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Abstract

Background:
Commercial broilers under intensive production are highly vulnerable to various stressors, especially immunologically. It has been reported that chlorogenic
acid (CGA) could affect the intestinal microbiota and barrier function and elicit several health bene�ts, including improved immune function. Complex
interrelations regulate the dynamic interplay among gut microbiota, host, and diverse health outcomes. The aim of the present study was to elucidate the
immunoregulatory mechanisms of CGA using multi-omics approaches.

Results:
CGA supplementation signi�cantly improved jejunal morphology, jejunal barrier function, and immune function in dexamethasone (DEX)-treated broilers.
Moreover, in DEX-CGA-treated broilers, the increase in gut microbiome diversity was consistent with change in taxonomic composition, especially in the
Clostridiales_vadinBB60_group. Additionally, the levels of short chain fatty acids increased remarkably after CGA supplementation, which was consistent with
the results of Kyoto Encyclopedia of Genes and Genomes pathway analysis for different gut microbes. Moreover, through multiple reaction monitoring,
signi�cant enrichment was observed in the pyruvate fermentation and butanonate metabolism pathways in the DEX-CGA group. Proteomic and metabolomic
analyses revealed that CGA treatment increased the expression of several health promoting proteins (TMSB4X and LGMN) and metabolites (2,4-dihydroxy
benzoic acid and homogentisic acid), and regulated the peroxisome proliferator-activated receptor (PPAR) and mitogen-activated protein kinase (MAPK)
pathways, which were supported by western blotting results. Pearson’s correlation analyses showed signi�cant correlations between altered parameters of
immune function, jejunal barrier function, and different microbiota, proteins, and metabolites.

Conclusions:
Overall, our data indicated that CGA treatment improved the performance and immunological functions of DEX-treated broilers by regulating gut microbiota,
especially Clostridiales_vadinBB60_group, and PPAR and MAPK pathways. The result offer novel insights into CGA-mediated improvement in immune
function and intestinal health.

Background
Recently, there has been an increasing demand for poultry products, which has facilitated the adoption of intensive farming practices. However, the adoption
of intensive farming practices, such as high stocking densities and the use of antibiotics to meet increasing demand, have increased the vulnerability of
commercial broiler chickens to stress, including immunological stress [1]. Particularly, the guts of animals are highly vulnerable to stress because they are
exposed to multiple antigens from food, resident bacteria, and invading viruses continuously [2].

The gut microbiota plays a crucial role in host health, especially in terms of intestinal immune function [3, 4]. Gut microbiota participates in the development
and maintenance of the immune system and intestinal homeostasis by stimulating immune response and maintaining epithelial barrier functions [5]. A
decrease in gut microbiota biodiversity and disruption of microbe-host equilibrium has been observed in patients with in�ammatory bowel disease [6].
Additionally, immunological stress has been demonstrated to in�uence the gut microbiota of mice, promoting the proliferation of Proteobacteria and
decreasing the proportions of Bacteroidetes and Actinomycetes [7]. Recently, the prevention or treatment of diseases through the regulation of gut microbiota
has received considerable research attention. For example, polyphenols can improve intestinal health by altering the population of gut microbes and
producing microbial metabolites that in�uence intestinal integrity and systemic metabolism [8]. Chlorogenic acid (CGA), an ester of caffeic acid and quinic
acid and a major phenolic compound in coffee [9], has been reported to increase intestinal barrier function and the abundance of Lactobacillus spp. in the
cecum of pig [10]. The amelioration of colitis in mice by CGA was associated with a proportional increase in Akkermansia [11].

Gut microbiota modulates signaling pathways involved in intestinal mucosa homeostasis by producing speci�c metabolites, indicating that metabolomics
could be used to obtain detailed information on gut metabolic pathways [12]. Moreover, proteomic techniques can provide detailed information on the
functions and activities of identi�ed metabolites and proteins [13, 14]. Some studies have examined the effect of stress on the performance of domesticated
animals using synthetic glucocorticoid, such as dexamethasone (DEX) [15, 16]. In a previous study, we observed that DEX induced immunological stress and
impaired intestinal immune function of broilers [17]. Although the bene�cial effects of CGA is associated with the gut microbiota, little is known on how CGA
intake in�uences the crosstalk between gut microbiota, host metabolism, and protein expression in the intestinal tract.

Therefore, the aim of this study was to examine the effect and mechanism of CGA on immune function and intestinal health in DEX-treated broilers, using
multi-omics techniques.

Methods
Chemicals and reagents

CGA (98% purity) and DEX were purchased from Changsha E.K Herb Co. Ltd. (Changsha, China) and Beian Feilong Animal Pharmaceutical Factory (Beian,
China), respectively. 

Experimental design and sample collection
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All experimental protocols were approved by the Animal Care and Use Committee of Qingdao Agricultural University.  As previously described [18], a total of
240 one-day-old male Cobb broilers were distributed into four treatment groups (Control, DEX, CGA, and DEX-CGA groups) in a 2 × 2 factorial experimental
design, with six replicates per group (10 broilers in each replicate). CGA and DEX were added at two different levels, including 0 or 500 mg/kg of CGA by feed
and 0 or 3 mg/kg of DEX (dissolved in 0.9% [w/v] saline solution) by consecutive intraperitoneal injection once a day from the 15th to the 21st day of the
experiments. The experiments were performed for 21 days and the total mixed ration was prepared according to the requirements of the National Research
Council (NRC, 1994; Additional �le: Table S1). On the 21st day, six broilers from each group were selected randomly for fasting treatments for 12 h, and then
their blood was sampled from the wing vein, centrifuged at 3,000 g for 10 min at 4°C, and stored at -20°C for use in subsequent analyses. Afterward, the
intestinal segments of the broilers were sampled after their sacri�ce using cervical dislocation.

Intestinal morphology

The intestinal morphology of jejunal parts were treated and evaluated as previously described [19], the jejunal segments were �xed using 4%
paraformaldehyde, embedded with para�n, put in glass slides, and staining using hematoxylin and eosin (HE) stain, Villi heights and crypt depths were
observed using the HMIAS-2000 image analysis system of an Olympus microscope (Olympus, Tokyo, Japan).

Analysis of biochemical indices

The biochemical indices were detected using ELISA kits with a continuous wavelength microplate reader (In�nite 200 PRO, Switzerland). The kits were
acquired from Jiangsu Enzyme industry Co., Ltd., (Yancheng, China) and the procedures were carried out according to the manufacturer instructions. D-lactate
(D-LA) and diamine oxidase (DAO) levels in serum, and immunoglobulin (Ig) A, IgM, interleukin (IL) -1β, IL-4, IL-6, IL-10, IL-12, IL-18, IL-22, tumor necrosis factor
(TNF)-α, interferon (IFN)-γ, CXC chemokine ligand (CXCL) 1, and CXCL2 levels in both the serum and jejunal mucosa were evaluated.

Determination of mRNA expression levels by RT-qPCR

RNA extraction, cDNA synthesis, qPCR analysis, and analysis of the relative levels of expression of mRNA were carried out as described previously [20]. Total
RNA in jejunal mucosa was extracted by a TRIzol reagent (Tiangen Biochemical Technology Co. Ltd., Beijing, China), and its integrity and purity analyzed
using agarose gel electrophoresis and a spectrophotometer, ampli�ed using a BioRad CFX96™ Real-Time PCR system (Bio-Rad Laboratories, CA, USA), and
levels of expression of the target gene determined using the 2–ΔΔCt method and normalized to GAPDH expression. Reverse transcription and quanti�cation kits
were purchased from TAKARA (TAKARA, Dalian, China). The primers used in the present study are listed in Additional �le: Table S2.

Determination of protein expression levels by Western blotting

Proteins were isolated from the jejunal mucosa of the broilers using RIPA lysis buffer (Beyotime Biotechnology, China), according to the manufacturer’s
instructions. The protein expression levels of β-actin, occludin, ZO-1, protein kinase B (AKT), p-AKT, extracellular regulated protein kinases (ERK), p-ERK, c-Jun
N-terminal kinase (JNK), p-JNK, anti-P38, p-P38, phosphoinositide 3-kinase (PI3K), and p-PI3K were detected using Western blot, as previously described [21].
Equal quantities of protein were separated using sulfate polyacrylamide gel electrophoresis (Beyotime) before the primary antibodies were incubated, based
on polyvinylidene di�uoride membrane (Merck Millipore, Darmstadt, Germany) protein bands at target protein size. Subsequently, HRP-labeled goat anti-rabbit
IgG antibody (Beyotime Biotechnology, China) was used to incubate the membranes. The blots were generated using an electrochemiluminescence detection
system (FL1000, Invitrogen iBright, New York) according to the manufacturer’s instructions, and quantitated using ImageJ (National Institutes of Health, USA).

