kB in the jejunum were
not obvious. These results suggested that TLR4 expres-
sion may activate NF-kB to regulate the inflammatory
cytokines responses. NF-kB signaling pathway has
been detected in various tissues after exposure to stress-
ful environmental conditions. To explore the effects of
HS on NF-kB pathway, we examined the TLR4 and
NF-kB protein expression and NF-kB-mediated inflam-
matory cytokines in the small intestine. Thus, the results
concluded that HS can significantly enhance TLR4, NF-
kB protein expressions, and its downstream molecules in
the duodenum and ileum. Moreover, the effects of HS on
protein expressions of TLR4 and NF-kB in the jejunum
were not obvious. These results suggested that TLR4
expression may activate NF-kB pathways and its down-
stream molecules which regulate the inflammatory cyto-
kines responses in the duodenum and ileum.
Consequently, the results of current study indicated
that HS has excellent promoting inflammatory ability
by activating TLR4-NF-kB pathways, which induced
the inflammatory cytokines responses, in the duodenum
and ileum in chickens with E. coli infection (Figure 7).
CONCLUSIONS

In the present study, HS in Ma chickens induced more
severe inflammatory status than in the control and E.
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coli alone–treated group chickens, which is reflected by
upregulating TLR4–NF-kB pathway and enhancing its
downstream inflammatory cytokines protein expres-
sions. The available findings also indicated that HS im-
proves the inflammatory status of birds and should
have proper control in temperature range in the poultry
industry so as to improve economic efficiency.
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