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Abstract

Background This study was conducted to evaluate the effects of dietary sodium butyrate (SB) supplementation
on the antioxidant status, intestinal morphology, functional damage, and barrier integrity of heat-stressed Hy-Line
Sonia (HYS) layer chicks. A total of 240 female HYS at 35 days of age with average body weights (415435 g) were
divided into 6 groups with 10 replicates/group and 4 chickens per replicate. A 2 x 3 factorial design study was per-
formed, including two conditions of ambient temperature (25 °C and 35 °C) and three dietary levels of SB (0, 0.5,
and 1.0 SB g/kg diet).

Results HS decreased (P <0.05) the performance parameters final body weight (FBW), average daily gain (ADG),

and average daily feed intake (ADFI), and increased mortality; compared with the HS groups, supplementation

with SB decreased mortality. Compared with thermoneutral conditions, the high-temperature conditions significantly
decreased (P <0.05) the thymus, liver, and heart weights, and the relative length of the jejunum, ileum, and cecum,
whereas supplementation with 0.5 SB g/kg diet increased (P < 0.05) the weight of the spleen in growing layer chick-
ens. High temperature decreased (P < 0.05) the villus height (VH) and VH/CD ratio, and increased the crypt depth (CD),
and supplementation with SB and the Tx SB interaction produced greater VH and VH/CD values in the LSB2 and HSB2
groups. SB decreased (P<0.05) the concentration of serum malondialdehyde (MDA); however, high temperature
decreased (P <0.05) the activities of the catalase (CAT) and glutathione peroxidase (GSH-Px) antioxidant enzymes.

The relative mRNA expression levels of the occluding, zonula occludens-1 (ZO-1), claudin-1, and interleukin-10 (IL-10)
proteins were downregulated (P < 0.05) at high-temperatures, while that of transforming growth factor-3 (TGF3)

was upregulated. Dietary supplementation decreased the expression of the inflammatory cytokines nuclear factor
kappa B (NF-kB), transforming growth factor-3 (TGF), and interferon-y (IFNy), and the Tx SB interaction decreased
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TGFB gene expression in the LSB2 and HSB2 groups compared with that in the other groups of growing layer

chickens.

Conclusion SB supplementation effectively alleviated HS-induced oxidative stress and structural and functional
damage to the intestine in layer chickens in the growing phase.

Keywords Antioxidant, Growing layer chicken, Heat stress, Intestine integrity, Sodium butyrate

Background

Despite advancements in poultry farming design, hous-
ing facilities, and cooling systems, the health and overall
productivity of farm animals are still significantly affected
by high ambient temperatures. High temperatures have
emerged as a significant environmental factor, that nega-
tively affects poultry health and production, particularly
in tropical and subtropical climate areas [1, 2]. The south-
ern part of China, surrounding areas of Guangdong, has
a subtropical monsoon climate; summer is hot with high
humidity and heavy rainfall. In this context, nutritional
regulation by dietary sodium butyrate (SB) supplementa-
tion may function as an alleviator of the effects of heat
stress (HS) on antioxidant enzyme activities and gastro-
intestinal integrity during the growth and development of
chickens. Several animal researchers have focused on dif-
ferent strategies to mitigate the adverse effects of HS and
reduce production loss. In addition, chickens exposed
to HS have altered intestinal structure, including villus
height (VH), crypt depth (CD), and epithelial cell dam-
age [3]. Several studies have reported that HS negatively
impacts feed intake, energy efficiency, physiological func-
tion, the oxidative state, and the development of growing
chickens [4]. The small intestine is extremely vulnerable
to high temperatures, which hampers intestinal function
by damaging its morphology, changing intestinal integ-
rity, and downregulating the mRNA expression of tight
junction-related genes [5, 6]. Heat stress may disrupt the
gastrointestinal blockade in growing chickens by reduc-
ing the levels of internal junction proteins, such as zonula
occludens-1(Z0O-1) and occluding (OCLN) [7].

Dietary SB is used in growing broiler chicken as a
feed additive or stress modulator because studies have
reported that SB has beneficial effects on HS conditions
in the poultry industry [8]. The addition of SB improved
bird growth performance, feed intake efficiency, nutri-
tional absorption capacity, and immunological response
[9]. The protective forms of SB may enhance nutrient
absorption by expanding the length, circumference, and
villus area of the anterior part of the digestive tract dur-
ing stress conditions [10]. Increasing research has shown
that SB can reduce oxidative stress, intestinal inflam-
mation, and microbial development and subsequently
modulate the immune system; these properties have ben-
eficial impacts on the intestinal structure, microbial cell

proliferation, growth, and production of chickens [11,
12]. Under typical circumstances, the antioxidant system
safeguards the animal from oxidative damage, mostly
through the action of protective antioxidant enzymes,
such as, total superoxide dismutase (T-SOD), catalase
(CAT), and glutathione peroxidase (GSH-Px), which help
reduce oxidative stress at the cellular level [13]. Another
study conducted on chickens revealed that adding dietary
SB may alleviate oxidative damage and reduce the inten-
sification of malondialdehyde (MDA) while increasing
the activity of T-SOD [14]. We hypothesized that dietary
supplementation with SB may have beneficial effects on
the antioxidant capacity and intestinal barrier integrity of
growing layer chickens under HS. Nevertheless, minimal
research has been performed to evaluate the impacts of
SB dietary supplementation on growing layer chickens
under HS conditions. Therefore, the present study aimed
to assess the alleviating effects of SB supplementation on
the antioxidant capacity, intestinal structure, functional
damage, and barrier integrity for the growth and devel-
opment of growing layer chicks under HS conditions.

