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Introduction: Benzoic acid (BA) could be added to the diets of weaned pigs to 
prevent diarrhea due to its antibacterial function. However, BA may be absorbed 
or decomposed before it can reach the hindgut. This study was conducted to 
explore the effect of a novel coated benzoic acid (CBA) on growth performance, 
immunity, and intestinal barrier functions in weaned pigs upon enterotoxigenic 
Escherichia coli (ETEC) challenge.

Methods: In a 21d experiment, 32 piglets were randomly assigned to 4 
treatments: (1) a basal diet (CON), (2) CON added with CBA at 3  g/kg (CBA); 
(3) CON and challenged by ETEC (ECON); (4) CON added with CBA at 3 g/kg 
and challenged by ETEC (ECON). On d 22, all piglets were euthanised to obtain 
samples.

Results: Dietary CBA supplementation elevated the average daily gain (ADG) of 
the ETEC-challenged pigs (p < 0.05). CBA also improved the digestibility of dry 
matter, gross energy, and ash (p < 0.05). Moreover, CBA elevated the ratio of 
blood basophil and the serum concentration of total cholesterol of the ETEC 
challenged pigs (p < 0.05). Importantly, CBA increased the serum concentrations 
of immunoglobulin A (IgA), IgG, and IgM (p < 0.05). CBA not only decreased the 
crypt depth but also increased the ratio of villus height to crypt depth (V:C) in the 
jejunum and ileum (p < 0.05). Moreover, CBA increased the activities of jejunal 
and ileal sucrase, and the activities of duodenal and ileal maltase (p < 0.05). 
Importantly, CBA elevated the expression levels of critical functional genes 
such as the claudin-1, occluding, glucose transporter-2 (GLUT2), and sodium/
glucose cotransporter-1 (SGLT-1) in the jejunal epithelium upon ETEC challenge 
(p < 0.05). Additionally, CBA increased the abundances of total bacteria and 
Bacillus, and increased the concentrations of volatile fatty acids (acetic acid, 
propanoic acid, and butyric acid) in cecum (p < 0.05).

Discussion: These results suggested a beneficial role for CBA in alleviating 
intestinal injury in weaned pigs following ETEC challenge. Such effects may be 
tightly associated with elevated immunity and improved intestinal epithelium 
functions and microbiota.
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1 Introduction

Weaning is a critical challenge for piglets as it causes abrupt 
changes in their gastrointestinal tract, disrupting their gut microbiota 
and mucosal immune function. This disruption can lead to a reduction 
in feed intake and growth and the development of post-weaning 
diarrhea (PWD) (1). Enterotoxigenic Escherichia coli (ETEC), a highly 
proliferating pathogenic bacterial strain, is one of the major bacterial 
causes of PWD (2). The main virulence attributes of ETEC are 
adhesins and enterotoxins (3, 4). It has been shown that ETEC can 
adhere to intestinal epithelial cells and cause intestinal injury (5). In 
the last decades, various antibiotics have been supplemented in the 
diet of weaned pigs to relieve diarrhea and intestinal injury associated 
with ETEC infection (6). However, numerous countries and regions 
have banned the use of antibiotics in the feed of swine, since it has 
been suggested that the continuous use of antibiotics may result 
development of resistant pathogen strains and drug residues in animal 
products (7). Therefore, there is an urgent need for alternatives to 
traditionally used antibiotics, and various alternatives such as 
acidifiers, probiotics, prebiotics, and plant extracts have attracted 
considerable research interest worldwide (8).

As a potentially attractive alternative to conventional antibiotics, 
acidifiers have been widely utilized in farm production for a long time. 
Benzoic acid (BA) is an aromatic carboxylic acid that occurs naturally 
in plant and animal tissues and can also be produced by microorganisms 
(9), and possesses a wide range of biological activities. For industrial 
production, BA is produced via oxidation of toluene with air at high 
temperature and pressure with the use of heavy metal catalysts such as 
cobalt or manganese naphthenate (10). It has been shown that BA 
could improve growth performance and intestinal health, and exert 
antibacterial activity by decreasing pH levels of the stomach and gut 
digesta (11). However, there are some problems with the oral 
administration of various acidifiers. One of the biggest challenges is the 
acidic environment of the stomach, which can degrade free organic 
acids, including BA, before they arrive in the small intestine (12). Cold 
spray technology is a powerful powder consolidation process for 
coating development and has been widely utilized for manufacturing 
various drug-loaded pellets for oral administration (13). A mixture of 
medium and long-chain fatty acids is stable and has been widely 
utilized for coating various unstable substances, which may allow the 
acidifiers to exert their effects in the distal small intestine and hindgut 
(14). Although numerous studies on BA showed a beneficial effect on 
animal production (15–17), there are only a few reports of coated 
benzoic acid (CBA) on growth performance, immunity, and intestinal 
functions in weaned pigs upon bacterial infection (11). The objective 
of this study was to evaluate whether CBA supplementation could 
alleviate ETEC-induced intestinal inflammation and epithelial damage 
in weaned pigs. This study may help us further understand the 
mechanism through which CBA improves pig performance and 
provide the scientific basis for the beneficial effects of CBA.

