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the inflammatory response in broilers during lipopolysaccharide-induced
immune stress
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ABSTRACT Immune stress exerts detrimental effects
on growth performance and intestinal barrier function
during intensive animal production with ensuing serious
economic consequences. Chlorogenic acid (CGA) is
used widely as a feed additive to improve the growth
performance and intestinal health of poultry. However,
the effects of dietary CGA supplementation on ameliora-
tion of the intestinal barrier impairment caused by
immune stress in broilers are unknown. This study inves-
tigated the effects of CGA on growth performance, intes-
tinal barrier function, and the inflammatory response in
lipopolysaccharide (LPS) mediated immune-stressed
broilers. Three hundred and twelve 1-day-old male
Arbor Acres broilers were divided randomly into 4
groups with 6 replicates of thirteen broilers. The treat-
ments included: i) saline group: broilers injected with
saline and fed with basal diet; ii) LPS group: broilers
injected with LPS and fed with basal diet; iii) CGA
group: broilers injected with saline and feed supple-
mented with CGA; and iv) LPS+CGA group: broilers
injected with LPS and feed supplemented with CGA.
Animals in the LPS and LPS+CGA groups were
injected intraperitoneally with an LPS solution prepared
with saline from 14 d of age for 7 consecutive days,

whereas broilers in the other groups were injected only
with saline. LPS induced a decrease in feed intake of
broilers during the stress period, but CGA effectively
alleviated this decrease. Moreover, CGA inhibited the
reduction of villus height and improved the ratio of vil-
lus height to crypt depth in the duodenum of broilers 24
and 72 h after LPS injection. In addition, dietary CGA
supplementation significantly restored the expression of
cation-selective and channel-forming Claudin2 protein 2
h after LPS injection in the ileum. LPS enhanced the
expression of tumor necrosis factor-a (TNF-a) and
interleukin-18 (IL-1B) in the small intestine, but this
enhancement was blocked by CGA supplementation.
The expression of interleukin-10 (IL-10) increased with
LPS injection and CGA promoted the production of
IL-10. CGA addition downregulated the expression of
intestinal interleukin-6 (IL-6) of broilers under normal
rearing conditions. However, CGA supplementation
upregulated the expression of IL-6 of broilers 72 h after
LPS injection. The data demonstrate that dietary sup-
plementation with CGA alleviates intestinal barrier
damage and intestinal inflammation induced by LPS
injection during immune stress thereby improving
growth performance of broilers.
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INTRODUCTION

The intestinal tract not only is the principal site of
nutrient digestion and absorption, but also is the largest
immune organ in poultry. Intestinal health is essential
to poultry production efficiency and performance. With
the development of modern intensive farming, high
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feeding density and high yield requirements make com-
mercial broilers more susceptible to diverse stressors,
including inappropriate environmental temperature and
humidity, overcrowding, and catching practices (Gilani
et al., 2021). Stress may damage the intestinal barrier
and cause intestinal inflammation in poultry, thereby
affecting production performance (Li et al., 2015; Tang
et al., 2021; Zhou et al., 2021). The addition of antibiot-
ics to diets alleviates the stress that results from poor
feeding environments, but also may lead to antibiotic
residue problems that endanger animal and human
health. Moreover, the drive to limit antibiotic use in
agriculture has encouraged the search to identify safe,
efficient, and pollution-free dietary additives that allevi-
ate animal stress without harm to animal or human
well-being.