Methods

The procedure and protocol used in this research were
authorized by the Committee of Institutional Animal
Care of the Guangdong Academy of Agricultural Sci-
ences, China, with approval number ACUCGAAC2022.
The sample analysis was performed at the Animal Nutri-
tion and Feed Science, the Key Laboratory Department
of the Ministry of Agriculture and Rural Affairs, and the
Laboratory of Molecular Biology, Institute of Animal Sci-
ence. This experiment was conducted under the ARRIVE
guidelines to minimize animal suffering.

Animals, experimental diets

At 35 d of age, a total of 240 female Hy-Line Sonia chicks
(HYS) with average body weights (415+35 g) were
selected for this experiment. The experimental design
was a 2% 3 factorial arrangement, which included 6 die-
tary treatment groups (40 chickens per group), with each
group consisting of 10 replicates (n=4 chickens per rep-
licate). The experiment was conducted under two envi-
ronmental conditions of 25 °C ambient temperature with
60% humidity (L) and 35 °C ambient temperature with
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70% humidity (H) and three levels of dietary supplemen-
tations with SB, which included zero (SB1), 0.5 g/kg diet
(SB2), and 1 g/kg diet (SB3) and the experimental period
lasted for 30 days. The chicken groups of LSB1, LSB2, and
LSB3 were reared under 25 °C of ambient temperature
with 60% humidity and dietary supplemented with zero,
0.5 g/kg diet, and 1 g/kg diet, respectively. While, the
chicken groups of HSB1, HSB2, and HSB3 were reared
under 35 °C of ambient temperature with 70% humidity
and dietary supplemented with zero, 0.5 g/kg diet, and
1 g/kg diet, respectively. Chickens were raised in each
room containing a wire cage (dimensions: 30X 35x35
cm?®) in each cage (n=4 chickens/cage). For exposure to
heat stress, the HSB1, HSB2, and HSB3 groups of chick-
ens were kept for 10 h (9 am to 7 pm) under 35 °C and
70% humidity, and 16 h (7 pm to 9 am) of the day they
were kept at room temperature (25 °C) and 60% humid-
ity. Diet formulation was determined according to HYS
commercial layers guide (https://www.hyline.com/liter
ature/sonia). The ingredients and chemical composition
of the diet are shown in Table 1.

Growth parameters of growing layer chickens

The growing chickens were weighed at the beginning (35
d) and end (65 d) of the experimental period. The feed
intake (FI) was calculated on a cage basis, using sup-
plied and residual feed. The following formulas were
used to calculate the average daily total feed intake, ADFI
(g/d) =sum of the feed intake (g)/feeding period (d); aver-
age daily gain, ADG (g/d)=(final live weight at 63 d of
age — initial live weight at 35 d of age, (g)/feeding period
(d); and the feed- to-gain ratio, F/G (g/g) =overall ADFI
(g/d)/overall ADG (g/d).

Sampling and evaluation

At 65 d of age, following a 12-h fast, 9 chicks per treat-
ment were selected for sample collection. The chicks
were individually weighed, and blood samples (5 mL
vacutainer tubes) were collected via the wing vein and
then centrifuged at 3000 x g for 10 min at 4 °C to assess
the serum indices [15]. The obtained serum samples were
stored in frizz at 20 °C to assess the oxidative and anti-
oxidant markers, and other parts of the samples were
then kept at -80 °C until gene expression analysis was
performed. Then, the chickens were euthanized by cervi-
cal dislocation, and the immune, reproductive, and intes-
tinal tissue along with the thymus, liver, spleen, bursa of
Fabricius, heart, gastrointestinal tract, ovary, duodenum
(from where the pyloric junction and duodenal mesen-
tery are connected), jejunum (from the confluence with
Meckel’s diverticulum, where the duodenal mesentery is
jointed), ileum (from the junction with Meckel’s diver-
ticulum to the ileocecal junction) and cecum (from the
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Table 1 Composition and nutrient levels of the basal diet (as
fed-basis, %)

Ingredients Content (%)
Corn 55
Wheat bran 15.07
Corn protein flour 13.21
Soybean meal 1.13
Soybean oil 12.35
Lys-HCI (78%) 038
Limestone powder 1.56
Salt 03
Premix? 1
Total 100
Calculated nutrient levels
ME (Mcal/kg) 3.56
CP (%) 15.03
Ca (%) 0.6
P (%) 035
Met (%) 0.27
Lys (%) 0.66
Met+Cys (%) 0.52
Thr (%) 045

@The premix provided the following per kilogram of diet: vitamin A 5,500 IU,
vitamin D3 400 IU, vitamin E 10 IU, vitamin K 2.0 mg, vitamin B1 3.0 mg, vitamin
B2 4.6 mg, vitamin B6 2.2 mg, vitamin B12 0.02 mg, choline 500 mg, D-calcium
pantothenate 7.4 mg, folic acid 1.0 mg, biotin 0.08 mg, Fe 80 mg, Cu 10 mg,
Mn 39 mg, Zn 52 mg, | 0.26 mg. Crude protein (CP) was measured values,
metabolizable energy (ME), Ca, available P, Met, Lys, Met+Cys, and Thr are
calculated values

opening to the tip of each) were collected [16]. The length
of each section of the small intestine was subsequently
assessed using a pliable measuring tape on a glass surface
to avoid unintentional elongation. The reproductive and
immune organ weights were determined as a percentage
of the bird’s weight (g/kg), and the lengths of the intes-
tinal segments and cecum (the combined length of both
sides) were measured relative to the live body weight
(cm/kg). The measurement methods were based on pre-
vious studies [17]. The ileum segment of the intestine was
collected and stored in 10% formaldehyde solution for
further morphological analysis.