Immunohistochemistry analysis

Immunohistochemical analyses were conducted as previously described [22]; the jejunal sections were para�n-embedded, dewaxed and rehydrated, retried in
antigen, blocked in endogenous peroxidase activity, sealed in serum of rabbit, incubated with speci�c primary antibodies (occludin or ZO-1) and corresponding
HRP-conjugated secondary antibody, immunostained with DAB chromogenic, counterstained in nucleus, and dehydrated and mounted. An Olympus
microscope (Olympus, Tokyo, Japan) was used to examine the stained sections.

DNA extraction and microbiomic analysis

Bacterial genomes were isolated using a TIANamp stool DNA kit (Tiangen Biotech Co. Ltd., Beijing), their purity examined through 0.8% agarose gel
electrophoresis, quanti�ed using a Qubit 2.0 Fluorometer (Invitrogen, USA), and sequenced in a HiSeq 4000 system (Illumina Inc., San Diego, CA, US) at
Lianchuan Biotech Co., Ltd. (Hangzhou, China).

High-quality clean tags were obtained by quality �ltering of the raw tags as described in QIIME (Quantitative Insights Into Microbial Ecology v1.2.1)
(http://qiime.org/). Uclust v1.2.22 (https://arc.umich.edu/software-item/uclust/) was used to prepare clusters of operational taxonomic units (OTUs) at a 97%
sequence identity level. Sequences with reference meanings per cluster were annotated for taxonomic classi�cation against the SILVA database
(https://www.arb-silva.de/). Additionally, the alpha diversity of the dataset was evaluated. R (Version 2.15.3) and PICRUSt (https://picrust.github.io/picrust/)
were used independently for Principal Coordinate Analysis (PCoA) of the OTUs in different groups and functional prediction of the genes in the gut microbiota,
using a closed-reference OTU table in biom-format from the pick_closed_reference_otus.py script generated in QIIME. 

Taxonomic classi�cation was achieved based on homology (>97% identity) between queried and reference sequences from the Greengenes database v13.8
(https://mothur.org/wiki/greengenes-formatted_databases). Subsequently, the OTU table was normalized using Langille Lab Online Galaxy Instance
(http://galaxy.morganlangille.com), followed by metagenome functional prediction based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. Ultimately, signi�cant differences in gene function among the groups were revealed, in addition to metagenome data prediction by PICRUSt, the
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Kruskal-Wallis test, and multiple test correction, based on Storey’s FDR [23]. All sequence data have been submitted to the NCBI under BioProject ID
PRJNA789475.

Short-chain fatty acid (SCFA) analysis

Quanti�cation of SCFAs were carried out at MetWare Biotechnology Co., Ltd. (Wuhan, China). As previously described [24], in brief, raw SCFAs were extracted
following homogenization of 20 mg cecal content with isobutanol-water (1:9, v/v), and then the supernatant was obtained by centrifugation at 12,000 g for 10
min at 4°C. Puri�cation of raw SCFAs for each 100 μL was carried out following extract of the the-top-layer supernatant by centrifugation at 12,000 g for 10
min at 4°C, after mixing with chloroform and NaOH (20 mmol/L). Subsequently, the samples were mixed with isobutanol, pyridine, and isobutyl chloroformate.
Puri�ed SCFAs (pretreated by hexane) were quanti�ed using an Agilent 5977 B mass spectrometer (Agilent Technologies, USA) with helium as the carrier gas.
The injector and detector were set to 260°C, the column temperature was set to 50°C for 5 min, increased to 150°C at a rate of 5°C/min, then increased to
325°C at a rate of 40°C/min, and �nally held at 325°C for 1 min.

Proteomic analysis

The jejunal samples were homogenized in lysis buffer (2.5% SDS, 100 mmol/L Tris-HCl, pH 8.0), subjected to ultrasonication, centrifuged (10,000 g, 10 min,
4℃), and precipitated in proteins by adding four-fold volumes of pre-cooled acetone, break with 8 M urea, 100 mM Tris-Cl and proceed reduction reaction with
10 mM dithiothreitol, and alkylation reaction carried out in sulfhydryl using iodoacetamide (40 mM). To the reduced and alkylated sample, 100 mM Tris-HCl
solution was added, and the urea concentration diluted to less than 2 M. Similar amounts of samples were obtained for TMT labeling, which was performed
according to the manufacturer’s instructions. Each fraction was vacuum-dried and stored at -80°C until mass spectrometry (MS) analysis.

Liquid chromatography-tandem (LC)-MS/MS analysis was carried out using a hybrid LTQ-OrbitrapXL mass spectrometer containing 40-cm C18 columns
(mobile phase consisted of 0-40% acetonitrile) over a 2-h period (MetWare Biotechnology Co., Ltd., Wuhan, China) [25]. LC-MS/MS analysis was performed
three times per sample. Data are available via ProteomeXchange with the following identi�er: IPX0003857000.

Multiple reaction monitoring (MRM) analysis

Peptide samples were desalted using a Monospin column. The dried mixed peptide samples were dissolved in tri�uoroacetic acid (TFA, 0.1%) solution, and the
redissolved samples transferred to the desalting column and centrifuged at 300 g for 10 min at 4°C. Thereafter, TFA (0.1%) solution was added to clean the
desalting column, and acetonitrile solution (50%) was centrifuged to elute the peptide. The elution solutions were collected, centrifuged, and dried in tubes.

The peptide samples were analyzed using a nanoACQUITY high performance liquid chromatograph (HPLC) system with a nanoACQUITY ultra-performance
liquid chromatography (UPLC) C18 column (100 m × 100 mm, 1.7-m particle size; Waters) and a triple quadrupole mass spectrometer (QTRAP 5500; AB Sciex,
Redwood, CA, US). The mobile phase contained CAN (2%)/ formic acid (0.1%, solvent A) and  CAN (98%)/formic acid (0.1%, solvent B) in HPLC-grade water.
Metabolites were eluted using the following step gradient at a �ow rate of 5 l/min: 0-5 min 95% A 5% B, 5-50 min 70% A 30% B, 50.5-55 min 20% A 80% B,
55.5-60 min 98% A 2% B. The mass spectrometry system conditions included ion source, electrospray ion source, positive ion detection, and scanning
mode. The electrospray ionization source operation parameters were as follows: injection voltage, 5500 eV; temperature, 150℃; curtain gas (CUR, N2), 30 psi;
collision gas pressure (CAD, N2), high mode; auxiliary gas GAS1 pressure, 20 psi; auxiliary gas GAS2 pressure, 15 psi; scanning time, 5 msec. All analyses were
performed three times. Areas of peaks for peptides were used to calculate %CVs, and the average %CV for each target peptide in the sample was
calculated [26].

Metabolomic analysis

The samples were thawed on ice, vortexed for 10 s and thoroughly mixed, and 300 μL of pure methanol was added to 50 μL of serum. The mixture was
rotated for 3 min, centrifuged at 12,000 g for 10 min at 4℃. Afterward, the supernatant was obtained and centrifuged at 12,000 g for 5 min at 4℃.
Subsequently, the supernatant was collected and centrifuged at 12,000 g for 5 min at 4°C. The samples obtained were stored in a refrigerator at -20°C for 30
min, centrifuged at 12,000 g for 3 min at 4°C, and 150 uL of the supernatant transferred into injection bottles for analysis.

The chromatography-mass spectrometry acquisition conditions of serum were as described previously [18]. The data acquisition instrument system mainly
includes an ExionLCTM AD UPLC system (AB SCIEX, CA, USA) and a QTRAP® tandem mass spectrometry (MS) system (Applied Biosystems, Foster City, CA,
USA).

