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Baicalin-copper complex alleviates intestinal damage in avian pathogenic Escherichia coli-infected chicks by targeting the AKT/NF-κB pathway
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Background: Avian pathogenic Escherichia coli (APEC), a primary bacterial pathogen in poultry, induces substantial economic losses to the global poultry industry. The baicalin-copper complex (BCU) demonstrates markedly potentiated anti-inflammatory, anti-oxidant, and anti-tumor efficacy relative to either baicalin or copper in their isolated forms. The present study aimed to evaluate the protective effects of BCU against APEC-induced intestinal damage in chicks.

Methods: Seventy-five one-day-old chicks were randomly assigned to five groups: control group (basic diet), E. coli group (basic diet), and BCU treatment groups (10, 20, and 40mg/kg BCU). After a 15-day feeding period, APEC infection was induced via pectoralis injection to ensure consistent systemic infection. Two days later, the chicks were weighed, and blood samples from the pterygoid vein and ileum tissue were collected for subsequent experiments.

Results: The results showed that compared with the E. coli group, BCU reduced both diarrhea and mortality rates, with reductions in the BCU40 group to 27% and 7%, respectively. It also significantly up-regulated the mRNA expression of key intestinal physical barrier proteins (ZO-1, ZO-2, Claudin-1, Claudin-3, and Occludin) and chemical barrier components (Mucin 2 (MUC2) and avian β-defensins (AvBD2, AvBD4) (p < 0.05). Compared with the E. coli group, as shown by BCU markedly increased activities of antioxidant enzymes GSH-Px, CAT, SOD and reduced MDA level, which along with increased mRNA expression of the Nrf2-antioxidant signaling pathway (p < 0.05). Furthermore, BCU significantly down-regulated the mRNA expression of pro-inflammatory cytokines TNF-α, IL-1β, IL-6, IL-8, and significantly up-regulated the anti-inflammatory cytokines IL-10 and TGF-β (p < 0.05). Moreover, BCU inhibited the AKT/NF-κB signal pathway, as indicated by markedly reduced the protein expression of p-NF-κB and p-AKT (p < 0.01).

Conclusion: Collectively, the findings suggested that BCU effectively alleviates intestinal damage induced by APEC-infection through AKT/NF-κB signal pathway to modulate oxidative stress and inflammatory response.
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Introduction

Avian pathogenic Escherichia coli (APEC) is a major bacterial pathogen responsible for colibacillosis in poultry, particularly affecting young chicks. This pathogen induces diarrhea, intestinal hemorrhage, and systemic inflammation, elevating mortality rates while severely compromising growth performance—imposing substantial economic burdens on global poultry production (1). APEC’s virulence targets intestinal barrier integrity, provoking dysregulated immune responses. Current reliance on antibiotic-based control strategies exacerbates antimicrobial resistance risks, necessitating natural alternative interventions.

Intestine is the main target organ of APEC, which consists of physical barriers, chemical barriers, and biological barriers, comprising tight junction proteins (e.g., ZO-1, claudins, occludin) and mucosal immune molecules such as mucin 2 (MUC2) and avian β-defensins (AvBD2, AvBD4), plays a pivotal role in host defense. The destruction of intestinal barrier will induce the inflammatory reaction of the body. Nuclear factor Kappα-B (NF-κB) is a unique transcription factor that can be activated by various pathological stimuli, has a key role in regulating the expression of numerous inflammatory factor genes, and serves as an essential component for the transcription of multiple pro-inflammatory genes. APEC infection disrupts barrier, exacerbating oxidative stress and inflammatory damage through the activation of signaling pathways such as AKT/NF-κB (2). Excessive activation of NF-κB promotes the expression of pro-inflammatory cytokines and oxidative mediators, creating a vicious cycle of tissue injury (3).

Baicalin, a flavonoid compound extracted from Scutellaria baicalensis, has demonstrated a wide range of biological effects, including anti-inflammatory, anti-oxidant, and anti-bacterial properties (4). Copper, an essential trace element, plays vital roles in immunomodulation, antioxidant defense, and tissue homeostasis (5). Critically, the baicalin-copper complex (BCU) demonstrates synergistically enhanced bioactivity compared to either component alone, BCU administration improves intestinal health, suppresses inflammatory cascades, and enhances growth metrics in avian models (6). It also possesses strong antimicrobial activity against pathogens such as E. coli, Staphylococcus aureus, and Candida albicans (7), and can inhibit tumor cell proliferation in vitro (8).

Plant-derived bioactive compounds have shown great promise in modulating gut microbiota, immune function, and antioxidative capacity in livestock. For instance, Litsea cubeba essential oil improved antioxidant status, nutrient digestibility, and immune responses in pigs (9). Similarly, shifts in gut microbiota have been linked to immune regulation and disease progression in various host systems (10), collectively supporting BCU’s potential as a multifunctional phytogenic additive. However, few studies have explored the protective mechanism of BCU against APEC-induced intestinal damage in poultry. Building on BCU’s documented pharmacological versatility and microbiota-metabolite regulatory capacity, the present study utilized 75 one-day-old chicks to evaluate the effects of dietary BCU on intestinal integrity, oxidative stress, and inflammatory responses, and AKT/NF-κB signaling modulation in APEC-challenged chicks. These findings advance novel phytochemical-based strategies for poultry health enhancement.



Materials and methods


The sources of BCU and avian pathogenic Escherichia coli

BCU in the experiment was obtained from Xing ding technology biotechnology Company (China), and Escherichia coli APAP-O78 was procured from the China Institute of Veterinary Drug Control (#CVCC1418).



Animals, diets, and management

Seventy-five chicks aged 1-day-old Hy-line brown laying hens were maintained under protocols approved by Jiangxi Agricultural University Animal Care and Use Committee. Chicks were housed in a controlled environment with standardized temperature, humidity, and lighting. After 7-day acclimation, the chicks were allocated to five treatment groups: control (basal diet), E. coli (basal diet + APEC challenge), BCU10 (basal diet + 10 mg BCU/kg), BCU20 (basal diet + 20 mg BCU/kg), and BCU40 (basal diet + 40 mg BCU/kg), with 15 chicks per group. The composition of the diets are shown in Table 1. On day 15 of the experiment, chicks in all groups except the control group were intramuscularly injected with 0.5 mL of E. coli suspension (3.39 × 109 CFU/mL) into the pectoralis major muscle. Intramuscular injection can effectively ensure the establishment of systemic infection. The control group received an equal volume of sterile saline. After 2 days, the chicks were weighed, and wing vein blood samples were collected. All chicks were then anesthetized via intravenous injection of sodium pentobarbital (50 mg/kg). Ileum tissues were snap-frozen in liquid nitrogen and stored at −80 °C for molecular analysis.