Serum antioxidant indices

The antioxidant enzyme activities in the serum were
determined via the corresponding assay kits following
the manufacturer’s instructions (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China) using a spectro-
photometer. Briefly, the malondialdehyde (MDA) level
was measured at 532 nm (MDA, catalog. No. A003-1),
hydrogen peroxide (H202) level was measured at 405 nm
(H202, catalog. No. A064-1), the catalase (CAT) activ-
ity was measured at 405 nm (CAT, catalog. No. A007-1),
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the glutathione peroxidase (GSH-Px) activity was meas-
ured at 412 nm (GSH-Px, catalog. No. A005-1), and the
total antioxidant capacity (T-AOC) (T-AOC, catalog.
No. A001-3) and total superoxide dismutase (T-SOD)
(T-SOD, catalog. No. A015-2) activities were measured at
550 nm.

lleum morphology

Approximately 5 cm of the ileum segment was excised,
washed, dehydrated with an ethanol solution, and then
embedded in paraffin wax for intestinal morphology
analysis. The tissue sample of the ileum was then cross-
sectioned at thickness of 5 pm via a microtom (Leica
Microsystems, Wetzlar, Germany) and set on glass slides
for morphological staining with hematoxylin and eosin
(H&E) following the standard procedure [18]. The VH
and CD were determined via a previously described pro-
cedure [19]. Images of the VH and CD were captured
and enlarged at 40 X magnification via a light microscope
with Image-Pro Plus version 6.0. Software (Ellipse Ci-L,
Nikon, Japan).

RNA extraction and real-time gPCR (RT-qPCR)

Total RNA (n=9/ group) was extracted from a homog-
enized ileum tissue sample using a TRIzol reagent kit
(TaKaRa Biotechnology, Dalian, Liaoning, PR China)
following the manufacturer’s instructions. The total
RNA purity and quantity were determined using a Nan-
oDrop-1000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). The optical density of all RNA
samples ranged from 260 to 280. Afterward, the total
RNA sample value was set to 1 pg to generate first-strand
complementary DNA (cDNA) using the Prime Script
RT reagent kit for removing genomic DNA by DNase
(TaKaRa Biotechnology, Dalian, Liaoning, PR China).
The qPCR mixture (20 pL) was set up as follows: 2 pL of
diluted cDNA, 0.4 uL of each primer (10 pM), 10 pL of
2XSYBR Green Pro Taq HS Premix (Takara, Biotech-
nology Co., Ltd, Dalian, China), 0.4 puL of ROX dye, and
6.8 pL of double-distilled water (H,0,) on a 7,500 qPCR
detection system (Bio-Rad, San Diego, CA, USA). The
temperature-cycling program for the PCR was as follows:
95 °C for 30 s, followed by 40 cycles at 95 °C for 5 s and 60
°C for 30 s. The melting curve was recorded at 65 °C for
5 s. The mRNA expression levels in the ileum are shown
in Table 2. The gene expression levels of the target genes
were assessed by the 2724 technique [20], with the ref-
erence gene GAPDH used as the housekeeping gene.

Statistical analysis
Data obtained from the current experimental study were
statistically analyzed on a 23 factorial design based on

the following statistical model: Yj; = pu+T;+S;+TS;;+ ey
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Table 2 The prime sequence used for quantitative real-time PCR
analysis for gene expression

Gene? Primer sequences(5’—3’) Accession ID Product
size (bp)

GAPDH  F-GGTGAAAGTCGGAGTCAA NM_204305.2 108
CGG
R-TCGATGAAGGGATCATTG
ATGGC

Claudin-1  F-GGTTGGTGTGTTTGTTGCTG ~ NM_001013611.2 199
R-TCTGGTGTTAACGGGTGTGA

Occludin ~ F-GTCTGTGGGTTCCTCATCGT ~ NM_205128.1 155
R-TTCTTCACCCACTCCTCCAC

Z0-1 F-ACCAGAGGTCAGAGCCTTCA  XM_046925214.1 193
R-AGCGGTGGTGTTTGTTTTTC

MUC-2 F-GCTACAGGATCTGCCTTTGC ~ XM_040673077.2 152
R-AATGGGCCCTCTGAGTTTTT

I-10 F-GATGCTGCGCTTCTACACCG  NM_001004414.4 207
R-TCCCGTTCTCATCCATCTTC

TLR4 F-CACAGCTCTGGATTTCAGCA  NM_001030693.2 171
R-TTCCGCAGTAGATCCTGCTT

NF-kB F-AGAGGATGCTTCGTTGTGCT ~ NM_001396396.1 186
R-TCCTGGACAGCAGTGAGATG

TGFB F-GGAGGAGGAGAAGGAGGA  NM_205454.2 206
GA
R-GGAACTCTGCTCGAAACAGG

IFNy F-AGCCGCACATCAAACACATA  NM_205149.2 153
R-TCCTTTTGAAACTCGGAGGA

TNFa F-CTGTTCTATGACCGCCCAGT NM_204267.2 169

R-TCAGAGCATCAACGCAAAAG

2 JL-10 interleukin-10, TNF-a tumour necrosis factor- a, IFN-y interferon-y, TLR-4
toll-like receptor-4, TGF-B transforming growth factor-f3, NF-kB nuclear factor
kappa B, MUC-2 mucin-2, ZO-1 zonula occludens-1, GAPDH glyceraldehyde 3
phosphate dehydrogenase

where Y, represents the observation, u denotes the over-
all mean, T; indicates the effect of the ambient tempera-
ture, S; signifies the effect of the sodium butyrate level,
TS;; reflects the interaction between the ambient tem-
perature and sodium butyrate level, and e represents
random error via the GLM procedure in SPSS (version
20, SPSS, Inc., Armonk, New York, USA). The significant
differences between treatment groups were investigated
using Duncan’s multiple-range tests. The threshold for
significance was set at P<0.05, and the tendency toward
significance was set at 0.05<P<0.10. The data in the
tables are presented as the means with their pooled SEM.