Numerous reports have demonstrated that Chinese
herbal medicines and the active compounds within these
medicines significantly enhance both animal immune
function (Qiu et al., 2007) and intestinal mucosal integ-
rity (Han et al., 2016), with the advantages of producing
fewer side effects than other drugs, wide availability,
and high efficacy (Chen et al., 2014). Chlorogenic acid
(CGA) is present widely in diverse plants, including
Eucommia ulmoides (Chinese rubber tree), honeysuckle
and coffee (Upadhyay and Mohan Rao, 2013; Miao and
Xiang, 2020). CGA has attracted increasing attention
because of its extensive biological activities, including
antioxidation (Zhao et al., 2019; Ji et al., 2021; Bai
et al., 2022) and antibacterial properties (Wang et al.,
2015a; Gong et al., 2018; Wu et al., 2018), and ability to
regulate immune function (Liang and Kitts, 2015;
Vukelic et al., 2018; Chen et al., 2021). Moreover, CGA
exerts protective effects against intestinal-related
inflammation in both cellular and animal models (Liang
and Kitts, 2015). The compound also exerts anti-inflam-
matory effects in TNF-a and HsOs-induced human
intestine epithelia Caco-2 cells by down regulating inter-
leukin-8 (IL-8) production (Shin et al., 2015). In addi-
tion, CGA supplementation ameliorates intestinal
inflammation, improves intestinal barrier integrity, and
upregulates the expression of intestinal tight junction
proteins in weaned rats challenged with lipopolysaccha-
ride (LPS) (Ruan et al., 2014). Moreover, CGA as a
feed additive improved growth performance, enhanced
antioxidant capacity, promoted intestinal barrier func-
tion, and maintained the integrity of the intestinal
mucosa morphology in weaned pigs (Chen et al., 2018a,
b,c). Similarly, addition of CGA into broiler feed
improved growth performance, inhibited small intestinal
structural damage, and reduced the expression of inflam-
matory cytokines in both Clostridium perfringens-chal-
lenged broilers and coccidium-infected animals (Zhang
et al., 2020; Liu et al., 2022a). CGA also alleviated acute
heat stress-induced intestinal injury in young chickens
by blocking inflammation and improving antioxidant
capacity and cecal microbiota composition (Chen et al.,
2021).

Intestinal diseases that result in altered immune func-
tion, lower productivity, higher mortality, and the

contamination of food products pose significant threats
to the poultry industry. Gram-negative bacterial LPS is
the principal source of intestinal disease (Wang et al.,
2015b), and intraperitoneal and intravenous LPS have
been used widely to induce immune stress experimen-
tally in poultry (Takahashi et al., 1997; Xie et al., 2000;
Zhang et al., 2010; Li et al., 2015; Chen et al., 2018d).
Although increasing numbers of studies have been con-
ducted on the effects of CGA in poultry production,
rarely data have been presented that examined the regu-
lation by CGA of intestinal barrier function and the
inflammatory response in broilers under LPS-induced
immune stress. Therefore, in this study, an immune
stress model in broilers was induced by intraperitoneal
injection of LPS was established to investigate the pro-
tective effects of CGA on intestinal barrier function and
inflammation of broilers. The results could provide refer-
ence and basis for the establishment of experimental
models and future rational utilization of CGA in broiler
feed.

MATERIALS AND METHODS
Broilers, Diets, and Experimental Treatments

Three hundred and twelve 1-day-old male AA broilers
were purchased from a commercial broiler hatchery
(Luoyang, China). All healthy broilers with similar aver-
age body weight (37 &+ 0.5 g) were assigned randomly to
4 experimental treatments with 6 replicates per treat-
ment for 23-day feeding trials. The 4 experimental treat-
ments were: 1) saline group (broilers injected with saline
and fed with basal diet); ii) LPS group (broilers injected
with LPS and fed with basal diet); iii) CGA group
(broilers injected with saline and feed supplemented
with CGA); and iv) LPS+CGA group (broilers injected
with LPS and feed supplemented with CGA). From the
age of 14 d, broilers in the LPS and LPS+CGA groups
were injected intraperitoneally with LPS solution pre-
pared with saline every morning according to the body
weight of each chicken, whereas animals in other groups
were injected with saline only. The injections were
administered daily for 8 consecutive days. The dosage
and route of administration of LPS were based on a pre-
vious study (Li et al., 2015). The supplemental CGA
(purity 98%) was provided by Changsha Staherb Natu-
ral Ingredients Co. (Changsha, China). The level of
CGA used here was selected based on the results of our
previous unpublished studies. CGA was added through-
out the trial period. The basal diet was formulated
according to NRC (National Research Council, 1994) to
meet the nutrient requirements of the broilers (Table 1).
Broilers were placed in the terrace of a mechanically ven-
tilated room under controlled temperature, humidity,
and lighting conditions. Animals were raised in 3-layer
ladder cages with free access daily to food and water.
The feeding room temperature was maintained at 32°C
to 34°C in the initial stage (d 1-5) and then gradually
decreased by 2°C per wk to reach a final room tempera-
ture of 22°C to 24°C (d 5—23). The relative humidity
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Table 1. Composition and nutrient levels of the experimental
basal diet.