TABLE 1 Composition and nutrients levels of diets %.


	Dietary composition %
	Content %

 

 	Corn 	66.00


 	Soybean meal 	29.00


 	Premixa 	5.00


 	Total 	100.00


 	Nutrient level


 	DL-Methionine % 	0.26


 	Lysine % 	0.88


 	Metabolic energy (MJ/kg) 	11.92


 	Crude protein % 	17.61





a Premix: copper: 8 g; iron: 67 g; zinc: 87 g; cobalt: 94 g; sodium selenite: 11.25 g; potassium iodide: 8.75 g; DL-methionine: 300 g; polysaccharide vitamin: 100 g; sodium chloride: 2,000 g; mountain flour: 13,000 g; calcium hydrogen phosphate: 6,000 g.
 



Record the diarrhea and mortality rates

After the injection of E. coli liquid, diarrheal incidence and mortality were recorded daily, and the diarrhea and mortality rates were counted as cumulative deaths per group.



Morphology observation

According to the method described by Tang et al. (7), Hematoxylin–Eosin (H&E) staining method was used for observation. Three centimeters of ileal tissue was cut, and the inner wall of the intestine was gently flushed with saline, the operation process should be avoided to damage the intestinal mucosa as much as possible. Finally, tissue sections were made and observed with an optical microscope (Olympus BX63, 40 × 10).



Determination of oxidative stress indexes

Following the methods reported by Luc et al. (8), the optimal sampling concentrations for each assay and each sample were explored by UV spectrophotometry according to the diagnostic kit manufacturer’s instructions (correlation coefficient: r = 0.99, confidence level: p < 0.001, Nanjing Jiancheng Bio, China). Experiments were performed based on the results of the optimal sampling concentrations from the above experiments. Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px) activities and malondialdehyde (MDA) levels were determined strictly according to the kit instructions.



Real-time quantitative PCR analysis (q-PCR)

Total RNA was extracted from ileal tissues using standard protocols. Reverse transcription was performed to synthesize complementary DNA (cDNA). q-PCR was carried out as detailed in the previous paper (11). The expression levels of genes including TNF-α, interleukins (IL-1β, IL-6, IL-8, IL-10), transforming growth factor-β (TGF-β), tight junction proteins (ZO-1, ZO-2), claudins (Claudin1, Claudin3), occludin, mucin 2 (MUC2), avian β-defensins (AvBD2, AvBD4), nuclear respiratory factor 2 (Nrf2), heme oxygenase-1 (HO-1), CAT, SOD-1, glutathione peroxidase 1 (GPX1), and glutamate-cysteine ligase modifying subunits (GCLM) were analyzed. Q-PCR was conducted using specific primers in Table 2. GAPDH was selected as the internal control (housekeeping gene) to normalize target gene expression. All primers were verified for specificity by melting curve analysis, and efficiency was within acceptable range (90–110%). The relative mRNA expression levels were quantified using the comparative Ct method (2−ΔΔCt).


TABLE 2 Sequence of target genes primer.


	Gene names
	Primer sequence (5′–3′)

 

 	TNF-α 	F: CAGATGGGAAGGGAATGAAC


 	R: CACACGACAGCCAAGTCAAC


 	IL-1β 	F: GGTCAACATCGCCACCTACA


 	R: CATACGAGATGGAAACCAGCAA


 	IL-6 	F: GCCAGAGCCAGGGAGAATATC


 	R: CCCTCACGGTCTTCTCCATAAA


 	IL-8 	F: GCAAGGTAGGACGCTGGTAA


 	R: GCGTCAGCTTCACATCTTGA


 	IL-10 	F: GGTTGTCGTCTCATTCTGAAAGA


 	R: GGTAGAGGACCCAAGTTCGTTAAGA


 	TGF-β 	F: GCTCCACGGAGAAGAACAGGCTG


 	R: CTGCTCCACCTTGGGCTTGC


 	ZO-1 	F: GGCAGCTATCAGACCACTCT


 	R: ACTTGTAGCACCATCTGCCT


 	ZO-2 	F: CGGACTGTCATCTCGTTCAGGCAC


 	R: GCTGGGAAGGAAGAGAACCT


 	Claudin 1 	F: TACAGCCCTTGGCCAATACA


 	R: CCAAGAAACAACCACCAGCA


 	Claudin 3 	F: AAGGTGTACGACTCCATGCT


 	R: CGATGGTGATCTTGGCCTTG


 	Occludin 	F: CCTCATCGTCATCCTGCTCT


 	R: GGTCCCAGTAGATGTTGGCT


 	MUC2 	F: CAGGATACGTGTGTGCCCAT


 	R: GGACGCGTTGCAATCAAAGT


 	GPX-1 	F: CAATTCGGGCACCAGGAGAA


 	R: GTACTGCGGGTTGGTCATCA


 	AvBD2 	F: CTCTCTCCTCTTCCTGGCAC


 	R: GAGGGGTCTTCTTGCTGCTG


 	AvBD4 	F: ACGCTGATCTGCAGGACTAC


 	R: GAGAACGGGAAAAGCCCACAG


 	Nrf2 	F: GGCCACCCTAAAGCTCCATT


 	R: GGCTTCACTGAACTGCTCCT


 	HO-1 	F: ACAACGCTGAAAGCATGTCC


 	R: GGATGCTTCTTGCCAACGAC


 	CAT 	F: AGCTTGCAAAATGGCTGACG


 	R: ATAGCCAAAGGCACCTGCTC


 	SOD-1 	F: CCAAAAGATGCAGATAGGCACG


 	R: GCAGTGTGGTCCGGTAAGAG


 	GCLM 	F: CTGAGTCACGGTGTCGCTCC


 	R: TCCAACCTTTGAGCTCCATTCA


 	GAPDH 	F: AGTCGGAGTCAACGGATTTGG


 	R: AAGATAGTGATGGCGTGCCC




 



Western blotting analysis

Approximately 0.1 g of ileal tissue was homogenized in 1 mL of RIPA lysis buffer (Solarbio, R0010, Beijing, China) supplemented with protease and phosphatase inhibitor cocktails. After incubation on ice for 10 min, the lysates were centrifuged for 15 min at 4 °C, and the supernatant was collected. Protein concentrations were quantified using a BCA protein assay kit (Solarbio, Nanjing, China) following the manufacturer’s protocol, using a 96-well plate and standard curve.