Results

Performance parameters

The effects of dietary sodium butyrate supplementation,
temperature, and their interactions on the performance
parameters of growing layer chickens are shown in
Table 3. The two-way probabilities of the effects of dietary
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SB supplementation level, temperature and their inter-
action (SBXT) on the FBW, ADFI ADG, and F/G ratio
were no significantly different (P<0.05). Exposure to heat
stress significantly decreased (P<0.05) the FBW, ADG,
and ADFI but not the F/G ratio, and increased mortal-
ity during the entire experimental period. In addition, the
SBx T interaction significantly (P<0.05) decreased mor-
tality in the HSB2 group compared with the other groups
under the HS conditions.

Immune organ indices

The immune organ parameters are shown in Table 4. The
results revealed that, compared to thermoneutral condi-
tions, high ambient temperatures significantly decreased
(P<0.05) the thymus, liver, and heart weights. In addi-
tion, dietary supplementation with 0.5 SB g/kg resulted
in increased (P<0.05) spleen weight in growing layer
chickens.

Relative length of the small intestinal segment

The lengths of the intestinal segments used the present
study are presented in Table 5. Compared with thermon-
eutral conditions, high ambient temperature significantly
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decreased (P<0.05) the length of the jejunum, ileum, and
cecum length.

lleum morphology

The effects of three levels of SB supplementation at
ambient temperature and their interaction on the ileum
morphology of growing layer chickens are summarized
in Table 6 and Fig. 1. Compared with those under ther-
moneutral conditions, the VH and VH/CD ratio under
high-temperature conditions significantly decreased
(P<0.05). In addition, dietary supplementation with 0.5
SB g/kg diet resulted in higher VH and VH/CD ratio
than the other treatments did. The T XSB interaction
(P<0.05) affected the VH and VD/CD in the LSB2 and
HSB2 groups, which were greater than those in the other
groups and lower than those in the CD in the LSB2 and
HSB3 groups.

Serum antioxidant indices

The serum antioxidant results are presented in Table 7.
The results regarding the impact of dietary supplemen-
tation in the 0.5 SB g/kg diet group revealed a lower
(P<0.05) serum MDA concentration than that in the

Table 3 Effects of ambient temperature and different levels of sodium butyrate (SB) on growth performance, during the growing

stage of laying chickens

Parameters IBW (g) FBW (g) ADG (g) ADFI (g) F/G (g9/9) Mortality (%)
Ambient temperature (T)
L,25°C 41547 697.53° 9.40° 20.58° 226 833
H, 35 °C 41538 669.81° 8.48° 19.27° 231 17.50°
Sodium Butyrate (SB)
SB1,0 g/kg diet 415.28 670.72 851 19.85 238 15.00
SB2,0.5 g/kg diet 415.56 700.25 8.82 20.29 219 10.00
SB3, 1 g/kg diet 41544 680.05 8.49 19.61 227 13.75
Interaction TxSB
LSB1 41530 685.55 9.00 2061 233 7.50¢
LSB2 415.73 713.05 9.91 2091 2.21 7.50¢
LSB3 41538 694.00 9.28 20.13 223 10.00°
HSB1 415.27 655.88 8.02 19.10 243 22.50°
HSB2 41538 687.44 9.06 19.60 217 12.50°
HSB3 415.50 666.11 835 19.10 232 17.50°
SEM 415 13.29 048 0.30 0.12 033
Two ways probabilities*
T 0.980 0014 0.024 0.001 0.622 0.001
SB 0.998 0.087 0.130 0.094 0.234 0.073
TxSB 0.998 0998 0.989 0.633 0.840 0.025

IBW initial body weight, FBW final body weight, ADG average daily gain, ADFI average daily feed intake, F/G feed per gain ratio, L Low ambient temperature, H High
ambient temperature, SEM standard error of the mean. LSB1: group fed without sodium butyrate (SB) supplement at low temperature, LSB2: group fed 0.5 SB g/kg
diet at low temperature, LSB3: group fed 1.0 SB g/kg diet at low temperature, HSB1: group fed without SB supplement at high temperature, HSB2: group fed 0.5 SB g/
kg diet at high temperature, HSB3: group fed 1.0 SB g/kg diet at high temperature

b values in the same column with different letter superscripts mean significant differences (P<0.05). Data represent treatment mean + SEM from n=9 chicks analyzed
per treatment