2 Materials and methods

2.1 Animal care and use statement

The experimental procedures in the present investigation 
underwent evaluation and authorization by the Animal Experimental 

Committee of Sichuan Agricultural University (authorisation number 
SICAU-2022-014). All experiment procedures were conducted 
following the guidelines for the Care and Use of Laboratory Animals.

2.2 Bacterial strains and culture

The pathogenic ETEC strain was purchased from the China 
veterinary culture collection center (CVCC, Beijing, China). The 
bacterial inoculum used was prepared from E. coli K88+ strain 
(serotype O149:K91, K88ac). The freeze-dried strain was cultured in 
Luria–Bertani (LB) broth culture medium overnight with shaking at 
250 × g at 37°C. After overnight incubation, ETEC K88+ was 
inoculated in fresh LB medium at 1:100 and cultured until 
med-logarithmic growth stage was reached, pelleted by centrifugation 
and the pellet was then sequentially washed three times in phosphate 
buffered saline (PBS) and resuspended to a concentration of 106 CFU/
mL bacteria (18).

2.3 Experimental design and diet

Thirty-two healthy barrows (Duroc × Landrace × Yorkshire) 
weaned on their 21st day and with an average body weight (BW) of 
7.84 ± 0.14 kg were used in the experiment, which purchased from the 
farm of Sichuan Vanguard Food Co. The pigs were randomly allocated 
into a 2 × 2 factorial arrangement to four treatments (n = 8) composed 
of CON (the basal diet), CBA (CON added with coated benzoic acid at 
3 g/kg), ECON (CON and challenged by ETEC), ECBA (CON added 
with coated benzoic acid at 3 g/kg and challenged by ETEC). CBA was 
kindly provided by Guangzhou Nuacid Co., Ltd. (Guangzhou, China). 
BA is safe for weaned piglets at 3 g/kg complete feed (19). The 
experimental period lasted 21 days. Pigs were stratified into individual 
1.5 × 0.7 m2 metabolism cages, which were located in a controlled room, 
according to temperature (27 ± 1°C) and relative humidity (65 ± 5%). 
According to treatment and live weight and offered their respective 
diets. The diets (Table 1) were formulated to meet the National Research 
Council recommended nutrient requirements for pigs (20). Water and 
feed were provided ad libitum to the piglets. The ETEC-challenged 
groups were orally treated with 200 mL Luria-Bertani (LB) medium 
containing 1 × 106 CFU/mL of ETEC on d 19, and the non-challenged 
groups were infused with an equal volume of LB medium.

2.4 Growth performance evaluation

Individual pig body weight (BW) was recorded at d 1, d 19, and d 
22 after all pigs were food-deprived for 12 h. Feed consumption was 
recorded as the amount of feed offered daily minus the remaining 
quantity the next morning during the experiment. These values were 
used to calculate average daily gain (ADG), average daily feed intake 
(ADFI), and feed efficiency (F/G).

2.5 Sample collection

Experimental diets were sampled and stored at −20°C until 
analysis. Fresh fecal samples were collected from d 15 to d 18 during 
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the trial, weighed, and 10% hydrochloric acid was added for fixation 
of excreta nitrogen. The four feeds and fecal samples were dried at 
65°C until constant weight, after which they were ground to pass 
through a 1-mm screen and then stored at −20°C until analysis of 
key nutrient contents. Blood samples were collected on day 22 via 
jugular vein puncture into two 10-mL nonheparinized vacuum tubes 
and one 5-mL vacuum tube containing ethylenediaminetetraacetic 
acid and its salts. The 5-mL blood sample was used for routine blood 
analysis, and the other blood samples were placed on ice, taken to the 
laboratory and centrifuged at 3500 × g for 15 min at 4°C to recover 
serum, which was stored at −20°C until the serum indexes analysis. 
Following blood collection, all the pigs were killed by intravenous 
injection with sodium pentobarbital (200 mg/kg BW). Approximately 
4 cm segments from the middle of the duodenum, jejunum and ileum 
were quickly isolated, washed with cold PBS, and then fixed in 4% 
paraformaldehyde solution for morphological analysis. The 
remaining segments of the duodenum, jejunum, and ileum were 
opened longitudinally, washed with ice-cold PBS, and gently scraped 
with a sterile glass microscope slide at 4°C to obtain mucosa samples. 
The mucosa samples were immediately snap-frozen in liquid nitrogen 
and stored at −80°C until further analysis of related enzyme activities 
and real-time polymerase chain reaction (RT-PCR). Additionally, the 
intestinal contents from the colon and cecum were collected and 
stored at −80°C for further analysis.