Protein samples were mixed with 6 × SDS loading buffer at a ratio of 1:5 and denatured by heating at 100 °C for 5 min. Equal amounts of total protein (30 μg per well) were separated by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, United States), which were pre-activated in methanol. Membranes were blocked with 5% skim milk in TBST for 1 h at room temperature and incubated overnight at 4 °C with primary antibodies: anti-p-AKT (Rabbit polyclonal, WL03851, Wanleibio, 1:1000), anti-AKT (Rabbit polyclonal, WL0003, Wanleibio, 1:1000), anti-p-NF-κB (Rabbit polyclonal, WL02166, Wanleibio, 1:1000), anti-NF-κB (Rabbit polyclonal, WL01508, Wanleibio, 1:1000), and anti-GAPDH (Mouse monoclonal, Clone 6C5, WL01544a, Wanleibio, 1:1000). After washing three times with TBST (10 min each), membranes were incubated with HRP-conjugated goat anti-mouse IgG secondary antibody (WLA024, Wanleibio, 1:5000) for 1 h at room temperature. Immunoreactive bands were visualized using enhanced chemiluminescence (ECL) reagent (Wanleibio). Detailed antibody information is provided in Supplementary Table S1. Band intensities were analyzed using ImageJ software (12), antibodies were purchased from Abimat Pharmaceutical Technology Company.



Statistical analysis

All experiments included triplicate biological replicates. Data are expressed as mean ± SD and analyzed using SPSS 26.0 (SPSS Inc., Chicago, IL, United States). Normality was verified via D’Agostino-Pearson and Kolmogorov–Smirnov tests. Normally distributed data with homogeneous variance underwent one-way ANOVA with Dunnett’s post hoc test; non-parametric data were analyzed by Kruskal–Wallis test with Dunn’s correction. Graphical representations were created using GraphPad Prism 8.0. Statistical significance was set at p < 0.05, and significance levels were denoted as follows: ns (not significant), *p < 0.05, **p < 0.01, and ***p < 0.001.




Results


Effect of dietary BCU on diarrhea rates and mortality

As detailed in Table 3, 73% of the chicks exhibited diarrhea, and 53% died after E. coli infection. In contrast, the diarrhea and mortality rates of chicks in BCU treatment groups were significantly lower. Notably, in the BCU40 group, the diarrhea rate decreased to 27% and the mortality rate to 7%, respectively. Suggested that BCU effectively mitigates the incidence of diarrhea and reduces mortality associated with E. coli disease.


TABLE 3 Diarrhea rate and mortality.


	Group
	Diarrhea rate (%)
	Mortality (%)

 

 	Control 	0 	0


 	E. coli 	73% 	53%


 	BCU10 	33% 	33%


 	BCU20 	40% 	27%


 	BCU40 	27% 	7%




 



Morphological observation of ileum tissue

Figure 1 shows the results of histopathological observation of the ileum. In the control group, the villi structure of ileum was clear and complete, and columnar epithelial cells were closely connected. In contrast, APEC-infected chicks showed the proliferation of small intestinal crypts, villi atrophy, and obvious inflammatory cell infiltration and bleeding. In comparison with the E. coli group, the infiltration of inflammatory cells in ileum of chicks was reduced, and the bleeding was reduced in BCU treatment groups, and goblet cells increased significantly.

[image: Histological images of intestinal villi stained with hematoxylin and eosin. Panels A to E show cross-sections with varying degrees of epithelial and cellular density. Each image illustrates the structural differences and arrangement of tissue. Scale bars indicate a magnification of one hundred micrometers.]

FIGURE 1
 Effect of baicalin-copper complex on histopathological structure in chick ileum (scale bar = 100 μm). (A) control group; (B) E. coli group; (C) BCU10 (10 mg/kg BCU) group; (D) BCU20 (20 mg/kg BCU) group; (E) BCU40 (40 mg/kg B) group. In the images, the arrowheads indicate the location of the lesions (B).




Effect of BCU on mRNA expression of mucin and antimicrobial peptide in ileum induced by Escherichia coli

As observed in Figure 2, the expression levels of intestinal barrier proteins ZO-1, ZO-2, occludin, claudin-1, claudin-3, MUC-2, AvBD2 and AvBD4 in E. coli group were significantly lower than those in control group (p < 0.05). In contrast to the E. coli group, the expression levels of ZO-1, occludin, claudin-3, and MUC-2 mRNAs were significantly increased in the BCU10, BCU20, and BCU40 groups (p < 0.05). Additionally, there was no significantly different in the expression levels of ZO-2 mRNA between BCU10, BCU20, BCU40 groups and E. coli group (p > 0.05). The expression of claudin-1 mRNA in BCU40 group was significantly higher than that in E. coli group (p < 0.05). In addition, compared with the control group, the mRNA expression levels of AvBD2 and AvBD4 were significantly decreased in the E. coli group (p < 0.05). However, both AvBD2 and AvBD4 mRNA levels were significantly up-regulated in the BCU40 group compared to the E. coli group (p < 0.05), and AvBD4 expression was also significantly elevated in the BCU20 group (p < 0.05).

[image: Bar charts A to H illustrate the relative expression levels of various genes: ZO-1, ZO-2, Occludin, Claudin1, Claudin3, MUC-2, AvBD2, and AvBD4 across different treatments: Control, E. coli, and varying concentrations of BCU (10, 20, 40). Annotations (*) and (#) indicate statistical significance. Chart I is a radar graph comparing gene expression levels for each treatment.]