Ingredients, % Content
Corn 60.1
Soybean meal 33.07
Soybean oil 3.6
Limestone-calcium carbonate 1.1
Calcium hydrogen phosphate 1
DL-Methionine (98%) 0.2
L-Lysine HCL (78%) 0.2
Sodium chloride 0.3
Vitamin premix’ 0.03
Mineral premix” 0.2
Choline chloride (50%) 0.15
Ethoxyquin (33%) 0.05
Total 100
Calculated nutrient levels®

Metabolizable energy, kcal/kg 2990
Crude protein 20.5
Calcium 0.99
Available phosphorus 0.44
Lysine 0.1
Methionine 0.47

Vitamin premix provided the following per kg of diet: vitamin A (reti-
nylacetate), 12,500 IU; vitamin D3 (cholecalciferol), 2,500 IU; vitamin E
(DL-a-tocopherol acetate), 18.75 mg; vitamin K3 (menadione sodium
bisulfate), 2.65 mg; vitamin By 2 mg; vitamin B, 6 mg; vitamin Bg 6 mg;
vitamin By, (cyanocobalamin), 0.025 mg; biotin, 0.0325 mg; folic acid,
1.25 mg; pantothenic acid, 1.25 mg; nicotinic acid, 50 mg.

“Mineral premix provided per kilogram of complete diet: Cu (as copper
sulfate), 8 mg; Zn (as zinc sulfate), 75 mg; Fe (as ferrous sulfate), 80 mg;

Mn (as ﬁlanganese sulfate), 100 mg; Se (as sodium selenite), 0.15 mg; I (as
potassium iodide), 0.35 mg.
3Calculated value based on the analyzed data of experimental diets.

was maintained between 40 and 60%, and natural venti-
lation was provided. Broilers received continuous light
for the first 3 d, and were then maintained under 23L:1D
for the remainder of the study. All procedures were
approved by the Animal Care and Use Committee of
Henan University of Science and Technology.

Determination of Growth Performance

Body weight and daily feed intake of birds were
recorded on d 14, 15, 17, and 19 to calculate the average
daily gain (ADG), average daily feed intake (ADFI),
and feed conversion rate (FCR) of each group. Chicken
mortality was recorded daily after which performance
parameters were corrected for mortality.

Sample Collection

One bird from each replicate was randomly selected
and sacrificed by decollation at 2 h, 4 h, 24 h, and 72 h
after the first injection of LPS, and the whole intestinal
tract was removed quickly. The tissues of the middle
part of the duodenum, jejunum, and ileum were cut with
sterile forceps and scissors and were rinsed gently with
precooled PBS. One portion was placed in 4% parafor-
maldehyde tissue fixative and used to make hematoxylin
and eosin (H&E)-stained sections to observe the effect
of CGA addition on intestinal morphology in immune-
stressed broiler chickens, and the other portion was
quickly frozen in liquid nitrogen and stored at —80°C for
mRNA expression analysis.

Intestinal Morphology

The histological measurement was done according to
a method as previously described (Zhen et al., 2018).
Intestinal samples were dehydrated in a graded ethanol
series (50, 70, 80, 90, 95, and 100% ethanol), clarified
with fresh xylene, and then embedded into paraffins.
Serial sections (5 mm of thickness) were cut by pathol-
ogy slicer (Leica Microsystems K. K., Tokyo, Japan),
and stained with H&E. After staining, the sections were
visualized using a scanner (Pannoramic MIDI, Buda-
pest, Hungary) for better observation of intestinal mor-
phology and measurement data. The villus height (VH;
from the tip of the villus to the villus crypt opening) and
crypt depth (CD; from the base of the crypt to the level
of the crypt opening) of 20 well-oriented villi were mea-
sured per segment using CaseViewer software (version
2.0) and the mean values were calculated. The ratio of
VH to CD then was determined.