Statistics

The effects of DEX and CGA and their interaction on in�ammatory parameters, jejunal morphology, and barrier function, mRNA and protein  expression, and
SCFA were assessed using Analysis of Variance (ANOVA) and the general linear model procedure in IBM SPSS Statistics 18.0 (IBM Corp., Armonk, NY, USA).
Multiple mean comparisons were performed using univariate ANOVA and Duncan’s multiple range test. Cecum microbial domains, phyla, and genera were
compared using the Wilcoxon rank-sum test, and cecal microbial species were compared using linear discriminant analysis effect size (LEfSe) analysis.
Differentially expressed metabolites were screened based on a fold change (FC) > 2.00 or < 0.50 and variable importance in projection (VIP) > 1.20. Orthogonal
partial least squares discriminant analysis (OPLS-DA) was used to obtain VIP values, which included score plots and permutation plots. The MetaboAnalyzer
package in  (Version 2.15.3)was used to generate the terms. TMT analysis was performed and proteins with FC > 1.20 were identi�ed as differentially
expressed proteins. Spearman’s rank correlation analysis was performed to determine the relationships between serum and jejunal in�ammatory parameters,
jejunal morphology, and mRNA expression of in�ammatory cytokines, and signi�cantly different microbiome assemblages, SCFA contents, proteins, and
metabolites. All means and comparison groups were considered statistically signi�cant at p < 0.05.
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Results
Immunoregulation effects of CGA in DEX-induced broilers

Compared with the Control group, DEX treatment signi�cantly increased (p < 0.05) the serum IL-1β, IL-6, IL-18, IL-22, TNF-α, CXCL1, and CXCL2 levels of the
broilers, and signi�cantly decreased (p < 0.01) the serum IL-4 and IFN-γ levels. In contrast, CGA supplementation signi�cantly increased (p < 0.05) serum IgM,
IL-4, and IFN-γ levels and signi�cantly decreased serum IL-1β, IL-12, IL-18, IL-22, CXCL1, and CXCL2 levels. Moreover, CGA supplementation (CGA × DEX)
signi�cantly reversed (p < 0.05) DEX-induced changes in serum IL-1β, IL-4, IL-6, IL-10, IL-12, IL-18, IL-22, IFN-γ, CXCL1, and CXCL2 levels (Table 1).

Furthermore, DEX treatment signi�cantly increased (p < 0.01) the expression of IL-1β, IL-4, IL-6, IL-18, IL-22, TNF-α, CXCL1, and CXCL2 in the jejunal mucosa of
the broilers. In contrast, CGA supplementation signi�cantly increased (p < 0.01) the jejunal expression of IgM and decreased (p < 0.01) the jejunal expression
of IL-1β, IL-6, IL-12, IL-18, IL-22, and CXCL2. Additionally, CGA supplementation (CGA × DEX) signi�cantly reversed (p < 0.01) DEX-induced changes in the
jejunal expression of IL-1β, IL-4, IL-6, IL-12, IL-18, IL-22, CXCL1, and CXCL2 (Table 2). Moreover, gene expression analysis showed that DEX treatment
signi�cantly increased (p < 0.05) jejunal expression of IL-1β, IL-6, IL-12, IL-18, IL-22, TNF-α, Caspase-3, and Caspase-9 genes compared with the Control group.
In contrast, CGA supplementation signi�cantly decreased (p < 0.05) the jejunal expression of IL-1β, IL-6, IL-12, IL-18, IL-22, TNF-α, Caspase-3, and Caspase-9.
Additionally, CGA supplementation (CGA × DEX) signi�cantly reversed DEX-induced changes in the jejunal expression of IL-1β, IL-4, IL-6, IL-10, IL-12, IL-18, IL-
22, TNF-α, Caspase-3, and Caspase-9 genes (Fig. 1).

CGA improves the jejunal morphology and barrier function of DEX-treated broilers

Compared with the Control group, histological analysis showed that DEX treatment signi�cantly decreased (p < 0.05) villus height and villus height/crypt
depth (V/C), and increased (p < 0.05) crypt depth. In contrast, CGA supplementation signi�cantly increased (p < 0.05) villus height and V/C, and decreased
crypt depth. Additionally, CGA supplementation (CGA × DEX) signi�cantly reversed (p < 0.05) DEX-induced decrease in villus height and V/C (Fig. 2A, Table 3).

Moreover, DEX treatment signi�cantly increased (p < 0.01) the D-LA levels of the broilers, whereas CGA supplementation signi�cantly decreased (p < 0.01) the
D-LA levels. Additionally, CGA supplementation (CGA × DEX) signi�cantly reversed (p < 0.01) DEX-induced increase in D-LA levels. However, DAO level was not
signi�cantly affected by CGA, DEX, or their interaction (Table 4).

Furthermore, the expression of tight junction proteins was examined by Western blotting and immunohistochemical analysis. The results showed that DEX
treatment signi�cantly downregulated (p < 0.01) occludin expression, whereas CGA supplementation signi�cantly upregulated (p < 0.01) occludin expression.
Additionally, CGA supplementation (CGA × DEX) signi�cantly reversed (p < 0.05) DEX-induced decrease in occludin and ZO-1 expression (Fig. 2B), which was
con�rmed by immunohistochemical analysis (Fig. 2C-D).

The gut microbiota and SCFAs were altered by CGA

High-throughput 16S rRNA sequencing was performed to determine the effect of DEX treatment and CGA supplementation on the gut microbiome of the
broilers. The α-diversity indices, including chao1, goods_coverage, observed_otus, Shannon, and Simpson, were not signi�cantly in�uenced (p > 0.05) by CGA
or DEX treatments. However, DEX-CGA treatment signi�cantly increased (p < 0.05) chao1 and observed_otus indices compared with the DEX group (Fig. 3A).
PCoA showed that different treatments induced distinct (p < 0.05) clustering of bacterial communities (Fig. 3b), with different gut microbiota compositions at
the phylum, family, genus, and species levels. At the phylum level, CGA supplementation signi�cantly decreased (p < 0.05) the abundance of Actinobacteria. At
the family level (top 20), CGA supplementation signi�cantly decreased (p < 0.05) the abundance of Firmicutes_unclassi�ed, Christensenellaceae, and
Mollicutes_RF39_unclassi�ed. DEX treatment signi�cantly decreased (p < 0.05) the abundance of Clostridiales_vadinBB60_group. Compared with the DEX
group, DEX-CGA treatment signi�cantly increased (p < 0.05) the abundance of Clostridiales_vadinBB60_group. At the genus level (top 20), DEX treatment
signi�cantly decreased (p < 0.05) the abundance of Clostridiales_vadinBB60_group_unclassi�ed and increased (p < 0.05) the abundance of
Erysipelatoclostridium. Dietary supplementation with CGA signi�cantly increased (p < 0.05) the abundance of Intestinimonas and decreased (p < 0.05) the
abundances of Ruminococcaceae_UCG-014, Firmicutes_unclassi�ed, and Ruminiclostridium_5. Additionally, DEX-CGA treatment signi�cantly increased (p <
0.05) the abundance of Clostridiales_vadinBB60_group_unclassi�ed compared with the DEX group. At the species level, DEX treatment signi�cantly decreased
(p < 0.05) the abundance of Clostridiales_vadinBB60_group_unclassi�ed. Moreover, CGA supplementation signi�cantly increased (p < 0.05) the abundance of
Intestinimonas_unclassi�ed and signi�cantly decreased the abundance of Ruminococcaceae_UCG-014_unclassi�ed, Firmicutes_unclassi�ed, and
Ruminiclostridium_5_unclassi�ed. Moreover, compared with the DEX group, DEX-CGA treatment signi�cantly increased (p < 0.05) the abundance of
Clostridiales_vadinBB60_group_unclassi�ed (Fig. 3C).

LEfSe analysis was performed to identify taxonomic biomarkers in the gut microbiota. There was an increase in the relative abundance of bacteria, including
Coprobacter (genus), Coprobacter_fastidiosus (species), Anaerotruncus_unclassi�ed (species), DTU089 (genus), and DTU089_unclassi�ed (species), in non-
treated broilers. Additionally, CGA supplementation increased the relative abundance of Intestinimonas (genus), Intestinimonas_unclassi�ed (species),
UC5_1_2E3 (genus), UC5_1_2E3_unclassi�ed (species), and Eubacterium_unclassi�ed (species). DEX treatment increased the relative abundances of
Shuttlewothia (genus) and Erysipelatoclostridium_unclassi�ed (species). DEX-CGA treatment increased the relative abundance of
Clostridiales_vadinBB60_group (family), Clostridiales_vadinBB60_group_unclassi�ed (genus and species), Erysipelatoclostridium (genus),
Shuttleworthia_unclassi�ed (species), and Lactobacillus_hilgardii (species) (Fig. 3D).