FIGURE 2
 Effect of baicalin-copper complex on the mRNA expression of Mucosal Tight-Junction Proteins in ileum of chicks under the action of pathogenic Escherichia coli. (A-H); (I) Radar chart shows the mRNA levels of intestinal barrier; Effects of the control, E. coli, BCU10, BCU20, and BCU40 groups on the mRNA levels of intestinal barrier genes. Data were represented as the mean ± SD (n ≥ 3 per group). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. “*” indicates a statistically significant difference between the control group and all other treatment groups (including the E. coli-infected group and BCU-treated groups). “#” indicates statistically significant difference between E. coli group and (model group) and the BCU treatment groups. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. E. coli-infected (model) group.




Effects of BCU on oxidative stress in ileum induced by Escherichia coli

As identified in Figure 3, the results indicate that antioxidant enzyme activities (GSH-Px, CAT, SOD) reduced notably in E. coli group compare with control group. In contrast, the activities of these enzymes were significantly increased in the BCU groups compared with the E. coli group (p < 0.05). Furthermore, the levels of MDA were markedly elevated in E. coli group than in control group (p < 0.05). However, MDA levels were remarkably reduced in the BCU-supplemented groups in comparison to E. coli group (p < 0.05). In Figure 3E, the chord chart of the expression of oxidative stress-related factors is consistent with the above results.

[image: Five panels show various biochemical data. Panel A: Bar graph of GSH-Px activity with BCU40 showing higher activity compared to E. coli. Panel B: Bar graph of CAT activity with higher levels in BCU40, compared to E. coli. Panel C: Bar graph of SOD activity, showing increased activity in BCU40. Panel D: Bar graph of MDA content, with the highest level in E. coli. Panel E: Circular diagram compares interactions among GSH-Px, CAT, SOD, and MDA across different treatments. Asterisks and pound signs indicate statistical differences.]

FIGURE 3
 Effect of baicalin-copper complex on ileal antioxidant enzyme activity of chicks under the action of pathogenic Escherichia coli. (A) GSH-Px activity; (B) CAT activity; (C) SOD activity; (D) MDA content; (E) The chord chart of the expression of oxidative stress-related factors. Data were represented as the mean ± SD (n ≥ 3 per group). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. E. coli-infected (model) group.




Effects of BCU on mRNA expression of antioxidant genes in ileum induced by Escherichia coli

As illustrated in Figure 4, compared with control group, the expression levels of antioxidant genes GCLM, GPX-1, SOD-1, Nrf-2, HO-1, and CAT mRNA in E. coli group showed significantly decreased (p < 0.05). In contrast, mRNA expression of the above genes was significantly increased (p < 0.05) in the BCU-supplemented group compared with the E. coli group. The findings revealed that BCU upregulates the mRNA expression of antioxidant genes in the intestinal tract of chicks, thereby mitigating oxidative stress damage caused by avian E. coli infection.

[image: Bar charts labeled A to F show relative expression of genes: GCLM, GPX-1, Nrf2, SOD-1, HO-1, and CAT. Each chart compares control, E.coli, and BCU treatments (10, 20, 40). Notably, E.coli exhibits decreased expression, while all BCU treatments show increased expression. Significant differences are marked by an asterisk or hash symbol.]

FIGURE 4
 Effect of baicalin-copper complex on mRNA expression of antioxidant gene in ileum of chicks under the action of pathogenic Escherichia coli. (A-F) The mRNA levels of antioxidant (GCLM, CPX-1, Nrf2, SOD-1, HO-1 and CAT) genes. Data were represented as the mean ± SD (n ≥ 3 per group). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01 vs. control group; # P < 0.05, ##P < 0.01 vs. E. coli-infected (model) group.




Effects of BCU on mRNA expression of inflammatory factor in ileum induced by Escherichia coli

As shown in Figure 5, compared to the control group, the mRNA expressions of inflammatory factors TNF-α, IL-1β, IL-6 and IL-8 in the ileum of E. coli group showed a significant increase (p < 0.05). In contrast, the expression level of inflammatory factors mRNA in BCU-supplemented group was significantly lower than that in E. coli group (p < 0.05). Anti-inflammatory factor TGF-β and IL-10 mRNA expression levels were notably lower in E. coli group than those in control group (p < 0.05). The expression level of anti-inflammatory factor TGF-β mRNA in the ileum of chicks add with BCU was markedly higher than that in E. coli group (p < 0.05). Meanwhile, the expression of the anti-inflammatory factor IL-10 mRNA was also significantly higher in the ileum of chicks in the BCU40 group, which was significantly higher than that in E. coli group (p < 0.05).

[image: Bar charts labeled A to F, showing relative expression of cytokines TNF-α, IL-1β, IL-6, IL-8, TGF-β, and IL-10 across five conditions: Control, E.coli, BCU10, BCU20, BCU40. E.coli generally shows increased expression, while BCU treatments tend to reduce it, with notable variations across conditions.]

FIGURE 5
 Effect of baicalin-copper complex on mRNA expression of Inflammatory factors mRNA in ileum of chicks under the action of pathogenic Escherichia coli. (A-D) The mRNA levels of proinflammatory (TNF-α, IL-1β, IL-6 and IL-8) genes; (E-F) The mRNA levels of anti-inflammatory (TNF-β and IL-10). Data were represented as the mean ± SD (n ≥ 3 per group). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. E. coli-infected (model) group.




Effects of BCU on the expression of NF-ΚB and AKT proteins in ileum induced by Escherichia coli

The results were described in Figure 6, compared with the control group, the protein expression levels of NF-κB, AKT, p-NF-κB and p-AKT in E. coli group increased. The results of BCU20 and BCU40 groups showed that the expression levels of p-NF-κB and p-AKT were significantly lower than those of E. coli group (p < 0.05), and the level of p-AKT protein in BCU 10 group was also significantly lower. The above results indicated that BCU can effectively regulate inflammation-related protein expression in chick ileum after avian E. coli infection, thus alleviating the inflammatory damage in the intestinal tract of chicks caused by avian E. coli.

[image: Results of protein expression analysis through Western blot and bar graphs. (A) Western blot shows bands for NF-κB, p-NF-κB, AKT, p-AKT, and GAPDH across different treatments: Control, E. coli, BCU10, BCU20, BCU40. (B-E) Corresponding bar graphs depict protein expression levels for NF-κB, p-NF-κB, AKT, and p-AKT, indicating different expression levels across treatments. Tags indicate statistical significance.]