Gene Expression Using Quantitative
Real-Time PCR

Total RNA was extracted from duodenum, jejunum,
and ileum tissue samples using the Trizol reagent
(Thermo Fisher Scientific, Ottawa, Canada) according
to the instructions of the manufacturer. The integrity of
the RNA was assessed by visualization on agarose gels.
RNA concentration and purity were determined using a
Nanodrop ND-2000 spectrophotometer (Thermo Scien-
tific, Ottawa, Canada). Synthesis of ¢cDNA was per-
formed according to the instructions of the kit
manufacturer (Vazyme Biotech Co., Ltd., Nanjing,
China) using primers based on the chicken genome
sequence (Table 2) that were synthesized by Sagon Bio-
tech (Shanghai, China). Reverse transcription was per-
formed for 15 min at 37°C and terminated for 5 s at 85°
C. The gene for GAPDH was used as a reference for nor-
malization. Quantitative real-time PCR was performed
on a CFX Connect Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA) using a SYBR
Green PCR kit (Vazyme Biotech Co., Ltd.). The real-
time PCR program began with denaturation at 95°C for
30 s, followed by 40 cycles at 95°C for 10 s and 60°C for
30 s. Dissociation analysis of the amplification products
was performed after each PCR run to confirm that a sin-
gle PCR product was amplified and detected. Results
were calculated using the 274" method (Livak and
Schmittgen, 2001).

Statistical Analysis

Normality of all the data was performed with SPSS
statistical software (ver. 20.0 for Windows, SPSS Inc.,
Chicago, IL) by using 1-way ANOVA followed by Dun-
can multiple comparison tests. Significance (P value)
was evaluated at 0.05. All results were represented by
mean values and the standard error of the mean

(SEM).
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Table 2. Primers for RT-qPCR analysis.

Gene' Primer sequence (5'—3')” Length (nt) GenBank number

OCLN F: ACGGCAGCACCTACCTCAA 123 XM 025144247.2
R: GGGCGAAGAAGCAGATGAG

CLDN2 F: CCTACATTGGTTCAAGCATCGTGA 131 NM_001277622.1
R: GATGTCGGGAGGCAGGTTGA

TNF-« F: GAGCGTTGACTTGGCTGTC 176 NM_ 214022.1
R: AAGCAACAACCAGCTA TGCAC

IL-18 F: ACTGGGCA TCAAGGGCTA 154 NM_ 214005.1
R: GGTAGAAGA TGAAGCGGGTC

IL-10 F: AGAAATCCCTCCTCGCCAAT 121 NM 001004414.2
R: AAATAGCGAACGGCCCTCA

IL-6 F: GCTGCGCTTCTACACAGA 203 NM_ 204628.1
R: TCCCGTTCTCA TCCA TCTTCTC

GAPDH F: TGCTGCCCAGAACATCATCC 142 NM_ 204305

R: ACGGCAGGTCAGGTCAACAA

!OCLN = occludin; CLDN2 = claudin2; TNF-¢ = tumor necrosis factor-o; IL-18 = interleukin-18; IL-10 = interleukin-10; IL-6 = interleukin-6;

GAPDH = glyceraldehyde-3-phosphate.
F — forward primer; R = reverse primer.

RESULTS

Growth Performance of Broilers During
LPS-Induced Immune Stress

No significant difference in body weight during LPS-
mediated immune stress was observed compared to the
untreated control group. Similarly, CGA alone or in
combination with LPS did not impact body weight
(Figure 1A). In contrast, intraperitoneal injection of
LPS significantly reduced (P < 0.05) the body weight
gain of broilers at d 14 to 15 and 17 to 19 (Figure 1C), as
well as the feed intake of broilers at d 14 to 15, 15 to 17,
and 17 to 19 (P < 0.05) (Figure 1B) compared with the
control group. CGA supplementation counteracted the
LPS-mediated decrease in feed intake of broilers at d 15
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to 17 and 17 to 19 (P < 0.05), but not the LPS-mediated
reduction in body weight gain. Compared with the con-
trol group, intraperitoneal injection of LPS significantly
increased (P < 0.05) the feed to meat ratio of broilers at
d 14 to 15. This increase was not affected by CGA treat-
ment (Figure 1D).