" Overall treatment P-value
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Table 4 Effects of ambient temperature and different levels of sodium butyrate (SB) on relative immune organ weight during the

growing stage of laying chickens

Parameters Spleen (g/ Bursa (g/kg BW) Thymus (g/ Liver (g/kg BW) Heart (g/kg BW) Intestine (g/ Ovary (g/kg BW)
kg BW) kg BW) kg BW)
Ambient temperature (T)
L,25°C 1.61 3.1 3.42° 18.31° 5.02° 38.26 0.39
H, 35 °C 157 274 2710 16.67° 4.41° 3635 037
Sodium Butyrate (SB)
SB1,0 g/kg diet 1.50° 2.89 283 17.20 443 36.93 037
SB2,0.5 g/kg diet 1.79° 3.03 335 1823 4.94 3838 040
SB3, 1 g/kg diet 1.49° 2.86 3.01 17.04 478 36.61 0.38
Interaction TX SB
LSB1 1.58 3.14 342 18.58 492 38.63 0.38
LSB2 1.74 3.17 3.66 19.20 5.16 39.14 042
LSB3 1.52 3.01 3.18 17.14 4.98 37.20 0.38
HSB1 141 2.63 2.25 15.81 3.95 3522 0.36
HSB2 1.84 2.90 3.04 17.26 4.72 3761 0.38
HSB3 1.46 2.71 2.84 16.95 4.58 36.20 0.37
SEM 0.12 027 0.29 0.80 0.30 1.62 0.03
Two ways probabilities*
T 0.675 0.114 0.004 0.017 0.019 0.152 0.396
SB 0.025 0.794 0.204 0.288 0.249 0512 0.593
TxSB 0.553 0.893 0.363 0.275 0.580 0.711 0.891

L, Low ambient temperature, H High ambient temperature, BW Body weight, SEM standard error of the mean. LSB1: group fed without sodium butyrate (SB)
supplement at low temperature, LSB2: group fed 0.5 SB g/kg diet at low temperature, LSB3: group fed 1.0 SB g/kg diet at low temperature, HSB1: group fed without SB

supplement at high temperature, HSB2: group fed 0.5 SB g/kg diet at high temperature, HSB3: group fed 1.0 SB g/kg diet at high temperature

@b Values in the same column with different letter superscripts mean significant differences (P < 0.05). Data represent treatment mean + SEM from n=9 chicks analyzed

per treatment
" Overall treatment P-value

other groups of growing layer chickens. On the other
hand, the activities of the antioxidant enzymes CAT
and GSH-Px significantly decreased (P<0.05) at high
ambient temperature compared with those under ther-
moneutral conditions, while that of T-AOC tended to
decrease.

Gene expression in ileum tissue

The relative mRNA expression in ileum tissue is sum-
marized in Table 8. Compared with that under ther-
moneutral conditions, the expression of the occluding,
Z0O-1, claudin-1, and IL-10 genes was significantly
downregulated (P<0.05) at high ambient temperatures,
while the expression of TGFP was upregulated. In addi-
tion, dietary supplementation with SB resulted in lower
(P<0.05) levels of NF-kB, TGEP, and IFNy than the
other treatments did. However, there was an effect of
the T X SB interaction (P<0.05) on TGEP gene expres-
sion in the LSB2 and HSB2 groups, being downregu-
lated compared with that in the groups of growing layer
chickens.

Discussion

Poultry are particularly vulnerable to HS due to lack-
ing sweat glands to dissipate heat and having a naturally
high body temperature. However, HS in poultry induced
by high ambient temperature has a detrimental effect
on production performance and intestinal capacity and
results in significant financial losses to farmers [21, 22].
As previously reported [23], HS exposure in growing
broiler chickens leads to behavioral and physiological
changes that have negative consequences on their ADFI
and ADG. The present study revealed that, compared
with thermoneutral conditions, high ambient tempera-
tures significantly decreased the ADFI, ADG, and FBW
and increased mortality growing layer chickens. These
results support the findings of previous studies reporting
that high ambient temperature hinder the growth perfor-
mance parameters of growing layer chickens by decreas-
ing the ADFI and ADG [24, 25]. Moreover, our results
indicate that the interactive effect of dietary SB supple-
mentation with ambient temperature (T XSB) signifi-
cantly improved mortality in the HSB2 group compared
with the other groups. These findings imply that add-
ing SB to the diet of growing layer chickens under high
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Table 5 Effects of ambient temperature and different sodium butyrate (SB) levels on the relative length of intestinal segments during
the growing stage of laying chickens

Parameters Duodenum (cm/kg BW) Jejunum (cm/kg BW) lleum (cm/kg BW) Cecum
(cm/kg
BW)
Ambient temperature (T)
L,25°C 10.36 45.95° 30.90° 11.93°
H, 35°C 9.88 43.66° 29.20° 1061°
Sodium Butyrate (SB)
SB1,0 g/kg diet 10.05 44.77 29.89 1111
SB2,0.5 g/kg diet 10.18 45.60 31.05 11.37
SB3, 1 g/kg diet 1013 4405 29.21 11.33
Interaction T SB
LSB1 10.37 46.54 3235 11.91
LSB2 10.38 47.05 32.04 11.95
LSB3 10.33 4425 29.32 11.92
HSB1 9.72 43.00 2843 10.31
HSB2 9.97 4415 30.06 10.80
HSB3 9.94 43.84 29.10 10.74
SEM 0.35 1.38 091 0.53
Two ways probabilities*
T 0.097 0.049 0.027 0.006
SB 0.928 0.535 0.137 0.875
TxSB 0915 0494 0335 0.903