FIGURE 6
 Effect of baicalin-copper complex on NF-κB and AKT proteins in ileum of chicks induced by Escherichia coli. (A-E) The protein levels of NF-kB, p-NF-kB, AKT, p-AKT. Data were represented as the mean ± SD (n ≥ 3 per group). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. E. coli-infected (model) group.




The abundance and correlation analysis of mRNA levels

As described in Figure 7, variations existed in mRNA abundance across different groups. In addition, there was also a positive correlation between APEC treatment and mRNA levels of antioxidants, inflammatory factors and intestinal tight junction proteins, but a negative association with the mRNA levels of anti-inflammatory factors. Meanwhile, AKT/NF-κB pathway protein levels were positively associated with mRNA levels of factors related to antioxidants and inflammation, but negatively associated with mRNA levels of factors related to anti-inflammatory.

[image: Three-part scientific data visualization. Part A shows a stacked bar chart comparing relative mRNA abundance across different conditions (Control, E.coli, BCU10, BCU20, BCU40) with various markers. Part B is a heatmap in a circular format displaying relative expression levels, with intensity from light to dark red. Part C presents a correlation matrix with circle sizes and colors indicating Pearson's correlation coefficients between NF-kB, p-NF-kB, AKT, p-AKT, and other variables.]

FIGURE 7
 The correlative analysis of mRNA levels. (A) The abundance of mRNA in each group. (B) The circle heatmap analysis of mRNA levels. (C) The correlative analysis between the expression levels of AKT/NF-κB pathway-related proteins and mRNA levels of inflammation-and oxidative stress-related factors.





Discussion

Avian colibacillosis is a widespread and highly contagious disease affecting chickens of all ages, with chicks being especially susceptible. Infected chicks often display intestinal damage, including mucosal edema, hemorrhage, and epithelial disruption (13, 14). When the intestinal epithelial barrier is compromised, translocation of luminal bacteria and endotoxins (e.g., lipopolysaccharides) into the bloodstream can occur, triggering systemic inflammatory responses. Moreover, tight junction disruption impairs nutrient absorption by altering epithelial integrity and transporter function. Given that intestinal barrier compromise results in low disease resistance and decreased production performance in chicks, maintaining its integrity is vital. Recent studies have explored natural compounds with both antibacterial and antitoxin properties for preventing such damage (15, 16). BCU, a complex of baicalin and copper ions, is known for its antibacterial, antioxidant, and immunomodulatory activities (17, 18). Meanwhile, Zhao et al. (19) demonstrated that BCU significantly attenuates E. coli-induced sepsis by reducing bacterial virulence and suppressing host inflammatory responses. Chen et al. (20) highlighted that BCU exerts its antibacterial activity primarily through membrane disruption, leading to leakage of cellular contents and bacterial death. These findings collectively support the dual function of BCU in both direct bacterial killing and modulation of the host immune response. This study examined the effects of BCU at various concentrations on chicks challenged with APEC. APEC infection alone resulted in a 73% diarrhea rate and 53% mortality, while BCU supplementation significantly reduced both. Histopathological analysis further confirmed that BCU mitigated intestinal damage by alleviating villous atrophy, hemorrhage, and inflammation.

The intestinal epithelial barrier plays a crucial role in limiting systemic inflammation and maintaining homeostasis (21). Barrier dysfunction not only permits microbial translocation and endotoxin entry into systemic circulation, but also impairs nutrient absorption efficiency, collectively exacerbating systemic inflammation and metabolic burden (22, 23). Intestinal injury typically arises from mucosal damage and increased permeability. Tight junctions (TJs) comprise transmembrane and scaffold proteins such as occludin, claudins, and zonula occludens (ZO-1, ZO-2), which link to the cytoskeleton and regulate paracellular permeability (24, 25). The coordinated assembly of these proteins forms a dynamic mechanical barrier that responds to external insults (26, 27). Additionally, the chemical barrier consists of mucus secreted by goblet cells, primarily composed of mucin 2 (MUC2), and is fortified by antimicrobial peptides like avian β-defensins (AvBD2, AvBD4) and secretory IgA, which collectively maintain intestinal defense and immune exclusion, which collectively prevent pathogen adherence (28, 29). The experiment results showed that APEC infection reduced the ileal expression level of key barrier components, including ZO-1, ZO-2, occludin, claudin-1, claudin-3, MUC2, AvBD2, and AvBD4, suggesting that the intestinal barrier was compromised, in line with research by Wu et al. (30). Conversely, the levels of these genes mRNA were found to be notably up-regulated in response to BCU treatment. These results suggested that APEC affected the intestinal health of chicks by destroying the intestinal barrier and causing intestinal damage, whereas BCU could markedly improve these conditions.

Prior studies demonstrated that BCU exerts antibacterial effects through disrupting bacterial cell membrane integrity and inducing oxidative damage via copper-mediated Fenton-like reactions (31). The BCU can generate reactive oxygen species (ROS) through redox cycling of Cu2+/Cu+, leading to oxidative damage to bacterial membranes, proteins, and nucleic acids, especially in Gram-negative pathogens (32). This dual action underlies its broad-spectrum antibacterial potential (33), highlighting its potential as a dual-function therapeutic. It also possesses antioxidant properties, helping neutralize free radicals and reduce oxidative stress-related tissue injury (34). SOD, CAT, and GSH-Px are essential antioxidant enzymes that constitute the primary defense mechanism against reactive oxygen species (ROS). Meanwhile, MDA, a secondary product of lipid peroxidation, is commonly used as a marker to assess oxidative damage in tissues (35). In this study, APEC infection significantly decreased the activities of SOD, CAT, and GSH-Px, while increasing MDA levels, indicating oxidative damage. Moreover, the expression of antioxidant genes (GCLM, GPX-1, SOD-1, Nrf2, HO-1, and CAT) in the ileum was down-regulated. However, BCU administration reversed these effects, enhancing antioxidant enzyme activities and gene expression, and reducing MDA accumulation. These findings suggest that BCU alleviates APEC-induced oxidative stress and preserves intestinal redox balance, which may help prevent further inflammation.