Effects of LPS and CGA on Intestinal
Morphology in the Duodenum

Severe damage to the structure of duodenal villi was
evident at 24 h and 72 h after intraperitoneal injection
of LPS. This damage manifested both as VH shortening
and morphological alterations (Figure 2A). Thus, the
duodenal VH and the ratio of VH to CD at 24 h and
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Figure 1. Effects of dietary CGA supplementation on growth performance of LPS-challenged broilers (n = 6). (A) Body weight of broilers chal-
lenged with LPS. (B) Feed intake of broilers challenged with LPS. (C) Body weight gain of broilers challenged with LPS. (D) FCR of broilers chal-
lenged with LPS. Blue, saline; red, LPS; green, CGA; violet, LPS + CGA. Bars without the same letter differed significantly (P < 0.05).
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Figure 2. Effects of dietary CGA supplementation on duodenum morphology of LPS-challenged broilers (n = 6). (A) Morphological structure of
duodenum of broilers at 4 h, 24 h, and 72 h after LPS injection. (B) Villous height of duodenum intestine. (C) Crypt depth of duodenum intestine.
(D) V/C (villous height/crypt depth) ratio of duodenum intestine. Blue, saline; red, LPS; green, CGA; violet, LPS + CGA. Bars without the same

letter differed significantly (P < 0.05). Scale bar, 100 pm.

72 h after LPS injection were decreased in the LPS
group (Figure 2B and D) compared with the saline-
treated, control group (P < 0.05). No impact on duode-
num CD was observed up to 72 h after LPS administra-
tion (P > 0.05) (Figure 2C). Addition of CGA alone to
the broiler diet affected neither VH nor the VH:CD
ratio. However, CGA fully inhibited the LPS-induced
reduction in VH in the duodenum and also significantly

ameliorated (P < 0.05) the impact of LPS on the VH:
CD ratio (Figure 2B and D).

Effects of LPS and CGA on Expression of
Genes Involved in Tight Junction Formation

The expression of CLDN2 in the duodenum decreased
significantly (P < 0.05) in the LPS group compared with
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the control group 2 h and 24 h after injection, but not
after 4 h or 72 h. The LPS-induced decrease in
expression of CLDNZ2 in the duodenum after 2 h and 24
h was not relieved by inclusion of CGA in the broiler
diet (Figure 3B). Similarly, the expression of CLDN2
in the ileum of the LPS group decreased significantly
(P <0.05) 2 h and 4 h after LPS injection, but not after
24 h or 72 h. However, dietary CGA supplementation
restored CLDN2 expression at the 2 h timepoint
(P < 0.05) (Figure 3F). Moreover, expression of ileum
CLDN2 mRNA increased significantly (P < 0.05) in the
CGA group after 4 h and 24 h compared with the saline,
control group (Figure 3F). Intraperitoneal injection of
LPS and/or dietary CGA supplementation did not
significantly affect jejunal CLDN2 mRNA expression
(Figure 3D). No major changes in expression of the
OCLN mRNA expression were observed in the duode-
num (Figure 3A) or jejunum (Figure 3C) following
LPS and/or CGA treatment. However, expression of
this gene spiked significantly (P < 0.05) after 2 h in
ileum tissue of broilers fed a CGA-supplemented diet
(Figure 3E).
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Effects of LPS and CGA on Expression of
Genes Involved in the Inflammatory
Response

Compared with the saline alone group, expression of
the TNF-o mRNA decreased significantly (P < 0.05) in
the duodenum at 4 h (Figure 4A) and in the ileum at
72 h (Figure 4C) of broilers that were fed a CGA supple-
ment. In contrast, CGA induced an increase (P < 0.05)
in TNF-a expression at 72 h in the duodenum
(Figure 4A). Intraperitoneal injection of LPS caused a
significant increase (P < 0.05) in TNF-« mRNA expres-
sion in the duodenum after 2 h (Figure 4A), in the jeju-
num after 4 h and 72 h (Figure 4B), and in the ileum
after 2 h and 72 h (Figure 4C). However, dietary CGA
supplementation significantly decreased (P < 0.05) the
levels of TNF-o mRNA in the duodenum after 2 h
(Figure 4A), in the jejunum after 72 h (Figure 4B), and
in the ileum after 2 h and 72 h (Figure 4C) following
LPS injection compared with the LPS alone group.