PICRUSt analysis was conducted to determine the potential function differences of the gut microbiota between the groups and predict their classi�cation
based on the KEGG pathways. Compared with the CGA group, there was a decrease in four terms, including methanogenesis from acetate, starch degradation
V and galactose degradation I (Leloir pathway), and an increase in 26 terms, including myo-, chiro-, and scillo-inositol degradation, D-fructuronate degradation,
and superpathway of sulfur oxidation (Acidianus ambivalens) in the Control group. Compared with the Control group, there was a decrease in seven terms,
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including L-glutamate degradation V (via hydroxyglutarate), pyrimidine deoxyribonucleotide biosynthesis from CTP, and GDP-mannose biosynthesis, and an
increase in two terms, including sucrose degradation IV (sucrose phosphorylase) and sucrose degradation III (sucrose invertase) in the DEX treatment group.
Compared with the DEX group, there was decrease in glycerol degradation to butanol degradation and sucrose degradation IV (sucrose phosphorylase) and an
increase in nine terms, including superpathway of polyamine biosynthesis II, D-fructuronate degradation, and pyruvate fermentation to butanoate, in the DEX-
CGA group (Fig. 4).

SCFAs are the main metabolites generated by gut microbiota. In the present study, DEX treatment signi�cantly decreased acetic, propanoic, butyric, isovaleric,
valeric, and, hexanoic levels. In contrast, CGA supplementation signi�cantly increased (p < 0.05) the levels of acetic, propanoic, butyric, isovaleric, valeric, and
hexanoic acid. Additionally, CGA supplementation (CGA × DEX) signi�cantly reversed (p < 0.01) DEX-induced decrease in acetic, propanoic, butyric, isovaleric,
valeric, and hexanoic acid levels (Table 5).

The jejunal protein pro�les were altered by CGA

Differentially expressed proteins (DEPs) in the DEX vs Control, CGA vs Control, and DEX-CGA vs DEX comparison groups are represented using volcano plots
(Fig. 5A). A total of 58 DEPs were identi�ed in the DEX vs Control comparison group, among which 25 were upregulated and 33 were downregulated. A total of
37 DEPs were identi�ed in the CGA vs Control comparison group, among which 27 were upregulated and 10 were downregulated. A total of 109 DEPs were
identi�ed in the DEX-CGA vs DEX comparison group, among which 61 were upregulated and 48 were downregulated. The top 10 upregulated and
downregulated DEPs are presented based on fold change (Table 6-8). 

GO enrichment analysis of jejunal proteins showed that there were enriched in several “biological processes (BP),” “cellular components (CC)” and “molecular
functions (MF)” (Fig. 5B). Speci�cally, DEPs in the DEX vs Control groups were signi�cantly enriched in BP terms, such as oxidation-reduction process,
chemical homeostasis, and drug metabolic process; in CC terms, such as extracellular region, cytoskeleton, extracellular space, and extracellular; and in MF
terms, such as transition metal ion binding, oxidoreductase activity, protein dimerization activity, cofactor binding, protein homodimerization activity, peptidase
activity acting on L-amino acid peptides, peptidase activity, coenzyme binding, and zinc ion binding. DEPs in the CGA vs Control groups were signi�cantly
enriched in BP terms, such as cytoskeleton organization and cellular protein-containing complex assembly; in CC terms, such as cytoskeleton and plasma
membrane part; and in MF terms, such as cytoskeletal protein binding and DNA binding. DEPs in the DEX-CGA vs DEX groups were signi�cantly enriched in BP
terms, such as carbohydrate metabolic process, myeloid cell differentiation, and organic anion transport; and in CC terms, such as plasma membrane part,
cytoskeletal part, plasma membrane region, cell projection part, and plasma membrane bounded cell projection part; and in MF terms, such as cytoskeletal
protein binding, protein dimerization activity, protein homodimerization activity, and actin binding were the dominant terms.

KEGG metabolic pathway enrichment analysis showed that DEPs in DEX vs Control groups were signi�cantly enriched in protein digestion and absorption,
peroxisome proliferator-activated receptor (PPAR) signaling pathway, and proximal tubule bicarbonate reclamation. DEPs in the CGA vs Control groups were
signi�cantly enriched in endocytosis, viral myocarditis, and type I diabetes mellitus. Additionally, the most signi�cantly enriched pathways in the DEX vs DEX-
CGA groups were protein digestion and absorption, RNA transport, and PPAR signaling pathway (Fig. 5C). MRM analysis was performed to validate the
presence and levels of relevant proteins identi�ed by proteomics. According to the KEGG results, EIF3J (accession number: Q5ZKA4) and EIF3H (accession
number: Q5ZLE6) are involved in the MAPK signalling pathway. PROSC (accession number: E1C516) is involved in butanonate metabolism, APOA1
(accession number: P08250) is involved in PPAR signaling pathway, CHP1 (accession number: Q5ZM44) is involved in the apoptosis signaling
pathway. The MRM results veri�ed that EIF3J and EIF3H were downregulated (p < 0.05), whereas PROSC and APOA1 were upregulated (p < 0.05) by DEX
treatment. Additionally, DEX-CGA treatment signi�cantly downregulated (p < 0.01) APOA1 and CHP1 (Additional �le: Figure S1).

Furthermore, protein-protein interaction (PPI) network was generated using the STRING database (Fig. 5D). The network diagram illustrates the interactions
between the differentially expressed proteins in the screened pathways. Among the PPIs, CDK1 (accession number: F1NBD7) was the core PPI node in the DEX
vs Control groups, with 8 interactions. IKZF1 (accession number: FINT33) was the core PPI node in the CGA vs Control groups, with 4 interactions. Moreover,
CDK1 was the core PPI node in the DEX-CGA vs DEX groups, with 19 interactions.

The serum metabolic pro�les of the broilers were altered by CGA

Broad-spectrum metabolomics was used to evaluate the serum pro�les of the broilers. We observed a clear separation from the OPLS-DA score plots between
the Control vs CGA groups, Control vs DEX groups, and DEX vs DEX-CGA groups (Fig. 6A). Differentially expressed metabolites between the groups were
screened at a FC ≥ 2.00 or ≤ 0.50, which was illustrated using a heatmap (Fig. 6B). Compared with the Control group, CGA supplementation signi�cantly
increased the levels of 14 metabolites and decreased four metabolites, whereas DEX treatment signi�cantly increased the levels of 37 metabolites and
decreased the levels of 35 metabolites. Moreover, DEX-CGA treatment signi�cantly increased 40 metabolites and decreased 16 metabolites compared with the
DEX group (Fig. 6C). The top 20 metabolites with multiple differences between the groups are displayed in Fig. 6d. Compared to the Control group, CGA
supplementation increased the levels of α-mercholic acid, phenylacetyl-L-glutamine, and cis-pentadecenoic acid and decreased the levels of 5’-
deoxyadenosine, deoxyadenosine, and acetaminophen glucuronide. Additionally, DEX treatment increased the levels of α-mercholic acid, phenylacetyl-L-
glutamine, and B-nicotinamide mononucleotide and decreased the levels of 20-carboxyarachidonic acid, stearidonic acid, and 9,12-octadecadienoic acid,
compared with the Control group. Moreover, DEX-CGA treatment increased the levels of 3-(3-hydroxuphenyl) propionate acid, 2,4-dihydroxy benzoic acid, and
homogentisic acid and decreased the levels of 23-deoxydeoxycholic acid, 2’-deoxyadenosine-5’-monophosphate, and carnitine C18:1-OH, compared with the
DEX group. KEGG analysis showed that the differentially expressed metabolites in the Control vs CGA groups were enriched in purine metabolism, ABC
transporters, and the cGMP-PKG signaling pathway. Differentially expressed metabolites in the Control vs DEX groups were enriched in tyrosine metabolism,
biosynthesis of unsaturated fatty acids, and alpha-linolenic acid metabolism. Additionally, differentially expressed metabolites in the DEX vs DEX-CGA groups
were enriched in ribo�avin metabolism, tyrosine metabolism, purine metabolism, glutathione metabolism, and PPAR signaling pathway (Fig. 6E). 
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Effects of CGA on the PPAR and MAPK signaling pathways

Proteomic and metabolomic analyses revealed that CGA plays an important role in PPAR signaling pathway. Additionally, MRM analysis showed that CGA
participates in the regulation of the MAPK signaling pathway. Thus, Western blotting was used to examine the effect of CGA on the activation of PPAR and
MAPK signaling pathways. The results showed that DEX signi�cantly decreased (p < 0.05) p-PI3K, p-JNK, P-38, p-P38, and ERK expression. In contrast, CGA
treatment signi�cantly increased (p < 0.05) JNK, p-JNK, P-38, and p-P38 expression. Additionally, CGA supplementation (CGA × DEX) signi�cantly reversed
DEX-induced decrease (p < 0.05) in JNK, p-JNK, P38, and p-P38 (Fig. 7A). Regarding the PPAR signaling pathway, DEX treatment did not signi�cantly
affect (p < 0.05) PPAR expression, whereas CGA supplementation signi�cantly downregulated (p < 0.01) PPAR expression. Additionally, DEX × CGA interaction
signi�cantly increased (p < 0.01) PPAR expression (Fig. 7B).