Inflammation is a fundamental host response to microbial invasion, primarily mediated by pro-inflammatory cytokines. Among them, TNF-α plays a central role by activating the NF-κB signaling pathway, amplifying inflammatory responses. In contrast, IL-10 and TGF-β help restrain excessive inflammation (36, 37). In this study, APEC infection elevated pro-inflammatory cytokine expression in the ileum, while BCU administration significantly suppressed these cytokines and up-regulated IL-10 and TGF-β levels, suggesting a protective anti-inflammatory effect. Mechanistically, AKT activation is known to promote NF-κB signaling through phosphorylation cascades (38). Our data revealed that APEC markedly increased p-AKT and p-NF-κB levels, indicating pathway activation. However, BCU treatment attenuated this response, downregulating both phosphorylated proteins. These findings suggest that BCU may exert its anti-inflammatory action by inhibiting AKT/NF-κB signaling. Collectively, BCU alleviated intestinal injury in APEC-infected chicks by reducing inflammation, oxidative damage, and epithelial barrier disruption, which demonstrated that BCU may represent a potential therapeutic strategy for the treatment of inflammatory diseases associated with E. coli. These findings provide compelling evidence for the application of phytochemicals in poultry health management (39).



Conclusion

In summary, infection with avian E. coli induces morphological damage to the ileum in chicks, leading to oxidative stress and inflammatory responses. Additionally, BCU effectively mitigates E. coli-induced damage to the intestinal tract, oxidative stress, and inflammation in chicks. This protective effect is correlated with the modulation of the AKT/NF-κB signal pathway.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by Jiangxi Agricultural University Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

PC: Data curation, Formal analysis, Software, Writing – review & editing, Conceptualization, Writing – original draft. JW: Data curation, Conceptualization, Writing – review & editing, Software. XC: Methodology, Validation, Conceptualization, Formal analysis, Writing – original draft. YZ: Visualization, Formal analysis, Validation, Software, Funding acquisition, Conceptualization, Writing – original draft. JL: Conceptualization, Supervision, Writing – original draft, Visualization, Investigation. HC: Writing – review & editing, Methodology, Formal analysis. CZ: Writing – review & editing, Methodology, Formal analysis. XG: Formal analysis, Writing – review & editing, Methodology. GH: Writing – review & editing, Formal analysis, Funding acquisition, Visualization, Methodology.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This project was supported by the National Key Research and Development Program of China (2023YFD1801100), “Double Thousand Plan” of Jiangxi (No. jxsq2023201060), National Key Research and Development Program of Jiangxi Province (20243BBH81001), Natural Science Foundation of Jiangxi Province (20224BAB215053), and Jiangxi Provincial Key Laboratory for Diagnosing, Preventing and Controlling Livestock and Poultry Diseases (2024SSY04171).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1648736/full#supplementary-material