The changes in IL-18 mRNA expression in each intes-
tinal segment are illustrated in Figure 5. The most
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Figure 3. Effects of dietary CGA supplementation on mRNA levels of tight junctions of LPS-challenged broilers (n = 6). Relative expression of
the gene for duodenum occluding (A) and claudin2 (B). Relative expression of the gene for jejunum occluding (C) and claudin2 (D). Relative expres-
sion of the gene for ileum occluding (E) and claudin2 (F). The gene for GAPDH was used as a reference for normalization. Blue, saline; red, LPS;
green, CGA; violet, LPS+CGA. Bars without the same letter differed significantly (P < 0.05).
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notable changes were that CGA significantly decreased
(P < 0.05) IL-1B expression in the duodenum at 2 h
(Figure 5A). Intraperitoneal injection of LPS signifi-
cantly increased (P < 0.05) the expression of IL-18
mRNA both in the jejunum 72 h after injection
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(Figure 5B), and in the ileum 2 h and 4 h after injection
(Figure 5C). Dietary CGA significantly reduced
(P <0.05) IL-18 mRNA expression in the ileum 2 h after
LPS administration compared with the LPS alone group
(Figure 5C).
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Figure 5. Effects of dietary CGA supplementation on mRNA levels of IL-18 in the broiler intestine after LPS injection (n = 6). Relative
expression of the gene for IL-18 in the duodenum (A), jejunum (B), and ileum (C) after LPS injection. IL-18 = interleukin-18. The gene for GAPDH
was used as a reference for normalization. Blue, saline; red, LPS; green, CGA; violet, LPS + CGA. Bars without the same letter differed significantly
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The expression of IL-10 mRNA decreased significantly
(P < 0.05) in the duodenum of broilers fed with CGA at
72 h compared with the saline group (Figure 6A). In
contrast, intraperitoneal injection of LPS significantly
increased (P < 0.05) IL-10 expression in the duodenum
2 h and 4 h after injection (Figure 6A), in the jejunum
72 h after injection (Figure 6B), and in the ileum 2 h
after injection (Figure 6C). Compared with the LPS
alone group, dietary CGA supplementation significantly
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increased (P < 0.05) IL-10 mRNA expression in the duo-
denum 2 h after LPS injection (Figure 6A), in the jeju-
num 2 h and 24 h after injection (Figure 6B), and in the
ileum 4 h after LPS administration (Figure 6C).
Expression of IL-6 mRNA decreased significantly
(P < 0.05) after 4 h in the jejunum of broilers fed with
CGA compared with the saline group (Figure 7B). Intra-
peritoneal injection of LPS reduced (P < 0.05) IL-6
mRNA levels in the jejunum 4 h and 24 h after injection
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Figure 7. Effects of dietary CGA supplementation on mRNA levels of IL-6 in the broiler intestine after LPS injection (n = 6). Relative expres-
sion of the gene for IL-6 in the duodenum (A), jejunum (B), and ileum (C) after LPS injection. IL-6 = interleukin-6. The gene for GAPDH was used
as a reference for normalization. Blue, saline; red, LPS; green, CGA; violet, LPS/CGA. Bars without the same letter differed significantly (P < 0.05).
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(Figure 7B), but IL-6 expression in the ileum was
enhanced (P < 0.05) after 2 h and 24 h of LPS treatment
(Figure 7C). Coadministration of dietary CGA and LPS
significantly increased (P < 0.05) the expression of IL-6
in the duodenum 2 h and 72 after LPS injection
(Figure 7A), in the jejunum 24 h after injection
(Figure 7B), and in the ileum 72 h after injection
(Figure 7C). In contrast, dietary CGA supplementation
reduced the expression of IL-6 mRNA in ileum 2 h and
24 h after LPS injection (Figure 7C).