Crosstalk between gut microbiota, SCFAs, and biochemical parameters

Spearman’s correlation analysis was performed to identify the relationships between biochemical parameters and differential gut bacteria, proteins, and
metabolites (Fig. 8). A total of 4 bacterial genera were common between the Control vs DEX and DEX vs DEX-CGA groups (Fig. 8A). Based on this, parameters
with correlation coe�cient (r) > 0.70 or < -0.70 and p-value < 0.01 were selected. Among the 4 genera, Mordavella was positively correlated (p < 0.01) with
villus height (r = 0.87), and negatively correlated with jejunal CXCL1 level (r = -0.71) and serum IL-6 level (r = -0.71). Coprobacter was negatively correlated (p <
0.01) with jejunal IL-18 (r = -0.87) and IL-12 levels (r = -0.70) and positively correlated (p < 0.01) with serum IL-4 level (r = 0.80) and IL-10 transcription (r =
0.71). Clostridiales_vadinBB60_group_unclassi�ed was negatively correlated (p < 0.01) with serum IL-18 (r = -0.74), jejunal IL-18 (r = -0.74), serum CXCL2 (r =
-0.71), jejunal CXCL2 (r = -0.73), serum CXCL1 (r = -0.73), and jejunal IL-12 levels (r = -0.71). Additionally, seven bacterial genera were common between the
Control vs CGA and CGA vs DEX-CGA groups; however there was no signi�cant correlation between the different genera and the biochemical parameters under
the screening condition (r < -0.70 or r > 0.70). Regarding the correlation between biochemical parameters and SCFAs, results with r > 0.80 or < -0.80 and p <
0.01 were selected. A total of four SCFAs were correlated with biochemical parameters in the Control vs DEX and DEX vs DEX-CGA comparison groups, among
which acetic acid was negatively correlated (p < 0.01) with D-LA level (r = -0.83), jejunal IL-6 level (r = -0.89), IL-18 transcription (r = -0.82), and serum CXCL1 (r
= -0.80). Butyric acid was negatively correlated (p < 0.01) with jejunal IL-6 levels (r = -0.85), jejunal IL-22 levels (r = -0.81), and serum IL-18 levels (r = -0.81).
Additionally, valeric acid was negatively correlated (p < 0.01) with jejunal IL-12 levels (r = -0.82), whereas isovaleric acid was negatively correlated (p < 0.01)
with serum IL-1β levels (r = -0.82) and IL-1β transcription (r = -0.81). Regarding the Control vs CGA and CGA vs DEX-CGA comparison group, there were no
signi�cant correlations between the parameters under the screening condition (r < -0.80 or > 0.80) (Fig. 8B).

Crosstalk between proteomic and biochemical parameters

A total of 15 proteins were common between the Control vs DEX and DEX vs DEX-CGA comparison groups. Based on this, parameters with r > 0.85 or < -0.85
and p-value < 0.01 were selected. Regarding the Control vs DEX and DEX vs DEX-CGA comparison groups, LGMN (accession number: E1C958) was negatively
correlated (p < 0.01) with D-LA (r = -0.87), and serum IL-12 (r = -0.98), CXCL2 (r = -0.92), and CXCL1 levels (r = -0.90). MEP1A (accession
number: A0A1D5P6N4) was positively correlated (p < 0.01) with IL-10 transcription (r = 0.98) and serum IL-10 levels (r = 0.87), and CDK1 was positively
correlated (p < 0.01) with Caspase-9 transcription (r = 0.93) and negatively correlated (p < 0.01) with serum IL-10 levels (r = -0.90). NASP (accession
number: A0A3Q2UF99) was positively correlated (p < 0.01) with Caspase-9 transcription (r = 0.93) and negatively correlated with serum IL-10 levels (r = -0.87).
Additionally, MEP1B (accession number: A0A1L1RS59) was positively correlated (p < 0.01) with serum IL-10 levels (r = 0.93), and ANO5 (accession
number: F1NN74) was positively correlated (p < 0.01) with IL-10 transcription (r = 0.93). TMSB4X (accession number: R4GF71) was positively correlated (p <
0.01) with Caspase-9 transcription (r = 0.93), serum CXCL1 levels (r = 0.92), and serum IL-18 levels (r = 0.87). NOC2L (accession number: F1NV71) was
positively correlated (p < 0.01) with serum IL-22 levels (r = 0.92), Dab1 (accession number: Q6XBN7) was positively correlated (p < 0.01) with IL-
10 transcription (r = 0.90), and MARCKS (accession number: A0A1D5PDE6) was negatively correlated (p < 0.01) with IL-10 transcription (r = -0.87).
Additionally, MGME1 (accession number: A0A1L1RXX7) was positively correlated (p < 0.01) with IL-18 transcription (r = 0.87), PROSC was positively correlated
(p < 0.01) with serum IL-10 levels (r = 0.87). Furthermore, 4 proteins were common between the Control vs CGA and CGA vs DEX-CGA comparison groups,
among which GAS8 (accession number: F1NLA8) and APOC3 (accession number: A0A1D5PK48) were negatively correlated (p < 0.01) with serum IL-18 levels
(r = -0.93 and r = -0.90, respectively) (Fig. 8C).

Crosstalk between metabolomic and biochemical parameters

A total of 25 metabolites were common between the Control vs DEX and DEX vs DEX-CGA groups, and parameters with r > 0.80 or < -0.80 and p < 0.01 were
selected. Among the 25 metabolites, α-mercholic acid was negatively (p < 0.01) correlated with V/C ratio (r = -0.87), villus height (r = -0.82), and jejunal IL-4
level (r = -0.90), and positively correlated with jejunal CXCL1 levels (r = 0.84) and serum IL-6 level (r = 0.84). Additionally, 7,8-dihydro-L-biopterin was positively
correlated (p < 0.01) with villus height (r = 0.83), whereas Asp-Phe was negatively correlated (p < 0.01) with villus height (r = -0.81) and positively correlated
with IL-1β transcription (r = 0.87) and jejunal IL-12 (r = 0.86) and CXCL2 levels (r = 0.81). Glycyl-l-proline was negatively correlated (p < 0.01) with jejunal
CXCL2 levels (r = -0.81), whereas 2,4-hexadienoic acid was negatively correlated (p < 0.01) with IL-4 transcription (r = -0.86). Moreover, (±)5-HETE (r = 0.85),
(±)9-HETE (r = 0.85), and LTE4 (r = 0.84) levels were positively correlated (p < 0.01) with jejunal CXCL2 levels. Additionally, uracil was negatively correlated (p <
0.01) with IL-4 transcription (r = -0.84). Furthermore, only 1 metabolite was common between the Control vs CGA and CGA vs DEX-CGA groups; however, there
was no signi�cant correlation between the metabolite and the biochemical parameters (Fig. 8D).

Discussion
In the present study, we evaluated the effect of CGA supplementation on the gut microbial composition, intestinal protein pro�les, serum metabolites, intestinal
barrier function, and immune function of broilers with DEX-induced immunological stress. The �ndings showed that CGA supplementation effectively reversed
DEX-induced increase in pro-in�ammatory cytokines and chemokines levels, and jejunal permeability. Additionally, CGA supplementation (CGA × DEX)
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improved jejunal morphology and expression of tight junction proteins in DEX-treated broilers, which was similar to the �ndings of previous studies on the
anti-in�ammatory activities of CGA in chickens and pigs [27–30].