L Low ambient temperature, H High ambient temperature, BW Body weight, SEM standard error of the mean. LSB1: group fed without sodium butyrate (SB)
supplement at low temperature, LSB2: group fed 0.5 SB g/kg diet at low temperature, LSB3: group fed 1.0 SB g/kg diet at low temperature, HSB1: group fed without SB
supplement at high temperature, HSB2: group fed 0.5 SB g/kg diet at high temperature, HSB3: group fed 1.0 SB g/kg diet at high temperature

b values in the same column with different letter superscripts mean significant differences (P < 0.05). Data represent treatment mean + SEM from n=9 chicks analyzed

per treatment

" Overall treatment P-value

ambient temperatures might alleviate HS-induced oxi-
dative stress (OS) and balance electrolytes to reduce the
effects of chronic HS during the growing phase [8].
Immune organ weights were used to assess a chicken’s
immunological health; the proper development of these
organs is important for the humoral and cellular immune
systems. The immune system serves as the cornerstone
for attaining immunological function, and the spleen,
bursa of Fabricius, thymus, and liver are frequently
weighed due to their vital importance in the formation
and operation of cellular and humoral immunity [25].
The present study revealed that high temperature signifi-
cantly decreased the relative weights of the thymus, liver,
and heart in growing layer chickens. These findings sup-
port those of previous studies indicating that lymphoid
organ weight was reduced in broilers subjected to 6 h of
HS per day [26] and reporting [27] that 15 d of thermal
stress reduced the development of the thymus and liver
in black-bone chickens. Moreover, the thymus is the
organ in which T cells are activated and mature before
move to the peripheral blood to develop immune protec-
tion. Similarly, the spleen is another key immune organ in

the animal body and plays a vital role in the immunologi-
cal system, in this study the relative weight of the spleen
increased in chickens whose diet was supplemented with
SB under HS conditions. The dietary addition of SB might
improve the intestinal bacterial environment, which is
able to strengthen the immune system along with the
digestive system to improve immune organ weight,
another explanation might be that antioxidant effects
alleviate HS-induced OS [28]. The results of the present
study revealed that the relative lengths of the jejunum,
ileum, and cecum were significantly shorter in the high-
ambient temperature groups than in the low-ambient
temperature groups in the growing layer chickens. These
results are consistent with earlier studies indicating
that 20 d of HS (34 °C) in broilers decreased the relative
lengths of the jejunum and ileum and relative weight of
the jejunum [29]. These findings show that HS retards
animal growth while decreasing the lengths and weights
of related immune organs, ultimately affecting immune
development in the chickens. However, the greater the
relative weights of the immune organs and lengths of
the intestinal segments are, the greater the performance
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Table 6 Effects of ambient temperature and different sodium
butyrate (SB) levels on intestinal morphology during the growing
stage of laying chickens

Parameters VH (um) CD (um) VH/CD (pm/pm)
Ambient temperature (T)
L, 25°C 846.18° 113.73 7.50°
H,35°C 771.18° 114.74 6.79°
Sodium Butyrate (SB)
SB1, 0 g/kg diet 815.11° 11767 7.01°
SB2, 0.5 g/kg diet 85044 111.86 7.65%
SB3, 1 g/kg diet 760.50° 11317 6.78°
Interaction Tx SB
LSBT 95544 113.01% 8497
LSB2 826.11% 110.20° 7.51°
LSB3 757.00° 117.98° 6.50°
HSB1 674.77° 122332 5.54¢
HSB2 874.77% 113.52% 7.78°
HSB3 764.00° 108.38° 7.05°
SEM 23.26 3.36 0.28
Two ways probabilities*
T <0.001 0716 0.003
SB <0.001 0.205 0.009
TxSB <0.001 0.022 <0001

L Low ambient temperature, H High ambient temperature, SEM standard error
of the mean. LSB1: group fed without sodium butyrate (SB) supplement at low
temperature, LSB2: group fed 0.5 SB g/kg diet at low temperature, LSB3: group
fed 1.0 SB g/kg diet at low temperature, HSB1: group fed without SB supplement
at high temperature, HSB2: group fed 0.5 SB g/kg diet at high temperature,
HSB3: group fed 1.0 SB g/kg diet at high temperature

b values in the same column with different letter superscripts mean significant
differences (P < 0.05). Data represent treatment mean + SEM from n=9 chicks
analyzed per treatment

" Overall treatment P-value

parameters ADFI and ADG during the growing phase of
layer chickens.

Gut health is vital for feed digestion and nutrient
absorption; therefore, maintaining the proper morpho-
logical structure of the intestine for function, optimal
growth performance, and overall health status is essen-
tial [30]. The key component of the digestive system is
the small intestine, whose morphological structure and
integrity are damaged by HS, leading to decreased feed
intake and nutrient absorption function and ultimately
affecting chicken growth performance [31]. In this study,
the results revealed compromised intestinal integrity,
indicated by the decreased VH and VH/CD ratio, and
increasing CD in the high ambient temperature-induced
HS group resulting in decreased absorptive epithelial cell
and villus surface area, which are correlated with poor
growth performance. These results agree with those of
earlier similar studies indicating that HS (32 °C) at 10 h
per day decreases the VH and VH/CD ratio in broilers,
and increases the CD of the duodenum and ileum in the
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small intestine [30, 32]. However, dietary supplementa-
tion with SB in growing layer chickens increased the VH
and VH/CD ratio while decreasing the CD in the ileum.
Our findings are consistent with previous results indicat-
ing a significant improvement in yellow-feather broiler
chickens small intestine morphometric structure with
the addition of SB of their diet [33]. We observed that the
T xSB interaction resulted in significant improvements
in the LSB2 and HSB2 groups compared to the other
groups. These findings imply that adding SB to the diet
might alleviate HS-induced morphological damage to the
small intestine by improving the OS and the inflamma-
tory response. A previous study [34] confirmed that the
inclusion of SB in diets of laying hens leads to a substan-
tial increase in the VH of the small intestine segments
(jejunum and ileum). Similar findings were reported
[35] indicating that SB supplementation substantially
increased the VH and VH/CD ratio in the small intestine
of broiler chickens.