DISCUSSION

LPS, a major component of the cell wall of gram-nega-
tive bacteria, is a highly potent activator of the innate
immune system (Freudenberg et al., 2008; Rossol et al.,
2011). Exposure to LPS alters the intrinsic barrier func-
tion and the permeability of the small intestine which
results in immune stress and poor growth performance
in poultry (Wang et al., 2015b). For example, intraperi-
toneal injection of LPS (500 pg/kg body weight) at d
16, 18, and 20 reduced the ADG and ADFI and
increased FCR, of Arbor Acre broiler chickens from d 16
to 21 (Li et al., 2015). Similarly, broilers that received
intraperitoneal injections of LPS (1 mg/kg body weight)
at d 17, 19, and 21 exhibited reduced ADG and ADFI,
and increased FCR at d 17 to 21 (Chen et al., 2018d). In
this study, we obtained equivalent experimental results:
LPS injection at 500 ug/kg body weight significantly
reduced both the body weight gain of broilers at d 14 to
15 and 17 to 19 and the feed intake during d 14 to 15, 15
to 17, and 17 to 19, but increased the FCR of broilers on
d 14 to 15. These initial results indicated that the
immune stress model was established successfully and
was suitable for subsequent investigation of the effects
of CGA on broiler health. The impaired growth perfor-
mance of LPS-challenged broilers is attributable to
reduced appetite and repartitioning of nutrients to
improve immune system development (Spurlock, 1997)
which consequently releases fewer nutrients for chicken
growth. It was reported that dietary supplementation
with CGA increased the ADG and decreased the feed:
gain ratio in broilers challenged with the synthetic gluco-
corticoid DEX (Liu et al., 2022b). Dietary CGA supple-
mentation also may improve the performance of broilers
infected with C. perfringens type A by increasing ADG
and reducing FCR (Zhang et al., 2020). Analogously,
our data demonstrate that providing a CGA-supple-
mented diet restored the feed intake of 15 to 17-day and
17 to 19-day broilers treated with LPS.

The development of gastrointestinal organs impacts
the subsequent digestive and absorptive capacities of
broilers. The small intestine is a key site for digestion
and small intestinal mucosa with normal structure is
necessary for nutrient digestion and absorption as well
as for optimal growth (Gao et al., 2018). VH, CD, and
VH:CD values reflect the integrity, development status,
and nutrient absorption capacity of the animal intestine
(Xu et al., 2003). Lower VH leads to reductions in the

villus surface area, thereby resulting in a decreased
absorptive ability, whereas decreased intestinal VH:CD
is accompanied by fewer mature and functional entero-
cytes (Cairo et al., 2018). Immune stress induced by
LPS in livestock and poultry causes damage to the mor-
phology of intestinal villi which mainly manifests as vil-
lus necrosis, reduction of VH, and increase of CD (Pi
et al., 2014; Li et al., 2015; Zheng et al., 2020). Similarly,
we found here that intraperitoneal LPS injection
severely injured villus morphology and reduced the VH
and VH:CD in the broiler duodenum, but that dietary
CGA supplementation significantly ameliorated this
morphological damage. Dietary supplementation with
CGA increased VH in coccidia-infected broilers (Liu
et al., 2022a). CGA supplementation also exerted a posi-
tive influence on intestinal morphology in weaned pig-
lets, including an increase in duodenal and jejunal VH
and the VH:CD ratio, and a decrease in duodenal CD
(Zhang et al., 2018). These observations suggest an
improvement in the digestive and absorption functions
of the intestine as a result of CGA intake and imply that
CGA contributes to nutrient absorption through posi-
tive intestinal histological changes with consequent
improved growth performance.

Maintaining and optimizing intestinal barrier func-
tion has important implications for the health and per-
formance of broilers (Gilani et al, 2021). Tight
junctions form dynamic intestinal epithelial barriers
(Wang et al., 2014). These multiprotein, transmem-
brane complexes that include claudins, occludin, junc-
tional adhesion molecule, and tricellulin proteins,
interact with cytosolic scaffold proteins, including zon-
ula occludens proteins, and mediate intestinal barrier
functions and cell permeability (Suzuki, 2013). It is
reported that broilers treated with LPS (1 mg/kg of
body weight) in which the expression of the genes for
zonula occludens-2 and occludin proteins were downre-
gulated in the jejunum (Wang et al., 2014). Decreased
zonula occludens-1 expression also was noted in the ileal
mucosa of LPS-treated broilers (Chen et al., 2018d).
Here, intraperitoneal injection of LPS decreased expres-
sion of the mRNA for CLDN2 in the duodenum and
ileum at different timepoints. Under stress situation, die-
tary supplementation with CGA (0.5 g/kg) increased
expression of OCLN in the ileum of DEX-challenged
broilers (Liu et al., 2022b). Conversely, dietary CGA
supplementation had no effect on OCLN expression in
the duodenum of heat-stressed broilers (Chen et al.,
2021) which may reflect differences in the species of
chicken, the type of stress, and the CGA dosage. In the
current research, downregulation of CLDNZ by LPS
challenge was prevented by dietary CGA supplementa-
tion which supports the hypothesis that CGA elevates
the expression of genes involved in tight junction forma-
tion and thereby protects intestinal barrier integrity
from the detrimental effects of LPS. The upregulation of
the OCLN and CLDN2 genes in the ileum of unchal-
lenged broilers indicates that CGA may promote an
improved intestinal barrier under general physiological
conditions. In summary, we propose that CGA
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supplementation at 0.5 g/kg may enhance the expres-
sion of tight junctions in the small intestine and improve
the intestinal barrier function of LPS-stressed broiler
chickens.

