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Heat Stress Directly Affects Intestinal Integrity in Broiler Chickens
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A study using pair-feeding technique was conducted to determine whether heat exposure directly or indirectly

(via reduced feed intake) increases intestinal mucosal damage and permeability to endotoxin in broiler chickens.

Male broiler chickens (Ross 308), 27-d-old, were subjected to one of the three treatments (n＝8): 1) thermo-neutral

conditions (24℃) with ad libitum feed intake, 2) heat stress conditions (33℃) with ad libitum feed intake, or 3) pair-

feeding under thermo-neutral conditions, with the feed intake identical to that of heat-stressed chickens. Using these

groups, two experiments were performed to evaluate temporal changes in the intestinal morphology in response to

each treatment. In experiment 1, chickens were sacrificed after 24 h of exposure to the treatment conditions, while in

experiment 2, chickens were sacrificed after 12 or 72 h of exposure to the treatment conditions. In experiment 1,

exposure to heat stress conditions for 24 h significantly decreased both the villus height to crypt depth ratio and

number of proliferating cell nuclear antigen (PCNA) -positive cells in the duodenum and increased the plasma

endotoxin concentration. These findings were not observed in pair-fed chickens. In experiment 2, intestinal integrity

and function were unaffected by 12 h of heat stress. On the other hand, chickens exposed to heat stress for 72 h

exhibited significantly damaged intestinal morphology in the duodenum as well as increased plasma endotoxin

concentration; these negative effects were not observed in pair-fed chickens. These findings suggest that the intestinal

morphology and permeability changes observed in chickens that are heat-stressed for 24-72 h are due to the heat stress

conditions and not due to reduced feed intake.
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Introduction

Heat stress is an important concern in poultry production

worldwide, the negative effects of which are likely to be

further aggravated if global warming continues as predicted.

In addition, genetic selection for rapid skeletal muscle

growth might increase the susceptibility of chickens (espe-

cially meat-type chickens) to heat stress, as enhanced lean

tissue accretion is accompanied by increased metabolic heat

production. Therefore, defining the biology and mechanisms

underlying poor performance due to heat stress is critical to

developing approaches to ameliorate current poultry produc-

tion issues.

Heat exposure markedly decreases bodyweight gain and

ad libitum feed intake in chickens (Bottje and Harrison,

1985). In line with these findings, chickens exposed to heat

stress showed intestinal morphological damage and increased

intestinal permeability to endotoxin (Quinteiro-Filho et al.,

2010; Song et al., 2013; Varasteh et al., 2015). It was hy-

pothesized that these intestinal dysfunctions might contribute

in part to reduced growth performance during the summer

months. However, to the authors’ knowledge, virtually no

data were available to confirm whether heat exposure

directly or indirectly (via reduced feed intake) compromises

intestinal integrity and barrier functions in broiler chickens

subjected to heat stress. Numerous animal and cell culture

models have been used to examine the etiology of heat-

induced intestinal damage (Hales et al., 1979; Prosser et al.,

2004; Dokladny et al., 2006). Heat-stressed animals redis-

tribute blood to the periphery to maximize radiant heat

dissipation, while vasoconstriction occurs in the gastrointes-

tinal tract to reprioritize blood flow (Lambert, 2009). Con-

sequently, the reduced blood and nutrient flow to the in-

testinal epithelium compromises the integrity of the intestinal
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barrier (Yan et al., 2006). On the other hand, feed restriction

and fasting also affect the structure of the intestinal mucosa

because feed ingredients contain compounds that directly

stimulate growth of this tissue. Feed restriction may induce

atrophy of the intestinal mucosa in mammals (Song et al.,

2009) and birds (Palo et al., 1995; Fischer et al., 2007; Silva

et al., 2009). As such, fasting, even for a limited period,

may interfere with intestinal epithelial cell synthesis and

negatively affect the bird’s growth. Despite using all avail-

able data to comprehend heat-stressed responses, it is still not

known whether heat exposure directly or indirectly (via

reducing feed intake), causes morphological and functional

damages in the small intestine in broiler chickens.

Therefore, experiments using a pair-feeding technique

were conducted to determine whether heat exposure directly

or indirectly (via reduced feed intake) increases intestinal

mucosal damage and permeability to endotoxin in broiler

chickens. Our study shows that heat stress directly impairs

intestinal morphology and increases intestinal permeability

to endotoxin in chickens exposed to heat stress for 24-72 h.

These data might contribute to the development of ap-

proaches to prevent reduction of growth performance under

heat stress conditions.