2.6 Apparent total tract nutrient 
digestibility analysis

Feed and fecal samples were used for the apparent total tract 
digestibility (ATTD) analysis using acid insoluble ash (AIA) as an 
endogenous indicator (GB/T 23742–2009). The dry matter (930.15; 
AOAC), crude protein (930.15; AOAC), crude fat (920.39; AOAC) and 
crude ash (942.05, AOAC) contents were determined according to 
official methods of analysis of AOAC international (21). The gross 
energy concentration was determined using an automatic oxygen 
bomb calorimetry (parr6400-1101-22141). The ATTD of the nutrients 
was calculated as (100 – A1/A2 × F2/F1 × 100) (22), A1: digesta 
nutrient; A2: digesta AIA; F1: diet AIA; F2: digesta AIA.

2.7 Measurement of the hematological 
parameters

The routine blood test was implemented using an automatic 
biochemistry analyzer approximately 3 h post slaughter. The following 
hematological parameters were estimated: red blood cell count (RBC), 
hemoglobin concentration (HBC), packed cell volume (PCV), white 
blood cell count (WBC), neutrophil count (Neu), neutrophil count 
percentage, monocyte count (Mono), monocyte count percentage, 
lymphocyte count (Lym), lymphocyte count percentage, eosinophil 
count (Eos), eosinophil count percentage, basophil count (Baso), 
basophil count percentage, red blood cell counts (RBC), hematocrit 
(HCT), hemoglobin (HGB), mean corpuscular hemoglobin (MCH), 
mean corpuscular hemoglobin concentration (MCHC), mean 
corpuscular volume (MCV), coefficient of variation in red blood cell 
volume distribution width (RDW-CV), standard deviation of red 
blood cell volume distribution width (RDW-SD), platelet count (PLT).

2.8 Serum biochemistry and 
immunoglobulin detection

Total protein (TP), albumin (ALB), alkaline phosphatase (AKP), 
glutamic oxaloacetic transaminase (GOT), glutamic pyruvic 
transaminase (GPT), total cholesterol (TC), glucose (GLU), 
triglyceride (TG), and urea (UREA) were detected by the automatic 
biochemical analyser (Olympus, Shanghai, China). Total serum 
concentrations of immunoglobulin A (IgA, MM-0905O1), 
immunoglobulin M (IgM, MM-0402O1), and immunoglobulin G 
(IgG, MM-0403O1) were determined with commercial Enzyme-
Linked Immunosorbent Assay (ELISA) kits (Shanghai Meimian 
Biotechnology Co., Ltd., Shanghai, China) according to the 
manufacturer’s recommendations. The standards provided in the kits 
were used to generate standard curves for quantification.

2.9 Histomorphology measurements of 
intestinal segments

The intestinal segments fixed with 4% paraformaldehyde were 
dehydrated through a graded series of ethanol and then embedded in 
paraffin (23). Cross-sections of each sample were prepared, stained 
with Hematoxylin and eosin (H&E), and then sealed with neutral 

TABLE 1 Experiment basal diet composition and nutrient level.