References
	 1. Mcpeake,SJ, Smyth,JA, and Ball,HJ. Characterisation of avian pathogenic Escherichia coli (APEC) associated with colisepticaemia compared to faecal isolates from healthy birds. Vet Microbiol. (2005) 110:245–53. doi: 10.1016/j.vetmic.2005.08.001 
	 2. Chan,JK. The wonderful colors of the hematoxylin-eosin stain in diagnostic 432 surgical pathology. Int J Surg Pathol. (2014) 22:12–32. doi: 10.1177/1066896913517939
	 3. Zhuang,Y, Liu,P, Wang,L, Luo,J, Zhang,C, Guo,X , et al. Mitochondrial oxidative stress-induced hepatocyte apoptosis reflects increased molybdenum intake in caprine. Biol Trace Elem Res. (2016) 170:106–14. doi: 10.1007/s12011-015-0450-0 
	 4. Antao,EM, Glodde,S, Li,G, Sharifi,R, Homeier,T, Laturnus,C , et al. The chicken as a natural model for extraintestinal infections caused by avian pathogenic Escherichia coli (APEC). Microb Pathog. (2008) 45:361–9. doi: 10.1016/j.micpath.2008.08.005 
	 5. Zha,A, Yuan,D, Cui,Z, Qi,M, Liao,S, Liao,P , et al. The evaluation of the antioxidant and intestinal protective effects of baicalin-copper in deoxynivalenol-challenged piglets. Oxid Med Cell Longev. (2020) 2020:5363546–13. doi: 10.1155/2020/5363546 
	 6. Peng,LY, Shi,HT, Gong,ZX, Yi,PF, Tang,B, Shen,HQ , et al. Protective effects of gut microbiota and gut microbiota-derived acetate on chicken colibacillosis induced by avian pathogenic Escherichia coli. Vet Microbiol. (2021) 261:109187. doi: 10.1016/j.vetmic.2021.109187 
	 7. Tang,D, Wu,J, Jiao,H, Wang,X, Zhao,J, and Lin,H. The development of antioxidant system in the intestinal tract of broiler chickens. Poult Sci. (2019) 98:664–78. doi: 10.3382/ps/pey415 
	 8. Luc,K, Schramm-Luc,A, Guzik,TJ, and Mikolajczyk,TP. Oxidative stress and inflammatory markers in prediabetes and diabetes. J Physiol Pharmacol. (2019) 70:809–824. doi: 10.26402/jpp.2019.6.01
	 9. Chen,F, Wang,Y, Wang,K, Chen,J, Jin,K, Peng,K , et al. Effects of Litsea cubeba essential oil on growth performance, blood antioxidation, immune function, apparent digestibility of nutrients, and fecal microflora of pigs. Front Pharmacol. (2023) 14:1166022. doi: 10.3389/fphar.2023.1166022 
	 10. Fan,J, Wang,L, Yang,T, Liu,J, Ge,W, Shen,J , et al. Comparative analysis of gut microbiota in incident and prevalent peritoneal dialysis patients with peritoneal fibrosis, correlations with peritoneal equilibration test data in the peritoneal fibrosis cohort. Ther Apher Dial. (2024). doi: 10.1111/1744-9987.14226
	 11. Singh,C, and Roy-Chowdhuri,S. Quantitative real-time PCR: recent advances. Methods Mol Biol. (2016) 1392:161–76. doi: 10.1007/978-1-4939-3360-0_15 
	 12. Yan,S, Long,L, Zong,E, Huang,P, Li,J, Li,Y , et al. Dietary sulfur amino acids affect jejunal cell proliferation and functions by affecting antioxidant capacity, Wnt/β-catenin, and the mechanistic target of rapamycin signaling pathways in weaning piglets1. J Anim Sci. (2018) 96:5124–33. doi: 10.1093/jas/sky349 
	 13. Cheng,X, Cao,Z, Luo,J, Hu,R, Cao,H, Guo,X , et al. Baicalin ameliorates APEC-induced intestinal injury in chicks by inhibiting the PI3K/AKT-mediated NF-κB signaling pathway. Poult Sci. (2022) 101:101572. doi: 10.1016/j.psj.2021.101572 
	 14. Korf,I, Kittler,S, Bierbrodt,A, Mengden,R, Rohde,C, Rohde,M , et al. In vitro evaluation of a phage cocktail controlling infections with Escherichia coli. Viruses. (2020) 12:12121470. doi: 10.3390/v12121470
	 15. Saleh,AA, Hafez,A, Amber,K, Abdelhady,AY, Salem,HM, Fathy,M , et al. Drug-independent control strategy of clostridial infection in broiler chickens using anti-toxin environmentally friendly multienzymes. Sci Rep. (2023) 13:5614. doi: 10.1038/s41598-023-32685-3 
	 16. Wang,Y, Li,J, Xie,Y, Zhang,H, Jin,J, Xiong,L , et al. Effects of a probiotic-fermented herbal blend on the growth performance, intestinal flora and immune function of chicks infected with Salmonella pullorum. Poult Sci. (2021) 100:101196. doi: 10.1016/j.psj.2021.101196 
	 17. Liao,P, Li,Y, Li,M, Chen,X, Yuan,D, Tang,M , et al. Baicalin alleviates deoxynivalenol-induced intestinal inflammation and oxidative stress damage by inhibiting NF-κB and increasing mTOR signaling pathways in piglets. Food Chem Toxicol. (2020) 140:111326. doi: 10.1016/j.fct.2020.111326 
	 18. Zhou,Y, Mao,S, and Zhou,M. Effect of the flavonoid baicalein as a feed additive on the growth performance, immunity, and antioxidant capacity of broiler chickens. Poult Sci. (2019) 98:2790–9. doi: 10.3382/ps/pez071 
	 19. Zhao,Y, Guo,L, Li,H, Liu,J, and Chen,J. Baicalin-copper complex attenuates bacterial virulence and inflammation in E. coli-induced Sepsis. Front Pharmacol. (2022) 13:846345. doi: 10.3389/fphar.2022.846345
	 20. Chen,W, Wang,Q, Wang,L, and Liu,Y. Baicalin-copper complex: a new strategy to combat bacterial infection via membrane damage. J Inorg Biochem. (2020) 208:111091. doi: 10.1016/j.jinorgbio.2020.111091 
	 21. Turnbaugh,PJ, Ley,RE, Mahowald,MA, Magrini,V, Mardis,ER, and Gordon,JI. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature. (2006) 444:1027–31. doi: 10.1038/nature05414 
	 22. Turner,JR. Intestinal mucosal barrier function in health and disease. Nat Rev Immunol. (2009) 9:799–809. doi: 10.1038/nri2653 
	 23. Lee,SH. Intestinal permeability regulation by tight junction: implication on inflammatory bowel diseases. Intest Res. (2015) 13:11–8. doi: 10.5217/ir.2015.13.1.11 
	 24. Alizadeh,A, Akbari,P, Garssen,J, Fink-Gremmels,J, and Braber,S. Epithelial integrity, junctional complexes, and biomarkers associated with intestinal functions. Tissue Barriers. (2022) 10:1996830. doi: 10.1080/21688370.2021.1996830 
	 25. Chelakkot,C, Ghim,J, and Ryu,SH. Mechanisms regulating intestinal barrier integrity and its pathological implications. Exp Mol Med. (2018) 50:1–9. doi: 10.1038/s12276-018-0126-x 
	 26. Suzuki,T. Regulation of the intestinal barrier by nutrients: the role of tight junctions. Anim Sci J. (2020) 91:e13357. doi: 10.1111/asj.13357 
	 27. Salvo,RE, Alonso,CC, Pardo,CC, Casado,BM, and Vicario,M. The intestinal barrier function and its in review involvement in digestive disease. Rev Esp Enferm Dig. (2015) 107:686–96. doi: 10.17235/reed.2015.3846/2015
	 28. Vitini,E, Alvarez,S, Medina,M, Medici,M, de Budeguer,MV, and Perdigon,G. Gut mucosal immunostimulation by lactic acid bacteria. Biocell. (2000) 24:223–32.
	 29. Azad,M, Sarker,M, and Wan,D. Immunomodulatory effects of probiotics on cytokine profiles. Biomed Res Int. (2018) 2018:8063647. doi: 10.1155/2018/8063647 
	 30. Wu,Y, Li,Y, Ruan,Z, Li,J, Zhang,L, Lu,H , et al. Puerarin rebuilding the mucus layer and regulating mucin-utilizing bacteria to relieve ulcerative colitis. J Agric Food Chem. (2020) 68:11402–11. doi: 10.1021/acs.jafc.0c04119 
	 31. Liu,Q, Shi,L, Huang,W, Li,W, Zhang,R, and Li,X. A baicalin-copper complex induces apoptosis-like death in Staphylococcus aureus via reactive oxygen species. Front Microbiol. (2020) 11:1023. doi: 10.3389/fmicb.2020.01023
	 32. Xu,H, Zhu,T, Zhang,Y, Wang,Y, Chen,W, and Li,X. Copper-induced Fenton-like reactions potentiate baicalin-mediated antibacterial activity by disrupting redox homeostasis. J Agric Food Chem. (2023) 71:1532–42. doi: 10.1021/acs.jafc.2c0673
	 33. Guo,H, Jiang,L, Xu,J, and Li,M. Antibacterial mechanism of baicalin: insights into membrane permeability and biofilm disruption. Int J Mol Sci. (2019) 20:4483. doi: 10.3390/ijms2018448
	 34. Wang,C, Liu,Z, Zhou,T, Wu,J, Feng,F, Wang,S , et al. Gut microbiota-derived butyric acid regulates calcific aortic valve disease pathogenesis by modulating GAPDH lactylation and butyrylation. iMeta. (2025):e70048. doi: 10.1002/imt2.70048
	 35. Zha,A, Cui,Z, Qi,M, Liao,S, Yin,J, Tan,B , et al. Baicalin-copper complex modulates gut microbiota, inflammatory responses, and hormone secretion in DON-challenged piglets. Animals. (2020) 10:1535–46. doi: 10.3390/ani10091535 
	 36. Mohideen,K, Sudhakar,U, Balakrishnan,T, Almasri,MA, Al-Ahmari,MM, Al Dira,HS , et al. Malondialdehyde, an oxidative stress marker in oral squamous cell carcinoma-a systematic review and meta-analysis. Curr Issues Mol Biol. (2021) 43:1019–35. doi: 10.3390/cimb43020072
	 37. Liu,L, Zhu,S, Gong,Z, and Low,BC. K-ras/PI3K-Akt signaling is essential for zebrafish hematopoiesis and angiogenesis. PLoS One. (2008) 3:e2850. doi: 10.1371/journal.pone.0002850 
	 38. Xu,A, Deng,F, Chen,Y, Kong,Y, Pan,L, Liao,Q , et al. NF-κB pathway activation during endothelial-to-mesenchymal transition in a rat model of doxorubicin-induced cardiotoxicity. Biomed Pharmacother. (2020) 130:110525. doi: 10.1016/j.biopha.2020.110525 
	 39. Wang,B, Chen,Y, Ye,Z, Yu,H, Chan,KF, Xu,T , et al. Low-friction soft robots for targeted bacterial infection treatment in gastrointestinal tract. Cyborg Bionic Syst. (2024) 5:0138. doi: 10.34133/cbsystems.0138 