Material and Methods

Animals and Experimental Design

The Animal Care and Use Committee of the Graduate

School of Agricultural Science, Tohoku University, ap-

proved all procedures, and every effort was made to mini-

mize pain or discomfort to the animals. Male broiler chick-

ens (Ross 308 strain) were obtained from a commercial

hatchery (Economic Federation of Agricultural Cooperatives

Hatchery, Miyagi, Japan) at 0 day of age for both experi-

ments. They were housed in electrically heated batteries

under continuous light for 11 days, and provided with access

to water and corn-soybean diet (crude protein, 22%; metabo-

lizable energy content, 3100 kcal/kg) ad libitum. At 11 days

of age, the birds were moved to individual cages. At 27 days

of age, the chickens were subjected to one of the three

treatments: (1) thermo-neutral conditions (TN: 24℃, hu-

midity 55±5%) with ad libitum feed intake, (2) heat stress

conditions (HS: 33℃, humidity 55±5%) with ad libitum

feed intake, or (3) pair-feeding (PF) under TN conditions to

mirror the feed intake of HS chickens. In order to avoid

long-term starvation in the PF group, the same amount of

feed consumed in HS group for the previous interval was

provided to the PF group, at 6 h intervals. On the first day of

heat exposure, the temperature was increased by 1℃ per hour

from 24℃ to 33℃, to prevent rapid physiological changes.

The body weights and feed intake of chickens over the

experimental period were recorded. Blood samples were

collected from the wing vein into a heparinized syringe,

centrifuged at 700×g for 10min at 4℃, and the plasma was

stored at −80℃ until analyzed. After 24 h (experiment 1),

and 12 or 72 h (experiment 2) of heat exposure, chickens

from each group (n＝8) were sacrificed via exsanguination.

The small intestine was immediately harvested and divided

into three parts: the duodenum (from the pylorus to the distal

point of entry of the bile ducts), jejunum (Meckel’s diver-

ticulum marked the endpoint of the jejunum), and ileum (the

ileocecal junction marked the end of the ileum). One-

centimeter length of intestinal tissue from the midpoint of the

duodenum and the midpoint of the ileum were collected from

each of the chickens and stored in 10% formalin neutral

buffer solution prior to morphological analysis.

Analysis of Intestinal Morphology

Villus height and crypt depth as well as the villus height to

crypt depth ratio were measured for evaluation of intestinal

morphology indicative of gut health in animals, as suggested

by Pluske et al. (1996a, 1996b) and Xu et al. (2003). Formalin-

fixed intestinal tissue was dehydrated and embedded in

paraffin. Four micron-thick sections were cut on a micro-

tome and then stained with hematoxylin-eosin. Villus height

and crypt depth from 10 randomly selected villi and asso-

ciated crypts on two sections per chicken were measured

using a microscope. The ratio of villus height to crypt depth

was used as an index of the maturity and functional capacity

of enterocytes (Hampson, 1986).

Immunohistochemistry Analysis of Proliferating Cell Nu-

clear Antigen (PCNA)

PCNA, known as DNA-polymerase delta auxiliary

protein, is a 36-kb nonhistone nuclear protein that functions

as cofactor for DNA polymerase delta (Linden et al., 1992).

PCNA was applied to visualize proliferation activity in the

crypt region. Paraffin-embedded intestinal tissues sections

(4 μm thick) were deparaffinized in xylene, rehydrated in

graded ethanol, and rinsed with distilled water. Endogenous

peroxidases were neutralized with hydrogen peroxide (3%)

for 15min followed by rinsing with distilled water for 5min.

Antigen retrieval was achieved by incubating slides in 10

mM citric acid buffer solution, pH 6.0, in a steamer at 90℃

for 60min. Nonspecific immunoglobulin was blocked by

incubating the slides with 5% casein for 60min, before ap-

plication of the primary antibody. Immunohistochemical

staining was performed using the Histofine Simple Stain

system (MAX-PO (MULTI), Nichirei Biosciences Inc.,

Tokyo, Japan). Slides were incubated for 18 h at 4℃ with

polyclonal rabbit anti-PCNA antibodies (catalogue number

sc-7907, Santa Cruz Biotechnology, Dallas, TX, USA) at a

dilution of 1:200. Sections were then incubated with Histo-

fine Simple Stain MAX-PO for 30min and developed with

diaminobenzidine. Next, sections were lightly counterstained

with hematoxylin, dehydrated, and mounted, as described by

Uni et al. (1998). A microscope was used to visualize the

stained cells, with the percentage of proliferating cells

calculated from the number of enterocytes per crypt and the

number of PCNA-stained cells. Calculations were made

from two randomly selected sections per chicken.