Ingredients % Nutrient level Contents

Corn 26.73 Digestible energy, 

calculated, MJ/kg

3.55

Extruded corn 25.45 Crude Protein, % 19.80

Soybean meal 9.50 Calcium, % 0.92

Extruded full-fat soybean 10.50 Available phosphorus, % 0.37

Fish meal 4.00 Lysine, % 1.41

Whey powder 7.00 Methionine, % 0.47

Soybean protein 

concentrate

8.00 Methionine + cysteine, % 0.75

Soybean oil 2.00 Threonine, % 0.79

Sucrose 4.00 Tryptophan, % 0.22

Limestone 0.90

Dicalcium phosphate 0.50

NaCl 0.30

L -Lysine HCl, 78% 0.47

DL-Methionine 0.15

L -Threonine, 98.5% 0.13

Tryptophan, 98% 0.03

Chloride choline 0.10

Vitamin premix 1 0.04

Mineral premix 2 0.20

Total 100

1The vitamin premix provided the following per kg of diet: 6000 IU of VA, 400 IU of VD 3, 
10 IU of VE, 2 mg of VK 3, 0.8 mg of VB1, 6.4 mg of VB 2, 2.4 mg of VB6, 12 ug of VB12, 
14 mg of niacin, 10 mg of pantothenic acid, 0.2 mg of folic acid. 2The mineral premix 
provided the following per kg of diet: 120 mg Fe, 6 mg Cu, 100 mg Zn, 40 mg Mn, 0.3 mg I, 
0.3 mg Se. The diet was formulated based on the recommendation of NRC2012.

https://doi.org/10.3389/fvets.2024.1430696
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Qi et al. 10.3389/fvets.2024.1430696

Frontiers in Veterinary Science 04 frontiersin.org

resin. Ultrathin sections of the duodenal, jejunal and ileal samples 
were examined for crypt depth (CD) and villus height (VH) with an 
image processing and analysis system (Image-Pro Plus 6.0), and their 
ratio V/C was calculated (24). At least 20 intact, well-oriented villus 
heights and corresponding crypt depths were obtained per section 
for measurement.

2.10 Enzyme activity

Mucosal tissues from the duodenal, jejunal and ileal samples were 
homogenized in ice-cold saline using a tissue homogenizer, made into 
10% homogenate, then all samples were centrifuged at 3500 × g at 4°C 
for 10 min. Commercially available colourimetric diagnostic kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were 
used to measure the activities of intestinal alkaline phosphatase 
(AKP). ELISA kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., 
Shanghai, China) were used for the detection of lactase (Porcine 
Lactase ELISA Kit ml712060), sucrase (Porcine Sucrase ELISA Kit 
ml712026), and maltase (Porcine Maltase ELISA Kit ml712030). All 
procedures were carried out following the manufacturer’s instructions. 
One unit of enzyme activity was defined as the hydrolysis of 1 mol of 
substrate in 1 min at 37°C and a pH of 6.0. A spectrophotometer (UV–
VIS Spectrophotometer, Leng Guang SFZ1606017568, Shanghai, 
China) at a wavelength of 450 nm was used to determine the 
absorbance of each reaction.

2.11 Hindgut microbiological analysis

The total genomic DNA for quantitative PCR was isolated from 
approximately 0.2 g cecal and colonic digesta using the commercially 
available stool DNA extraction kit, according to the manufacturer’s 
instructions (Omega Bio-Tek, Doraville, CA, USA), which was 
performed by conventional PCR on the CFX96 Real-Time PCR 
Detection system (Bio-Rad Laboratories, Hercules, CA, USA). Total 
bacteria PCRs were carried out in triplicate using 10 μL reactions with 
5 μL SYBR Premix Ex Taq (2× concentrated), 0.4 μL of forward and 
reverse primers respective (100 nM), 1 μL DNA, 0.2 μL 50 × ROX 
Reference Dye*3 and 3 μL of RNase-Free ddH2O. The amplification 
program consisted of d 95°C for 25 s; followed by 40 cycles of 95°C for 
5 s and 64.5°C for 25 s; and then a final melting curve for SYBR Green 
tests. Lactobacillus, E. coli, Bacillus and Bifidobacterium were detected 
by the SuperReal PreMix (Probe) kit (Tiangen Biotech Co., Ltd., 
Beijing, China). Supplementary Table S1 shows the primers and 
fluorescent oligonucleotide probes. Each reaction was run with three 
repeats in a volume of 20 μL with 10 μL 2 × Super Real PreMix (Probe), 
0.6 μL of forward and reverse primers (100 nM) respective, 0.4 μL 
probe (100 nM), 2 μL DNA and 6.4 μL of RNase-Free ddH2O. All 
reaction protocol was composed of one cycle of pre-denaturation at 
95°C for 15 min; 49 cycles of denaturation at 95°C for 3 s; annealing 
and extension at 53°C for 25 s. The Cycle threshold (Ct) values and 
baseline settings were determined by automatic analysis settings, and 
the copy numbers of the target group for each reaction were calculated 
from the standard curves, which were generated by constructing The 
Cycle threshold (Ct) values and baseline settings were determined by 
automatic analysis settings, and the copy numbers of the target group 
for each reaction were calculated from the standard curves, which 

were generated by constructing standard plasmids by a 10-fold serial 
dilution of plasmid DNA (1 × 101 to 1 × 109 copies/μL).