The intestinal barrier impairment induced by patho-
gens or toxins frequently is accompanied by inflammation
(Camilleri et al., 2012). LPS is the ligand of Toll-like
receptor 4 (TLRA4). LPS initiates a cascade of intracellu-
lar signal transduction after binding to the extracellular
domain of TLR4 which promotes the secretion of numer-
ous cytokines, including TNF-o« and IL-18 (Angrisano
et al., 2010). Accordingly, LPS-treated broilers exhibited
higher expression of the proinflammatory cytokine in the
jejunum and ileal mucosa (Wang et al., 2014; Chen et al.,
2018d). In our study, intraperitoneal injection of LPS sig-
nificantly increased the expression of TNF-« and IL-18
mRNAs in each intestinal segment at different points
which confirms LPS-mediated inflammation in these
broilers. Interestingly, IL-18 and TNF-«a produced by the
inflammatory response rearrange tight junction proteins
and disrupt intestinal barrier function (Dai et al., 2022)
which is consistent with the poorer expression of tight
junction genes following LPS treatment that was
described above. IL-10 plays important roles in the
immune and inflammation responses which directly affect
T and B lymphocytes and inhibit the synthesis of proin-
flammatory cytokines (Rothwell et al., 2004; Prasad
et al., 2011). In this study, LPS treatment of broilers
increased the expression of the IL-10 anti-inflammatory
cytokine in each intestinal segment at different time-
points after injection. The imbalance of proinflammatory
and anti-inflammatory factors is important during intes-
tinal barrier damage and changes in cytokine profiles dur-
ing inflammation are complex. IL-6 is a pleiotropic
cytokine with both proinflammatory and anti-inflamma-
tory effects (Suzuki et al., 2011). Here, intraperitoneal
injection of LPS reduced the expression of IL-6 in the
jejunum of broilers, but increased the expression of IL-6
mRNA in the ileum which confirms that the broilers were
experiencing stress.

CGA has shown promising anti-inflammatory effects
both in vitro and in vivo (Hwang et al., 2014; Ruan
et al., 2014; Palécz et al., 2016; Chen et al., 2021). For
example, dietary CGA inhibited the expression of proin-
flammatory cytokines in ileal epithelia of broilers after
infection with C. perfringens type A (Zhang et al.,
2020). Moreover, acute heat stress caused significant
duodenal damage and CGA supplementation decreased
the expression of IL-18 and TNF-«a in the duodenum of
young hens (Chen et al., 2021). Here, dietary CGA sup-
plementation after LPS injection decreased the expres-
sion of TNF-oa in each intestinal segment at different
points, decreased the expression of IL-18 in the ileum
after 2 h, increased IL-10 expression in each intestinal
segment at different timepoints, and increased the
expression of IL-6 mRNA in the ileum at the later stage
of LPS injection. In addition, compared with the saline
group, we found that chlorogenic acid addition
decreased the mRNA expression of TNF-«, IL-18, and
IL-10 in the duodenum at different timepoints and

decreased the expression of IL-6 in the jejunum of
broilers under normal rearing condition. These results
further demonstrate the potential of chlorogenic acid to
relieve intestinal inflammation. Thus, CGA supplemen-
tation may attenuate the intestinal inflammatory
response, thereby enhancing the integrity of the intesti-
nal barrier and improving the performance of LPS-
treated broilers.

In conclusion, we demonstrated that CGA has a
promising protective effect on the intestinal morphology
and growth performance of LPS-treated broilers. Fur-
thermore, dietary supplementation with CGA attenu-
ated intestinal inflammation and improved intestinal
barrier function. Our findings provide new insights into
the ability of CGA to promote intestinal health in
broilers and suggest that further studies on the impact
of CGA on broiler fitness will be highly informative.
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