Determination of Plasma Endotoxin Concentrations

Plasma endotoxin concentrations were measured as one of

the markers of intestinal permeability, since changes in the

intestinal morphology (such as decreases in villus height

and/or villus height to crypt depth ratio), indicative of

damage to the intestinal epithelium are supposed to con-
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tribute largely to the increased permeability to endotoxin

(Lambert et al., 2002). Plasma was separated and stored at

−80℃ until assayed. Endotoxin (lipopolysaccharide, LPS)

concentrations were determined using a chromogenic Limu-

lus amoebocyte lysate (LAL) end-point assay (QCL-1000,

Lonza Group Ltd., Basel, Switzerland). Plasma samples

used for LPS determination were stored in LPS-free tubes to

prevent the loss of endotoxin to the plastic tube walls.

Statistical Analysis

Statistical analysis was performed separately for each

experiment. Data were first analyzed using a general linear

model analysis of variance procedure, and means were com-

pared using the Tukey-Kramer multiple comparison test (P＜

0.05). All data are expressed in the form of mean±standard

error (SE, n＝8 per measurement).

Results

Experiment 1

Feed intake of the HS group was found to significantly

decrease (P＜0.05) compared to that of the TN group (Fig.

1A). Compared to the TN group, the bodyweight gain of

both the HS and PF groups were markedly decreased in line

with the reduced feed intake (Fig. 1B), but there were no

differences between the HS and PF groups. Feed efficiency

of HS group, but not the PF group, was significantly de-

creased compared to the TN group (Fig. 1C). The villus

height of the duodenum in the HS group showed a tendency

to decrease (P＜0.07) as compared to the TN group, but the

same was not observed in the PF group (data not shown). No

difference in the crypt depth was observed among any of the

groups (data not shown). The villus height to crypt depth

ratio in the duodenum was significantly decreased in the HS

group compared to the TN group, but not in the PF group

(Fig. 1D). No significant differences in the villus height,

crypt depth, and villus height to crypt depth ratio were

observed among the groups in relation to ileal tissue (Fig.

1D). PCNA staining of duodenal tissue showed the presence

of dividing cells, with most of the cells in the crypt

undergoing proliferation (Fig. 1E left). The percentage of

PCNA-positive cells in the three regions of the crypt was

significantly reduced in the HS group compared to the TN

group, but not in the PF group (Fig. 1E right). Plasma en-

dotoxin concentrations were significantly higher in the HS

group compared to the TN group, while no difference was

observed between the TN and PF groups (Fig. 1F).

Experiment 2

Compared to the respective TN groups, feed intake was

significantly decreased in HS-treated chickens at 12 and 72 h

(Fig. 2A). In line with this, bodyweight gains following 12

and 72 h of heat exposure were significantly decreased too

(Fig. 2B), while no differences were observed between the

HS and PF groups for the two treatment periods. After 12 h

heat exposure, feed efficiency of HS group was significantly

decreased compared to that of the TN group, while the PF

group was less affected than the HS group (Fig. 2C left).

After 72 h heat exposure, no differences in feed efficiency

were observed among groups (Fig. 2C right). After 12 h of

heat exposure, no significant differences in the villus height

to crypt depth ratio in duodenal or ileum tissues (Fig. 2D

left), in the percentage of PCNA-positive cells in the duo-

denal crypts (Fig. 2E left) and in the plasma endotoxin

concentration (Fig. 2F left) were observed among the groups.

After 72 h of heat exposure, the villus height to crypt depth

ratio in duodenal tissue from the HS group was significantly

lower than that of the TN group. However, there was no

difference in the ratio in duodenal tissue between the PF and

TN groups, and in the ratio in ileum tissue (Fig. 2D right)

and percentage of PCNA-positive cells in the duodenal

crypts (Fig. 2E right) among all the groups. The plasma

endotoxin concentration in the HS group after 72 h was

significantly greater than that of the TN group, though there

was no difference in the concentration between the PF and

TN groups (Fig. 2F right).

Discussion

Heat stress adversely affects intestinal morphology and

increases intestinal permeability in many animal species

(Hall et al., 2001; Dokladny et al., 2006; Yang et al., 2007;

Lambert, 2009). However, it is not clear whether these

alterations are caused directly by heat exposure or indirectly

as a consequence of reduced feed intake. The objectives of

this study, therefore, were to determine if heat exposure

directly or indirectly (via reduced feed intake) increases

intestinal mucosal damage and permeability to endotoxin in

broiler chickens. In both the experiments with chickens i)

after 24 h exposure, and ii) 12 and 72 h exposure, the feed

intake of HS chickens was markedly reduced, while that of

PF chickens was reduced by design to mirror that of the HS

group. In line with the reduced feed intake, both HS and PF

chickens showed significant reductions in bodyweight gain

and feed efficiency compared to the TN chickens, with the

reductions in HS chickens being more severe than those

observed in PF chickens. These results indicate that the

poorer growth performance of HS chickens might be caused

not only by a reduction in feed intake, but also by the changes

in feed intake-independent responses to heat exposure.