2.12 Analysis of volatile fatty acids in 
hindgut digesta

The Volatile fatty acids (VFA; acetic acid, propanoic acid, butyric 
acid) concentrations in the cecum and colon were analyzed by a gas 
chromatograph system (VARIAN CP-3800, Varian, Palo Alto, CA, 
USA; capillary column 30 m × 0.32 mm × 0.25 μm film thickness) as 
per previous study (25). The supernatant (1 μL) was analyzed using the 
gas chromatograph. The polyethene glycol column was operated with 
highly purified N2 as the carrier gas at 1 mL/min.

2.13 Isolation and reverse transcription of 
RNA and qPCR

Approximately 0.1 g of each frozen sample isolated from 
duodenum, jejunum, and ileum were rapidly homogenized in 1 mL of 
RNAiso Plus (Takara Biotechnology Co., Ltd., Dalian, China). RNA 
was extracted from the homogenized samples according to the 
manufacturer’s instructions. RNA concentration and purity were 
assessed using a spectrophotometer (NanoDrop 2000, Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). Samples that had a 260/280 ratio 
of 1.8 to 2.0 were deemed appropriate. Subsequently, around 1 μg of 
total RNA from each duodenal, jejunal, and ileal sample was used for 
cDNA synthesis using the protocol of PrimeScript™ RT reagent kit 
with gDNA Eraser (Takara Biotechnology Co., Ltd., Dalian, China). 
This process was as follows: I: 37°C for 15 min, II: 85°C for 5 s. The 
expression level of the target gene in the intestinal mucosa was 
determined by qPCR, the oligonucleotide primers sequences used in 
qPCR are presented in Supplementary Table S1, qPCR was performed 
with the SYBR® Green PCR I PCR reagents (Takara Bio Inc., Dalian, 
China) using a CFX96 Real-Time PCR Detection System (BioRad 
Laboratories, Hercules, CA, USA). All cDNA samples were run in 
triplicate. The reaction mixture (10 μL) was composed of 5 μL SYBR 
Premix Ex Taq II (Tli RNaseH Plus), 0.4 μL forward primer and 
reverse primer, 1 μL cDNA, 0.2 μL 50 × ROX Reference Dye*3 and 3 μL 
RNase-Free ddH2O. The procedure used in quantitative real-time 
qPCR was as follows: 95°C for 25 s, followed by 40 cycles: at 95°C for 
5 s and 64.5°C for 25 s. After each real-time quantitative PCR assay, a 
melt curve analysis was included to confirm that only one amplicon 
was being generated. The mRNA relative expression level of target 
genes was standardized by the housekeeping gene β-actin, and 
calculated based on the 2–∆∆Ct method (26).

2.14 Statistical analysis

Before the ETEC challenge the data was analyzed by one-way 
ANOVA. After the challenge, the data was analyzed by two-way 
ANOVA with the General Linear Model (GLM) procedure of SPSS as 
a 2 (CBA) × 2 (ETEC) factorial design. A p < 0.05 was regarded as 
significant and a p-value from 0.05 to 0.1 was regarded as a significant 
trend. Normality and variance homogeneity assumptions were 
confirmed using Shapiro–Wilk’s and Levene’s tests, respectively. 
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Duncan’s multiple range test was used based on the analysis of 
ANOVA, which showed a significant difference. All data were 
analyzed by SPSS 27.0 (IBM, Chicago, IL, USA) and GraphPad 
(version 9) software (GraphPad Software Inc., CA, USA). Results are 
expressed as means with their standard errors.

3 Results

3.1 Effect of CBA on growth performance 
and nutrient digestibility in weaned pigs 
after ETEC challenge

Supplementation of CBA tended to a 21.89% ADG increase in 
weaned piglets before the ETEC challenge (p < 0.1; Table 2). The ETEC 
challenge showed a 54.59% ADG decrease in the piglets, but this effect 
was prevented by the CBA treatment (p < 0.05). CBA increased the 
digestibilities of DM (2.59%), CP (4.20%), Ash (10.34%), and GE 
(2.40%) in weaned piglets before the ETEC challenge (p < 0.05; 
Table 3).

3.2 Effect of CBA on blood and serum 
parameters in weaned pigs after ETEC 
challenge

A trend toward an interaction effect of CBA and ETEC was 
observed that the increasing of WBC count upon ETEC challenge was 
prevented by the CBA treatment (p < 0.1; Table  4). CBA 
supplementation showed a 64.29% percentage of basophils increase in 
the ECBA group compared to the ECON group (p < 0.05).