Heat stress is a factor that causes OS, which is charac-
terized by the excessive formation of reactive oxygen spe-
cies (ROS) and disruption of redox signaling between the
oxidative and antioxidant systems [36]. The health and
physiological status of the chickens were determined by
evaluating their serum antioxidant activity and immune
system. In this study, growing layer chickens in the high-
ambient-temperature group induced HS and had a higher
MDA content, with lower CAT and GSH-Px activities
than those in thermoneutral group, which is consistent
with previous results [37, 38]. In addition, dietary sup-
plementation with SB significantly decreased the serum
MDA content in response to decreased lipid peroxida-
tion, a marker for disturbance of cellular homeostasis
and immune status. Lipid peroxidation produces MDA,
which functions as an OS by assembling ROS and reduc-
ing the activity of the antioxidant enzymes CAT, GSH-
Px, and T-SOD, which are significant biomarkers of
cellular antioxidant mechanisms [6]. These results indi-
cate that high ambient temperature-induced HS reduced
the ROS scavenging capacity by lowering the activity of
antioxidant enzymes, leading to increased production
of ROS-induced lipid peroxidation and MDA accumula-
tion. However, dietary supplementation with SB under
HS conditions during the growing phase of layer chick-
ens has a beneficial effect by reducing the MDA content,
which is a marker of OS. Overall, evidence indicates that
maintaining a proper redox balance is crucial for the sta-
bility of cells and tissues in all biological systems, includ-
ing processes such as cell proliferation, metabolism,
autophagy, and oxidation [39].

Intestinal tight junction protein (TJP), which is com-
posed of multiple protein complexes such as occluding,
Zo-1, and claudin-1 is involved in the formation of a
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LSB1 LSB2 LSB3

HSBI HSB2 HSB3
Fig. 1 Effects of two levels of temperatures and three levels of sodium butyrate (SB) on ileum morphology at the growing phase of layer chicken.
Hematoxylin and Eosin stain, scale bar, 100 pm. L, low ambient temperature; H, high ambient temperature; SB1, supplementation of 0 g SB/kg diet;
SB2, supplementation of 0.5 g SB/kg diet; SB3, supplementation of 1 g SB/kg diet

Table 7 Effects of ambient temperature and different levels of sodium butyrate (SB) on antioxidant enzyme activities during the
growing stage of laying chickens

Parameters MDA (nmol/ml) H202 (pmol/ml) T-AOC (U/mL) CAT (U/mL) T-SOD (U/mL) GSH-Px (U/mL)
Ambient temperature (T)
L,25°C 3.73 5193 572 5.65° 163.18 322.40°
H, 35 °C 398 56.88 470 419° 159.73 273.00°
Sodium Butyrate (SB)
SB1, 0 g/kg diet 4.89° 57.96 5.07 487 159.37 284.79
SB2, 0.5 g/kg diet 3.28° 5134 537 513 16529 313.75
SB3, 1 g/kg diet 3.40° 5391 5.19 4.76 159.71 294.56
Interaction TxSB
LSB1 4.19 54.27 557 5.75 161.74 313.76
LSB2 344 50.05 582 5.89 168.63 33946
LSB3 3.57 5146 5.76 533 159.16 31397
HSB1 5.60 61.65 457 4.00 157.00 255.81
HSB2 3.1 52.63 491 437 161.94 288.04
HSB3 3.24 56.36 4.63 4.19 160.26 275.15
SEM 046 4.25 0.69 0.64 528 16.13
Two ways probabilities*
T 0511 0.160 0.081 0.008 0428 <0.001
SB <0.001 0.301 0914 0.844 0459 0.199
TxSB 0.106 0.853 0.987 0.890 0.746 0.835

MDA malondialdehyde, H202 Hydrogen peroxide, T-AOC Total antioxidant capacity, CAT catalase, T-SOD Total superoxide dismutase, GSH-Px Glutathione peroxidase,
L Low ambient temperature, H High ambient temperature, SEM standard error of the mean. LSB1: group fed without sodium butyrate (SB) supplement at low
temperature, LSB2: group fed 0.5 SB g/kg diet at low temperature, LSB3: group fed 1.0 SB g/kg diet at low temperature, HSB1: group fed without SB supplement at
high temperature, HSB2: group fed 0.5 SB g/kg diet at high temperature, HSB3: group fed 1.0 SB g/kg diet at high temperature

b values in the same column with different letter superscripts mean significant differences (P < 0.05). Data represent treatment mean + SEM from n=9 chicks analyzed
per treatment

" Overall treatment P-value
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Table 8 Effects of ambient temperature and different levels of sodium butyrate (SB) on inflammation and tight junction-related mRNA
expression during the growing stage of laying chickens