It is well known that intestinal damage is a primary

response to heat stress, including compromised intestinal

integrity and barrier function (Quinteiro-Filho et al., 2010;

Song et al., 2013; Varasteh et al., 2015). Therefore, in this

study we evaluated morphological and functional damages to

the small intestine in TN, HS, and PF chickens. For evalu-

ation of intestinal morphological damages, we measured

villus height and crypt depth as well as the villus height to

crypt depth ratio, which are useful indicators of gut health

in animals (Pluske et al., 1996a, 1996b; Xu et al., 2003).

Shortened height of intestinal villi indicates damage to the

intestinal epithelium, while increased ratio of villus height to

crypt depth directly correlates with increased epithelial

turnover (Fan et al., 1997). Furthermore, we also measured

the number of PCNA-positive cells to know if cellular

responses, proliferation, or turnover are included in heat-

induced damages; the mucosal epithelia regeneration is sen-

sitive to stresses, inducing cellular necrosis and desquama-
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tion, especially at the tip of intestinal villus (Lambert et al.,

2002). For evaluation of functional damages, we measured

plasma endotoxin levels because intestinal permeability to

endotoxin is influenced by damage to the epithelium, such as

epithelial sloughing and necrosis (Lambert et al., 2002).

In our study, the intestinal integrity and function were

unaffected by 12 h of heat stress, suggesting that heat ex-

posure for 12 h was not long enough to induce intestinal

damage. In contrast, exposure to heat for 24 h significantly

decreased both, villus height to crypt depth ratio and the
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Fig. 1. Effects of ad libitum feed intake in thermo-neutral conditions

(TN, 24℃), ad libitum feed intake in heat stress (HS, 33℃) conditions and

pair-feeding in TN conditions (PF) for 24 h on: feed intake (A), body

weight gain (B), feed efficiency (C), villus height to crypt depth ratio in

duodenum and ileum (D), ratio of proliferating cell nuclear antigen

(PCNA)-positive cells to overall cell number in the duodenal crypt (E) and

plasma endotoxin concentration (F) of broiler chickens. Values are means

±SE, n＝8 per group.
a, b

P＜0.05 for each treatment; values with different

letters are statistically different.
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Fig. 2. Effects of ad libitum feed intake in thermo-neutral conditions

(TN, 24℃), ad libitum feed intake in heat stress (HS, 33℃) conditions and

pair-feeding in TN conditions (PF) for 12 or 72 h on: feed intake (A), body

weight gain (B), feed efficiency (C), villus height to crypt depth ratio in

duodenum and ileum (D), ratio of proliferating cell nuclear antigen

(PCNA)-positive cells to overall cell number in the duodenal crypt (E) and

plasma endotoxin concentration (F) of broiler chickens. Values are means

±SE, n＝8 per group.
a, b

P＜0.05 for each treatment; values with different

letters are statistically different.



number of PCNA-positive cells in the duodenum as well as

increased plasma endotoxin concentrations, whereas these

changes in the duodenum and plasma were not observed in

PF chickens subjected to feed restriction. Therefore, these

results demonstrate that heat stress directly affected intestinal

morphology and permeability in chickens exposed to heat

stress for 24 h. Similar changes in villus height to crypt

depth ratio, the number of PCNA-positive cells and plasma

endotoxin concentrations were observed in chickens exposed

to heat stress or feed restriction for 72 h, except that the

number of PCNA-positive cells in the duodenum crypt did

not decrease in the HS group. This means that after 72 h of

heat exposure, the proliferation activity in the duodenum was

not diminished, suggesting a self-recovery mechanism in the

intestines of chickens under heat stress as a means of adap-

tation (Abdelqader et al., 2016).

In conclusion, our results indicate that heat stress directly

impairs intestinal morphology and increases intestinal per-

meability to endotoxin in chickens exposed to heat stress for

24-72 h. Based on these observations, short-term feed re-

striction (up to 72 h) was slightly disruptive to intestinal

integrity and function in chickens, and heat-induced stress

responses (hypoxia and oxidative stress) contributed largely

to intestinal dysfunction. Hence, our study suggests that feed

supplementation with antioxidants, which could alleviate

hypoxia and/or oxidative stress, is a feasible strategy to

prevent or improve damage to intestinal integrity in heat-

stressed chickens. Considering that the intestinal integrity

and function were unaffected by 12 h of heat exposure,

feeding antioxidant supplements before 12 h may be more

effective against heat stress. These data might contribute to

the development of dietary approaches for poultry to prevent

performance reduction under heat exposure conditions.
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