CBA supplementation tended to increase serum albumin in both 
non-challenged (7.08%) and ETEC-challenged pigs (7.59%) (p < 0.1; 
Table  5). CBA supplementation increased serum total cholesterol 

(26.83%) and decreased serum urea (48.60%) in non-challenged pigs 
(p < 0.05). CBA supplementation significantly reduced serum urea 
levels (48.60%) in piglets under non-challenged conditions (p < 0.05) 
and also tended to reduce serum urea levels under ETEC-challenged 
conditions (p < 0.1).

CBA supplementation significantly increased the serum 
concentrations of IgG in both non-challenged and ETEC-challenged 
groups (p < 0.05; Figure 1). A trend toward an interaction effect of 
CBA and ETEC was observed that the decreasing of IgG upon ETEC 
challenge was prevented by the CBA treatment. CBA supplementation 
increased IgA and IgG concentrations under non-challenged 
conditions (p < 0.05) and increased the concentration of IgA and IgG, 
as tended to increase the concentration of IgM under ETEC-
challenged conditions (p < 0.05).

3.3 Effect of CBA supplementation on 
intestinal morphology and mucosal 
enzyme activity in weaned pigs after ETEC 
challenge

Two interaction effects of CBA and ETEC in duodenum were 
observed, when these interactions toward an effect were investigated 
with a post-hoc test, we observed that while ETEC challenge showed 
a 22.54% crypt depth increase and a 20.30% V:C decrease, these effects 
were prevented by the CBA treatment (p < 0.05; Table 6, Figure 2). 
CBA supplementation showed a 24.01% height of the ileum villi 
increase (p < 0.05), as well as the jejunal (10.98%) and ileal (32.53%) 
V:C of the non-challenged pigs (p < 0.05). ETEC challenge showed a 
14.38% ileal villus height reduction and a 13.20% jejunal crypt depth 
increase in the ETEC-challenged pigs (p < 0.05). Nevertheless, pigs fed 
a diet supplemented with CBA had greater ileal villus height and 
jejunal crypt depth, then improved the jejunal (16.00%) and ileal 
(12.96%) V:C after the ETEC challenge (p < 0.05). ETEC challenge 

TABLE 2 Effect of CBA supplementation on growth performance in weaned pigs before/after ETEC challenge.

ITEM Treatments SEM p-value

CON CBA ECON ECBA CBA ETEC Interaction

1-19d

Initial BW 7.99 7.78 7.66 7.85 0.07 0.373 – –

ADFI, g/d 411.33 424.88 319.70- 411.11 17.22 0.13 – –

ADG, g/d 245.14 286.46 192.86 251.67 12.78 0.08 – –

F: G 1.74 1.51 1.70 1.66 0.05 0.39 – –

19d BW 12.40ab 12.93a 11.13b 12.38ab 0.24 0.05 – –

19-21d

Final BW 13.03a 13.73a 11.41b 13.14a 0.27 0.014 0.025 0.279

ADFI, g/d 353.09 398.86 315.71 380.76 16.70 0.11 0.41 0.77

ADG, g/d 209.72a 264.58a 95.24b 252.50a 21.60 0.01 0.11 0.19

F: G 1.72 1.53 −1.04 1.56 0.43 0.14 0.10 0.09

BW, body weight; ADFI, average daily feed intake; ADG, average daily gain; F: G, feed: gain ratio.
Mean and total SEM are listed in Separate columns, 1-19d (n = 8); 19-21d (n = 8).
a, b, c mean values within a row with unlike superscript letters were significantly different, p < 0.05.
CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3 g/kg; ECON, pigs were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a CBA 
containing diet and challenged by ETEC.
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TABLE 4 Effect of CBA supplementation on hematological parameters in weaned pigs after ETEC challenge.