Parameters MUC-2 Occludin Z0O-1 Claudin-1 TLR4 NF-kB TGFB IFNy TNFa IL-10
Ambient temperature (T)
L 25°C 092 0.98° 1072 1.08° 1.09 0.89 1110 111 101 1452
H,35°C 0.80 0.79° 0.80° 0.77° 117 103 2.07° 1.56 112 0.82°
Sodium Butyrate (SB)
SB1, 0 g/kg diet 0.89 0.90 092 0.92 131 1.20° 1.96° 1.92° 117 114
SB2,0.5 g/kg diet 0.90 0.90 0.99 0.97 101 0.81° 1.10° 1.02° 0.99 127
SB3, 1 g/kg diet 0.79 086 091 088 107 0.87° 1722 1.06° 103 1.00
Interaction Tx SB
LSBT 1.04 1.04 1.04 111 117 114 1130 128 1.1 1.56
LSB2 0.96 0.98 1.15 117 101 0.70 1.08° 1.00 0.95 163
LSB3 0.78 0.92 1.02 0.98 1.07 0.82 1.14° 1.04 0.98 117
HSB1 0.75 0.76 0.79 0.73 145 127 279° 2.56 123 0.72
HSB2 085 0.82 0.82 0.78 1.01 0.92 1120 1.04 1.04 091
HSB3 083 0.80 0.80 0.78 107 0.92 2.30° 107 1.08 082
SEM 013 0.10 0.11 0.15 0.18 0.17 032 033 0.14 037
Two ways probabilities*
T 0.261 0.043 0.006 0015 0.559 0.291 0.001 0.099 0376 0043
SB 0620 0.903 0.757 0.828 0.232 0.051 0.029 0013 0442 0.763
TxSB 0.509 0.743 0.898 0817 0670 0.942 0.046 0.102 0.990 0.792

MUC-2 mucin-2, ZO-1 zonula occludens-1, TLR-4 toll-like receptor-4, NF-kB nuclear factor kappa B, TFG- transforming growth factor -3, TNF-a tumour necrosis factor-
a, IFN-y interferon-y, IL-10 interleukin-10, L Low ambient temperature, H High ambient temperature, SEM standard error of the mean. LSB1: group fed without sodium
butyrate (SB) supplement at low temperature, LSB2: group fed 0.5 SB g/kg diet at low temperature, LSB3: group fed 1.0 SB g/kg diet at low temperature, HSB1: group
fed without SB supplement at high temperature, HSB2: group fed 0.5 SB g/kg diet at high temperature, HSB3: group fed 1.0 SB g/kg diet at high temperature

@b Values in the same column with different letter superscripts mean significant differences (P < 0.05 Data represent treatment mean = SEM from n=9 chicks analyzed

per treatment
" Overall treatment P-value

supportive structural mucosal barrier to protect intesti-
nal permeability [40, 41]. In the present study, the expres-
sion of the TJP genes occluding, Zo-1 and claudin-1, and
the anti-inflammatory cytokine gene IL-10 was signifi-
cantly downregulated at high (H) ambient temperature
compared with low (L) ambient temperature, while that
of TGF-P was upregulated. These results agree with ear-
lier findings that showed that high ambient temperatures
downregulated the mRNA expression of the TJP genes
occluding, Zo-1, and claudin-1 in the small intestine [42,
43]. Consequently, the disruption of the function of the
animal gut mucosal barrier induced by downregulated
mRNA expression of TJPs (occluding, ZO-1 and clau-
din-1) eventually leads to increased gut permeability.
These results indicate that high ambient temperature-
induced HS increases OS disruption of the intestinal
morphology and destruction of the gut structure, ulti-
mately increasing pathogen permeability. Previous stud-
ies reported that dietary SB has a beneficial effect on
alleviating intestinal barrier dysfunction by increasing the
relative mRNA expression of TJPs (occluding, ZO-1 and
claudin-1) in the small intestine segments (jejunum and
ileum) of laying chickens [18, 44]. The elevated levels of

proinflammatory cytokines and decreased levels of anti-
inflammatory cytokines in high ambient temperature-
induced HS growing layer chickens indicated that high
temperature modulated the initiation of an inflammatory
response. Notably, high ambient temperatures can trigger
the NF-«B signaling pathway, which is a prominent tran-
scription factor implicated in inflammatory disorders, by
leading to tissue damage in broilers [45, 46]. A previous
study [47] reported that acute HS intensifies the NF-xB
pathway and promotes the development of intestinal
inflammation in broilers. However, dietary supplementa-
tion with SB significantly downregulated the expression
of the proinflammatory cytokine genes NF-kB, TGF-f,
and IFN-y compared with that in the other groups. Our
results were consistent with those of a previous study in
while SB supplementation inhibited the NF-kB signal-
ing pathway by downregulating TGF-B and IFN-y gene
expression in the ileum of HS-induced growing layer
chickens [48]. These findings indicate that dietary SB sup-
plementation ameliorates the inflammatory response in
the ileum of HS-induced growing layer chickens, which
might have a beneficial effect on intestinal morphology
and junction protein structure.
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Conclusion

In conclusion, HS-induced morphological damage and
oxidative stress and disrupted the TJPs (occluding, ZO-1
and claudin-1) structure in the ileum of growing layer
chickens reared at high ambient temperatures. Supple-
mentation with 0.5 SB g/kg diet is potentially a suitable
solution for alleviating HS-induced TJPs structural dys-
function, oxidative stress, and the inflammatory response
(NF-kB, TGEp, and IFNY). The findings of this study indi-
cate that SB supplementation attenuates intestinal dam-
age under HS conditions in the growing phase of layer
chickens.

Abbreviations

SB Sodium butyrate

HS Heat stress

ROS Reactive oxygen species
VH Villus height

cD Crypt depth

IBW Initial body weight

FBW Final body weight
ADG Average daily gain
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L Low ambient temperature
H High ambient temperature
SEM Standard error of the mean
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T-AOC Total antioxidant capacity
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T-SOD Total superoxide dismutase
GSH-Px  Glutathione peroxidase
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TLR-4 Toll-like receptor-4
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