Copyright
 © 2025 Cao, Wei, Cheng, Zhuang, Luo, Cao, Zhang, Guo and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-12-1648736-g005.jpg
>

Relative expression

Relative expression

204

1.0+

0.0-

Control Ecoli

Control Ecoli

BCUI0 BCU20 BCU40

IL-8

BCU10 BCU20 BCU40

=]

Relative expression

s

5 o

@

Relative expression

»

ControlEcoli

Control Ecoli

10

TGF-§

BCUI0 BCU20 BCU40

20

)

@)

Relative expression

S

Relative expression

3

Cantrol Feoli

Control Ecoli

1L-6

it
=T

BCUI0 BCU20 BCU40

1L-10

BCU0 BCU20 BCU40





OPS/images/fvets-12-1648736-g006.jpg
NF-xB

Protein expression level (g

Conteal Ecoll BCUID BCU20 BCUSO.

H

Protein expression level ()

Control Ecoli BCUI0 BCU20 BCU4D

Protein expression fevel

Protein expression level H

Controt

Control

P-NF-xB

s gy

Ecol BCUI0 BCU20 BCUAO
P-AKT
yun

o

Ecoll BCUID BCU0 BOUMO





OPS/images/fvets-12-1648736-g003.jpg
GSH-Px activity ( U/mg prot) >

150:

Control Ecoli

=]

MDA content (nmol/mg prot)

=

8

3

3

CAT activity (U/mg prot)
2 P

BCUI0 BCU20 BCU40 Control Ecoli

IS

Control Ecoll

E

BCUI0 BCU20 BCU40

BCUIO BCUZ0 BCUMD

SOD activity (Umg prot)

Control Ecoli

BCUI0 BCU20 BCU4D






OPS/images/fvets-12-1648736-g004.jpg
Relative expression

Relative expression

2.0+

2.0+

Contral Ecoli

Control Ecoli

BCUI0 BCU20 BCU4D

SOD-1

BCUL0 BCU20 BCU40

Relative expression

=

2.0

1.04

Relative expression

054

0.0+

Contral Ecoli

Control Ecoli

GPX-1

BCUI0 BCU20 BCU40
HO-1
#
#

BCU10 BCU20 BCU40

Relative expression

0.5

Contral Ecoli

Control Ecoli

BCUI0 BCU20 BCU4O

CAT

BCUID BCU20 BCU40





OPS/images/fvets-12-1648736-g007.jpg
£

2 Control s
= Eeol

% Bevio
Beun .
0, B

P

0.

s

07

06

05

04

Relative mRNA abundance

03

0

o1

&

« <

& &
o <

Pearson's r
04

0.2
0






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Baicalin-copper complex alleviates intestinal damage in avian pathogenic Escherichia coli-infected chicks by targeting the AKT/NF-κB pathway



		Introduction



		Materials and methods



		The sources of BCU and avian pathogenic Escherichia coli



		Animals, diets, and management



		Record the diarrhea and mortality rates



		Morphology observation



		Determination of oxidative stress indexes



		Real-time quantitative PCR analysis (q-PCR)



		Western blotting analysis



		Statistical analysis









		Results



		Effect of dietary BCU on diarrhea rates and mortality



		Morphological observation of ileum tissue



		Effect of BCU on mRNA expression of mucin and antimicrobial peptide in ileum induced by Escherichia coli



		Effects of BCU on oxidative stress in ileum induced by Escherichia coli



		Effects of BCU on mRNA expression of antioxidant genes in ileum induced by Escherichia coli



		Effects of BCU on mRNA expression of inflammatory factor in ileum induced by Escherichia coli



		Effects of BCU on the expression of NF-ΚB and AKT proteins in ileum induced by Escherichia coli



		The abundance and correlation analysis of mRNA levels









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fvets-12-1648736-g001.jpg





OPS/images/fvets-12-1648736-g002.jpg
Relative expression

Q

Relative expression

B

0.5

Control Feoli

BCUI0 BCL20 BCU40

Claudinl

Control Ecoli

Contral Ecoll

BCUI0 BCU20 BCU40

AVBD2

BCUI0 BCU20 BCU4

=

B
7

Relative expression

=

ve expression

Relati

Relative expression

1.0

0.5

0.0-

Control Ecoli BCUI0 BCU20 BCU40

Claudin3
#

Control Ecoll BCUI0 BCU20 BCU40

AVBD4

Control Ecoli BCU20 BCU10 BCU4D

@

6

»

ive expression

Relat
»

Control Ecoli BCU10 BCU20 BCU4O

MUC-2

e

Relative expression

Control Ecoll BCUIO BCU20 BCU40

AVBDA i
i
10
e
o
AvBD2
Muc2

Claudin3

W Contral
Mol
202 MBCUI
mBCUN
mBCUw

Occludin

Claudin1





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Baicalin-copper complex
alleviates intestinal damage in
avian pathogenic Escherichia

coli-infected chicks by targeting
the AKT/NF-kB pathway












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