ITEM
Treatments

SEM
p-value

CON CBA ECON ECBA CBA ETEC Interaction

WBC, 109/L 19.77a 21.83a 18.07ab 14.19b 0.92 0.58 0.01 0.08

Neu, % of WBC 20.94 25.33 30.28 23.91 2.12 0.82 0.36 0.22

Lym, % of WBC 72.20 70.04 64.14 70.24 2.25 0.67 0.40 0.38

Mono, % of WBC 5.49 3.35 4.19 4.58 0.43 0.32 0.97 0.15

Eos, % of WBC 1.05 0.96 1.13 0.81 0.12 0.43 0.88 0.65

Baso, % of WBC 0.33b 0.33b 0.28b 0.46a 0.02 0.03 0.29 0.03

Neu, 109/L 4.04a 5.20a 5.59a 3.22ab 0.42 0.46 0.80 0.04

Lym, 109/L 14.43ab 15.67a 11.47ab 10.16ab 0.93 0.98 0.02 0.48

Mono, 109/L 1.02 0.69 0.75 0.65 0.07 0.15 0.31 0.47

Eos, 109/L 0.22 0.20 0.21 0.10 0.02 0.20 0.24 0.34

Baso, 109/L 0.07 0.07 0.05 0.07 0.01 0.47 0.30 0.76

RBC, 1012/L 6.98ab 7.57a 6.88b 7.14ab 0.11 0.06 0.23 0.46

HGB, g/L 108.88 115.75 109.75 112.50 1.40 0.09 0.67 0.46

HCT, % 40.96ab 44.86a 40.16b 42.61ab 0.72 0.03 0.27 0.60

MCV, fL 58.63 59.24 58.64 59.70 0.52 0.44 0.83 0.84

RDW-SD, fL 43.06 41.46 38.71 41.28 0.97 0.81 0.26 0.30

RDW-CV, fL 23.24 23.39 21.33 22.16 0.48 0.61 0.12 0.72

MCH, pg 15.60 15.30 16.05 15.83 0.16 0.41 0.13 0.91

MCHC, g/L 266.25ab 259.00b 273.38a 264.75ab 2.16 0.06 0.13 0.87

PLT, 109/L 425.25 407.13 393.63 434.25 17.78 0.76 0.95 0.43

WBC, White blood cell; Neu, Neutrophil; Lym, Lymphocyte; Mono, Monocyte; Eos, Eosinophil; Baso, Basophil; RBC, Red blood cell; HGB, Hemoglobin; HCT, Hematocrit; MCV, Mean 
corpuscular volume; RDW-SD, standard deviation of red blood cell volume distribution width; RDW-CV, coefficient of variation in red blood cell volume distribution width; MCH, Mean 
corpuscular hemoglobin; MCHC, Mean corpuscular hemoglobin concentration; PLT, blood platelet count.
Mean and total SEM are list in Separate columns, n = 8.
a, b, c mean values within a row with unlike superscript letters were significantly different, p < 0.05.
CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3 g/kg; ECON, pigs were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a CBA 
containing diet and challenged by ETEC.

decreased the activities of maltase in the duodenum (42.03%) and 
sucrose in the jejunum (27.90%). However, CBA supplementation 
relieved the reduction of the activities upon ETEC challenge (p < 0.05; 
Table 7). CBA supplementation also enhanced the ileal activity of 
lactase (30.45%), sucrase (54.04%) and maltase (32.87%) upon ETEC 

challenge (p < 0.05), and of alkaline phosphatase (61.83%) without 
ETEC challenge (p < 0.05).

3.4 Effect of CBA supplementation on 
expression of intestinal barrier and nutrient 
absorption genes in weaned pigs after 
ETEC challenge

CBA supplementation tended to increase the expression levels 
of zonula occludens-1 (ZO-1) and glucose transporter-2 (GLUT2) 
genes in the jejunal mucosa of the non-challenged pigs (p < 0.1; 
Figure 3). CBA supplementation tended to increase the expression 
levels of the ZO-1 and fatty acid transport protein 1 (FATP-1) genes 
in the jejunal mucosa of the ETEC-challenged group (p < 0.1). 
Moreover, the ETEC challenge significantly reduced the expression 
levels of FATP-1  in the jejunal mucosa of piglets (p < 0.05). The 
expression levels of the Occludin and sodium/glucose 
cotransporter-1 (SGLT-1) genes were significantly higher in the 
ECBA group when compared with the ECON group (p < 0.05). CBA 
supplementation significantly elevated the expression levels of 
claudin-1 in the jejunal epithelium of the non-challenged as well as 
the ETEC-challenged pigs (p < 0.05).

TABLE 3 Effect of CBA supplementation on nutrient digestibility in 
weaned pigs before ETEC challenge.