Although the gut microbial diversity of the broilers was not signi�cantly altered by DEX treatment, CGA supplementation signi�cantly increased the chao1 and
observed_otus were indices of broilers in the DEX-CGA group. Moreover, the gut microbiota of broilers in the DEX-CGA group was signi�cantly affected at the
family, genus, and species level (Clostridiales_vadinBB60_group family, Clostridiales_vadinBB60_group_unclassi�ed genus, and
Clostridiales_vadinBB60_group_unclassi�ed species) compared with those of broilers in the DEX group. Although a study indicated that the abundance of
Clostridiales_vadinBB60 was enriched in mice with enteritis [31], recent research has shown that Clostridium butyricum miyairi 588 supplementation increased
the abundance of Clostridiales_vadinBB60 in mice under stress [32]. Additionally, Kang et al. [33] found that Clostridiales_vadinBB60 was positively correlated
with the expression of intestinal ZO-1 and negatively correlated with serum in�ammatory parameters, such as TNF-α, IL-6, and LPS. Similarly, the results of the
present study showed that Clostridiales_vadinBB60_group_unclassi�ed was negatively correlated with in�ammatory parameters, including serum IL-18,
CXCL1, and CXCL2 levels, and jejunal IL-12, IL-18, and CXCL2 levels.

Studies have shown that gut bacteria ferment non-digestible carbohydrates to produce SCFAs, which confer several health bene�ts [34, 35].
Clostridiales_vadinBB60_group are potential SCFA-producing bacteria [36]. SCFAs affect gut epithelial integrity, which may regulate exposure of the mucosal
immune system to bacteria or innate signals that affect immune tolerance [37]. In the present study, CGA supplementation and DEX-CGA treatment
signi�cantly increased the levels of SCFAs, such as acetic acid, propanoic acid, and butyric acid. These data are in accordance with the KEGG results of gut
microbiota, which showed that there was an upregulation in pyruvate fermentation pathway, an SCFA-related pathway [38], in the DEX-CGA group compared
with the DEX group. Additionally, the SCFAs were negatively correlated with D-LA and pro-in�ammatory cytokines. These �ndings indicated that CGA
supplementation improved in�ammatory responses and enhanced gut barrier function.

Furthermore, CGA intake may also play a role in host proteome [39]. The results of the present study showed that the protein pro�le of the broilers was
negatively affected by DEX treatment, which was reversed by CGA supplementation. Particularly, DEX treatment increased the expression of the protein
TMSB4X and decreased LGMN expression. However, DEX-CGA treatment signi�cantly reversed the above trends. TMSB4X is a naturally occurring peptide [40],
which several biological functions. Although exogenous TMSB4X has been shown to have bene�cial effects in diverse pathologies, including myocardial
infarction [41], stroke [42], and in�ammatory lung disease [43], a recent study has revealed that the ethyl acetate extract of Cremastra appendiculata inhibited
the growth of breast cancer tissues and reduced the expression of TMSB4X gene in breast cancer cells [44]. Additionally, to participate in immune response,
LGMN can process self-antigen peptides and foreign proteins, deliver them to T cells in the form of MHC II molecular complexes, and trigger toll-like receptors
or other cathepsins via hydrolysis [45], indicating the important role of LGMN in the immune system. Thus, the decrease TMSB4X and increase LGMN after
CGA supplementation con�rmed the positive immunoregulatory activity of CGA in DEX-challenged broilers.

KEGG pathways analysis of the DEPs identi�ed in this study showed that the PPAR signaling pathway was regulated by both DEX and CGA. PPARs are
involved in energy homeostasis. Moreover, a study showed that PPARs are expressed in immune cells and play an emerging critical role in immune cell
differentiation and fate commitment [46]. In the present study, MRM analysis showed that DEX treatment cause a decrease EIF3J and EIF3H expression, and
an increase PROSC and APOA1 expression. However, CGA supplementation caused a decrease in APOA1 and CHP1 expression. Ma et al., reported that CGA
caused a decrease PPAR mRNA expression [47]. KEGG analysis showed that PROSC was involved in butanonate metabolism, APOA1 was involved in the
PPAR signaling pathway, and CHP1 was involved in apoptosis signaling pathway. These �ndings con�rmed that CGA plays positive roles in SCFA metabolism,
PPAR signaling pathway, and apoptosis. Furthermore, KEGG analysis indicated that EIF3J and EIF3H were involved in the MAPK signaling pathway. The
MAPK signalling pathway is involved in the regulation of immune function. A previous study showed that Se-enriched G. frondosa polysaccharides improve
immune function by activating the MAPK signaling pathway [48]. Additionally, sulfated modi�cation enhanced the immunomodulatory effect of Cyclocarya
paliurus polysaccharides in immunosuppressed mice through the MyD88-dependent MAPK signaling pathway [49]. In the present study, western blotting
con�rmed CGA supplementation reversed DEX-induced inactivation of the MAPK signaling pathway, con�rming the immunoregulatory activity of CGA.

Normally, proteins interact with each other to perform various biological functions. Therefore, a PPI network was generated to visualize the interactions
between the DEPs identi�ed in this study. In this network, CDK1 was the core PPI node in the DEX vs Control groups, with eight interactions. IKZF1 was the
core PPI node in the CGA vs Control groups, with four interactions, and CDK1 was the core PPI node in the DEX-CGA vs DEX groups, with 19 interactions. The
considerable overlap among the pathways indicated that a particular protein could exist in diverse signaling pathways, and that a particular pathway could be
regulated by various proteins. Moreover, Li et al. [50] reported a signi�cant increase in CDK1 expression in DF-1 cells after infection with subgroup J avian
leukosis virus, indicating the immunoregulatory role of CDK1. Correlation analysis demonstrated that several upregulated DEPs in the DEX-CGA group,
including MEP1A, MEP1B, and ANO5, were positively correlated with the level of the anti-in�ammatory cytokine IL-10. In contrast, several downregulated DEPs
in the DEX-CGA group, including TMSB4X, NOC2L, and MGME1, were positively correlated with the levels of pro-in�ammatory cytokines and chemokines, such
as CXCL1, IL-18, and IL-22. Although the functions of these proteins have rarely been reported, a study showed that there was a decrease in ANO5 expression
in DF-1 cells infected with subgroup J avian leukosis virus [50]. Similarly, there was a decrease in TMSB4X in Cremastra appendiculata-treated breast cancer
cells [44]. Moreover, a decrease in TMSB4X expression has also been observed in chicken primary hepatocytes in folic acid-supplemented culture medium [51].
Folic acid has been reported to regulate immune function [52] and could also protect against acetate-induced hepatotoxicity by downregulating nuclear factor
kappa-B and IL-1β production caused by cell injury [53]. Therefore, a decrease in TMSB4X expression may bene�cial for animal health.

Metabolomic analyses corroborated several key �ndings from microbiome and proteome analyses, providing valuable insights into the immunoregulatory
effects of CGA. OPLS-DA analysis clearly clustered the metabolites according to the treatments. Compared to the DEX group, there was an increase in the
levels of 2,4-dihydroxy benzoic acid, homogentisic acid, 7,8-dihydro-L-biopterin, and glycyl-l-proline and a decreased in the levels of 23-deoxydeoxycholic acid,
2’-deoxyadenosine-5’-monophosphate, and carnitine C18:1-OH in the DEX-CGA treatment group. 2,4-dihydroxy benzoic acid is a derivative of hydroxybenzoic
acid. Reports have shown that hydroxybenzoic acids and their derivatives possess antioxidant properties [54]. Moreover, homogentisic acid exhibits
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antioxidant and antiradical activities [55]. Therefore, the increased concentrations of 2,4-dihydroxy benzoic acid and homogentisic acid may imply an increase
in the antioxidant capacity of broilers in the DEX-CGA group. KEGG analysis demonstrated that the different metabolites between the DEX-CGA and DEX
groups were enriched in glutathione metabolism and PPAR signaling pathway. Glutathione possess antioxidant capacity [56], indicating that CGA can exert
antioxidant activity by promoting glutathione metabolism [57] and reversing acetaminophen-induced decrease in liver glutathione levels, and glutamate-
cysteine ligase and glutathione reductase activities [58]. Moreover, PPAR signaling pathway enrichment was downregulated in the DEX-CGA group compared
with the DEX group, which was in accordance with the results of the KEGG analysis of the DEPs. Western blotting further con�rmed the effects of CGA on
PPAR expression. Additionally, there were signi�cant correlations between the altered metabolites and biochemical parameters. For instance, 7,8-dihydro-L-
biopterin, which was increased by CGA treatment, was positively correlated with villus height, whereas glycyl-l-proline was negatively correlated with jejunal
CXCL2 levels, indicating that CGA regulated the intestinal health and immune function of broilers through serum metabolites.

Conclusion
In conclusion, multi-omics analysis showed that CGA supplementation signi�cantly in�uenced the gut microbiome (Clostridiales_vadinBB60), jejunal
proteomics (TMSB4X and LGMN), and serum metabolomics (such as 2,4-dihydroxy benzoic acid and homogentisic acid) of DEX-treated broilers. Correlation
analysis between biochemical parameters and omics parameters indicated that CGA exerted bene�cial effects by regulating gut microbiota, jejunal protein,
and serum metabolites. Moreover, the increase in SCFA levels after CGA treatment veri�ed the increased abundance of the SCFA-producing bacteria
Clostridiales_vadinBB60 in CGA-treated broilers. Proteomic and metabolomic analyses and western blotting corroborated the predicted changes in the PPAR
and MAPK signaling pathways. However, further studies are necessary to identify additional mechanisms of CGA, including speci�c protein and metabolite
targets.
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Tables
Table 1 Effects of dexamethasone, chlorogenic acid, or their interaction on the serum immune parameters of broilers

Item IgA

(ng/mL)

IgM

(ng/mL)

IL-1β

(pg/mL)

IL-4

(pg/mL)

IL-6

(pg/mL)

IL-10

(pg/mL)

IL-12

(pg/mL)

IL-18

(ng/L)

IL-22

(ng/L)

TNF-α

(pg/mL)

IFN-γ

(pg/mL)

CXCL1

(ng/L)

CX

(n

Control 333.77 1097.70 709.56b 187.46ab 86.61c 56.45a 534.33b 105.19b 19.16b 93.33 12.86b 189.78b 18

DEX 349.95 887.38 800.67a 131.52c 122.55a 37.43b 651.00a 202.99a 28.10a 114.00 7.23a 258.61a 28

CGA 381.08 1241.75 693.44b 195.78a 98.64b 47.01ab 496.33c 124.84bc 14.88b 89.76 11.34b 164.78c 14

DEX-CGA 341.13 1176.67 698.44b 170.46b 100.05b 54.29a 403.67c 76.26c 17.01b 96.85 11.27b 140.40c 14

SEM 12.24 48.63 12.53 6.24 3.14 2.18 24.60 10.31 1.24 3.03 0.49 10.01 12

Main
effect

                         

CGA                          

_ 341.86 992.54 755.11 160.49 104.58 46.94 592.67 154.09 23.63 103.67 10.04 224.20 23

+ 361.10 1209.21 695.94 183.13 99.34 50.65 450.00 100.55 15.94 93.31 11.31 152.29 14

DEX                          

- 357.43 1169.72 701.50 192.62 92.62 51.73 515.33 115.02 17.02 91.54 12.10 177.28 16

+ 329.61 1032.02 749.56 151.00 111.30 54.29 527.33 139.62 22.55 105.43 9.25 199.51 21

p value                          

CGA 0.124 0.020 <0.01 <0.01 0.138 0.273 0.010 <0.01 <0.01 0.051 0.012 <0.01 <0

DEX 0.219 0.123 0.017 <0.01 <0.01 0.090 0.734 <0.01 <0.01 0.012 <0.01 0.016 <0

Interaction 0.586 0.406 0.030 0.038 <0.01 <0.01 <0.01 <0.01 0.025 0.189 <0.01 <0.01 <0

a,b,cMean values within a row with no common superscript differ signi�cantly (p < 0.05).

 

Table 2 Effects of dexamethasone, chlorogenic acid, or their interaction on the jejunal immune parameters of broilers
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Item IgA

(ng/mg
prot)

IgM

(ng/mg
prot)

IL-1β

(pg/mg
prot)

IL-4

(pg/mg
prot)

IL-6

(pg/mg
prot)

IL-10

(pg/mg
prot)

IL-12

(pg/mg
prot)

IL-18

(ng/mg
prot)

IL-22

(ng/mg
prot)

TNF-α

(pg/mg
prot)

IFN-γ

(pg/mg
prot)

CXCL1

(ng/mg
prot)

CXCL2

(ng/mg
prot)

Control 29.53 63.77 5.34b 1.56a 0.26b 0.53 714.41b 10.22b 2.72b 0.44c 18.75 12.42c 16.47b

DEX 18.39 50.06 7.34a 1.15c 0.34a 0.48 889.90a 14.87a 4.48a 0.53a 16.64 21.75a 26.01a

CGA 27.29 72.32 5.33b 1.38b 0.22c 0.56 700.69b 9.51b 2.54b 0.49b 17.31 15.00bc 15.63b

DEX-CGA 22.26 68.54 5.41b 1.33b 0.23c 0.54 635.98b 10.38b 2.68b 0.51ab 16.80 16.09b 17.12b

SEM 1.26 2.31 0.21 0.04 0.01 0.01 24.78 0.50 0.18 0.01 1.19 0.87 0.95

Main
effect

                         

CGA                          

_ 23.96 56.91 6.34 1.35 0.30 0.50 802.16 12.55 3.60 0.49 17.70 17.08 21.24

+ 24.78 70.43 5.37 1.35 0.22 0.55 668.33 9.95 2.61 0.50 17.06 15.54 16.38

DEX                          

- 28.41 68.04 5.33 1.47 0.24 0.54 707.55 9.87 2.63 0.47 18.03 13.71 16.05

+ 20.32 59.30 6.38 1.24 0.28 0.51 762.94 12.63 3.58 0.52 16.72 18.92 21.56

p value                          

CGA 0.668 <0.01 <0.01 0.975 <0.01 0.076 <0.01 <0.01 <0.01 0.429 0.802 0.162 <0.01

DEX <0.01 0.013 <0.01 <0.01 <0.01 0.160 0.104 <0.01 <0.01 <0.01 0.610 <0.01 <0.01

Interaction 0.119 0.138 <0.01 <0.01 <0.01 0.580 <0.01 <0.01 <0.01 0.027 0.754 <0.01 <0.01

a,b,cMean values within a row with no common superscript differ signi�cantly (p < 0.05).

 

Table 3 Effects of dexamethasone, chlorogenic acid, or their interaction on the jejunal morphology of broilers

Item Villus height (μm) Crypt depth (μm) V/C

Control 347.86a 73.26 4.76a

DEX 224.59b 110.71 2.11b

CGA 344.57a 72.33 4.81a

DEX-CGA 332.15a 79.89 4.18a

SEM 29.21 10.06 0.43

Main effect      

CGA      

_ 286.23 91.98 3.43

+ 338.36 76.11 4.50

DEX      

- 346.22 72.79 4.78

+ 278.37 95.30 3.15

P value      

CGA 0.023 0.040 <0.01

DEX <0.01 <0.01 <0.01

Interaction 0.016 0.052 <0.01

a,bMean values within a row with no common superscript differ signi�cantly (p < 0.05).
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Table 4 Effects of dexamethasone, chlorogenic acid, or their interaction on the intestinal permeability of broilers

Item D-LA (μg/L) DAO (pg/mL)

Control 769.86b 95.72

DEX 1294.86a 101.37

CGA 815.69b 97.21

DEX-CGA 793.99b 91.66

SEM 60.65 4.26

Main effect    

CGA    

_ 1032.36 98.54

+ 804.84 94.43

DEX    

- 792.77 96.46

+ 1044.42 96.52

p value    

CGA <0.01 0.187

DEX <0.01 0.985

Interaction <0.01 0.078

a,bMean values within a row with no common superscript differ signi�cantly (p < 0.05).

 

Table 5 Effects of dexamethasone, chlorogenic acid, or their interaction on the short-chain fatty acid (SCFA) levels of broilers

Item

(μmol/g)

Acetic acid Propanoic acid Butyric acid Isovaleric acid Valeric acid Hexanoic acid

Control 115.56b 21.38ab 27.19b 2.08b 3.31b 0.07b

DEX 6.58c 7.63c 5.74c 0.89c 1.04c 0.04b

CGA 115.95b 17.10b 26.56b 2.23ab 2.64b 0.08b

DEX-CGA 169.00a 27.38a 47.45a 3.23a 5.40a 0.13a

SEM 22.20 4.54 7.75 0.5 0.72 0.02

Main effect            

CGA            

_ 61.07 14.51 16.46 1.48 2.17 0.059

+ 142.47 22.24 37.01 2.73 4.02 0.10

DEX            

- 115.75 19.24 26.88 2.15 2.97 0.07

+ 87.79 17.50 26.60 2.06 3.21 0.08

p value            

CGA <0.01 0.026 <0.01 <0.01 <0.01 <0.01

DEX 0.090 0.594 0.960 0.789 0.639 0.597

Interaction <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

a,b,cMean values within a row with no common superscript differ signi�cantly (p < 0.05).
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Table 6 List of the top 10 up- and down- regulated DEPs between Control and DEX groups (ranked according to the fold change)

Accession KOG_function Gene name Fold change p value

P04354 Calmodulin and related proteins (EF-Hand superfamily) CALB1 2.80 0.036

A0A1D5P6N4 Meprin A metalloprotease MEP1A 1.87 0.008

A0A1L1RS59 Meprin A metalloprotease MEP1B 1.82 0.046

F1NN74 Uncharacterized conserved protein ANO5 1.61 0.028

R4GFW3 Cl- channel CLC-2 and related proteins (CLC superfamily) CLCN2 1.58 0.005

H9KYX6 Selenium-binding protein SELENBP1 1.54 0.017

R4GGG4 Cytochrome P450 CYP2 subfamily CYP2U1 1.53 0.038

F1NB67 Uncharacterized conserved protein PLEKHO2 1.50 0.009

P11183 Glycine cleavage system H protein (lipoate-binding) GCSH 1.43 0.039

P21642 Phosphoenolpyruvate carboxykinase PCK2 1.41 0.021

A0A3Q2U8K0 Alpha-macroglobulin N/A 0.57 0.008

R4GF71 Thymosin beta TMSB4X 0.56 0.010

A0A1D5PXP9 Fasciclin and related adhesion glycoproteins TGFBI 0.56 0.047

P11602 Uncharacterized conserved protein LPL 0.55 0.001

F1NBD7 Protein kinase PCTAIRE and related kinases CDK1 0.51 0.011

P33145 FOG: Cadherin repeats K-CAM 0.49 0.006

A0A1D5PDE6 Uncharacterized conserved protein MARCKS 0.49 0.048

A0A3Q3AU25 Alpha-macroglobulin N/A 0.45 0.034

A0A1D5NTE7 Ficolin and related extracellular proteins N/A 0.37 0.038

F1P1P5 Mitochondrial matrix protein frataxin, involved in Fe/S protein biosynthesis FXN 0.37 0.032

N/A means not applicable

 

Table 7 List of the top 10 up- and down- regulated DEPs between Control and GCA groups (ranked according to the fold change)
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Accession KOG_function Gene name Fold change p value

F1NPA3 DNA-binding proteins Bright/BRCAA1/RBP1 and related proteins containing BRIGHT domain ARID4A 2.26 0.004

A0A3Q2TTI3 Uncharacterized conserved protein FBRSL1 1.97 0.038

A0A1D5PTI4 SWI-SNF chromatin-remodeling complex protein ARID1A 1.94 0.036

F1NI13 Synapse-associated protein SYAP1 1.92 0.037

A0A1D5PQJ7 Cytochrome P450 CYP2 subfamily CYP1C1 1.79 0.037

A0A1D5PYB7 Focal adhesion adaptor protein Paxillin and related LIM proteins LIMD1 1.73 0.018

R4GF71 Thymosin beta TMSB4X 1.64 0.039

E1C2V9 Predicted GTPase-activating protein ARFGAP2 1.61 0.012

F1ND55 Cytoskeletal protein Adducin ADD1 1.61 0.014

E1C667 Uncharacterized conserved protein LAD1 1.59 0.012

A0A3Q2UD05 RNA polymerase II, large subunit N/A 0.81 0.021

F1NT33 FOG: Zn-�nger IKZF1 0.81 0.046

F1P0B2 Beta amyloid precursor protein APP 0.78 0.046

F1NBT0 Ste20-like serine/threonine protein kinase STK10 0.76 0.032

E1C1X1 Uncharacterized conserved protein TMEM126A 0.72 0.023

E1BXC7 Uncharacterized conserved protein MALL 0.71 0.019

F1NPL9 Cytochrome c oxidase assembly protein/Cu2+ chaperone COX17 COX17 0.54 0.011

A0A1D5P7X3 Actin regulatory proteins (gelsolin/villin family) CAPG 0.54 0.021

A5HUL4 Uncharacterized conserved protein BLB2 0.50 0.007

Q95601 Uncharacterized conserved protein BFIV21 0.47 0.002

N/A means not applicable

 

Table 8 List of the top 10 up- and down- regulated DEPs between DEX and DEX-CGA groups (ranked according to the fold change)
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Figures

Accession KOG_function Gene name Fold
change

p value

R4GF71 Thymosin beta TMSB4X 2.79 0.005

A0A3Q2U3Y3 Calponin CNN1 2.65 0.040

A0A3Q2U295 Uncharacterized conserved protein C19orf43 2.53 0.049

F1NVA3 Rac1 GTPase effector FHOS FHOD1 2.40 0.025

A0A1D5PTI4 SWI-SNF chromatin-remodeling complex protein ARID1A 2.28 0.049

F1NPA3 DNA-binding proteins Bright/BRCAA1/RBP1 and related proteins containing BRIGHT domain ARID4A 2.19 0.001

A0A3Q2U530 Uncharacterized conserved protein MAP7D3 2.18 0.044

A0A3Q2UF99 Cell cycle-regulated histone H1-binding protein NASP 2.05 0.017

A0A1D5PYB7   LIMD1 2.05 0.023

A0A1D5PDE6 Uncharacterized conserved protein MARCKS 2.02 0.049

F1NHR4 Angiotensin I-converting enzymes - M2 family peptidases ACE2 0.64 0.030

F1NYM0 Angiotensin I-converting enzymes - M2 family peptidases ACE 0.60 0.036

F1NPI1 Sodium-neurotransmitter symporter SLC6A19 0.60 0.018

A0A1D5PHR1 Peroxisomal long-chain acyl-CoA transporter, ABC superfamily ABCD2 0.58 0.047

F1NN74 Uncharacterized conserved protein ANO5 0.56 0.016

F1NAN4 Beta-glucosidase, lactase phlorizinhydrolase, and related proteins LCT 0.56 0.032

F1NY83 Chondroitin 6-sulfotransferase and related sulfotransferases;Chondroitin 6-sulfotransferase and
related sulfotransferases

LOC101747844 0.55 0.016

E1C958 Asparaginyl peptidases LGMN 0.53 0.002

A0A1L1RS59 Meprin A metalloprotease MEP1B 0.52 0.021

A0A1D5P6N4 Meprin A metalloprotease MEP1A 0.49 0.033

N/A means not applicable
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Figure 1

Effects of DEX, CGA or their interaction on mRNA expressions of in�ammation- and apoptosis-related genes.
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Figure 2

Effects of DEX, CGA or their interaction on jejunal morphology and expressions of tight junction proteins. (A) HE staining. (B) Western blotting for ZO-1 and
occludin. (C) Immunohistochemistry for occludin and (D) Immunohistochemistry for ZO-1.



Page 21/23

Figure 3

Effects of DEX, CGA, and DEX-CGA on the gut microbiota of broilers. (A) Changes in the a-diversity of gut microbiota communities, as indicated by chao1,
goods_coverage, observed_otus, shannon’s and simpson’s indices. (B) PCoA of gut microbiota. (C) The abundance of gut microbiota at phylum, family, genus
and species levels. (D) LDA score.
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Figure 4

Predicted function of gut microbiota genes in the cecal contents of broilers. KEGG metabolic pathway enrichment analysis based on signi�cant differential
bacteria.

Figure 5

Effects of DEX, CGA, and DEX-CGA on the jejunal proteomics. (A) Volcano map of jejunal proteins. (B) GO analysis of jejunal proteins. (C) KEGG metabolic
pathway enrichment analysis based on signi�cant differentially expressed proteins. (D) PPI network.

Figure 6

Effects of DEX, CGA, and DEX-CGA on the serum metabolites. (A) OPLS-DA analysis. (B) Heatmap analysis. (C) Volcano analysis. (D) The top 20 metabolites
in multiple of difference between groups. (E) KEGG metabolic pathway enrichment analysis based on signi�cant differential metabolites.

Figure 7

Effects of DEX, CGA or their interaction on the MAPK and PPAR signaling pathway in jejunum.
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Figure 8

Spearman’s correlation analysis between biochemical parameters and omics parameters. (A) Spearman’s correlation analysis between biochemical
parameters and gut bacteria at genus level. (B) Spearman’s correlation analysis between biochemical parameters and SCFA. (C) Spearman’s correlation
analysis between biochemical parameters and jejunal proteins. (D) Spearman’s correlation analysis between biochemical parameters and serum metabolites.
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