ITEM
Treatments

SEM
p-
valueCON CBA ECON ECBA

DM, % 88.18b 90.46a – – 0.43 0.02

CP, % 83.83b 87.35a – – 0.90 0.20

EE, % 83.03 81.84 – – 0.96 0.39

Ash, % 65.09b 71.82a – – 1.26 0.02

GE, % 88.32b 90.44a – – 0.47 0.03

DM, dry matter; CP, crude protein; EE, ether extract; GE, gross energy.
Mean and total SEM are list in Separate columns, n = 16.
a, b, c mean values within a row with unlike superscript letters were significantly different, 
p < 0.05.
CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3 g/kg; 
ECON, pigs were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a 
CBA containing diet and challenged by ETEC.
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3.5 Effect of CBA supplementation on 
intestinal microbial populations and 
metabolites in weaned pigs after ETEC 
challenge

CBA supplementation showed a 6.06% abundance of Bacillus 
elevation in the cecum of the non-challenged pigs (p < 0.05; Table 8) 
and a 1.89% total bacterial content increase in the cecum (p < 0.05). 
CBA supplementation enhanced the abundance of acetic (26.63%), 
propionic (34.84%), and butyric acid (37.59%) levels in the cecum 
of the non-challenged pigs (p < 0.05). ETEC challenge increased 
colonic E. coli (19.00%) and total bacterial counts (2.42%) compared 
to the CON group, but CBA supplementation tended to decrease 
colonic E. coli and total bacterial counts. ETEC challenge showed a 
31.33% propionic acid decrease in the colon compared to the CON 
group, but CBA supplementation tended to increase colonic 
propionic acid.

4 Discussion

BA is an antimicrobial agent with a broad spectrum of activity 
against pathogenic bacteria (27). Previous studies have found that BA 
had a positive effect on growth performance in piglets, which was 
related to antibacterial activity, improving nutrient digestion and 
absorption (28), maintaining the gastrointestinal tract environment 
(29), and promoting the production and activation of digestive 
enzymes (30). However, BA is usually added to animal diets in a free 
form, and its rapid absorption limits its ability to exert its potential 
antimicrobial and immunomodulatory effects outside the stomach 
and proximal small intestine (31). Here, CBA was supplemented to the 
diets of weaned piglets to enable it to act throughout the 
gastrointestinal tract. In this study, we  found that CBA not only 
increased the ADG of the ETEC-challenged pigs, but also increased 
the digestibility of DM, CP, Ash, and GE in weaned piglets before the 
ETEC challenge, which is consistent with previous studies (32). Both 

TABLE 5 Effect of CBA supplementation on serum biochemistry in weaned pigs after ETEC challenge.

ITEM
Treatments

SEM
p-value

CON CBA ECON ECBA CBA ETEC Interaction

TP, g/L 40.98 42.30 40.31 40.65 0.83 0.64 0.51 0.78

ALB, g/L 23.43ab 25.09a 21.35b 22.97ab 0.58 0.16 0.07 0.99

AKP, U/L 141.38 163.75 158.25 134.88 6.74 0.97 0.66 0.10

GOT, U/L 28.63 35.40 32.44 32.55 2.32 0.14 0.25 0.40

GPT, U/L 39.20 41.33 35.43 33.35 1.86 1.00 0.13 0.58

TC, mmol/L 1.64b 2.08a 1.78a 2.01a 0.08 0.03 0.78 0.48

GLU, mmol/L 4.82 5.09 4.57 4.58 0.12 0.57 0.14 0.60

TG, μmol/L 0.49 0.45 0.35 0.40 0.03 0.93 0.10 0.43

UREA, mmol/L 3.56a 1.83b 3.39a 2.65ab 0.24 0.01 0.47 0.27

TP, total protein; ALB, albumin; AKP, alkline phosphatase; GOT, glutamic oxalacetic transaminase; GPT, glutamic pyruvic transaminase; TC, total cholesterol; GLU, glucose; TG, Triglyceride; 
UREA, urea.
Mean and total SEM are list in Separate columns, n = 8.
a, b, c mean values within a row with unlike superscript letters were significantly different, P < 0.05.
CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3 g/kg; ECON, pigs were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a CBA 
containing diet and challenged by ETEC.

FIGURE 1

Effect of CBA supplementation on serum concentrations of immunoglobulins in weaned pigs after ETEC challenge. IgA, immunoglobulins A; IgG, 
immunoglobulins G; IgM, immunoglobulins M. a, b, c mean values within a row with unlike superscript letters were significantly different (p  <  0.05). 
CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3  g/kg; ECON, pigs were fed with a basal diet and challenged by 
ETEC; ECBA, pigs were fed with a CBA containing diet and challenged by ETEC.
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TABLE 6 Effect of CBA supplementation on intestinal morphology in weaned pigs after ETEC challenge.

ITEM
Treatments

SEM
p-value

CON CBA ECON ECBA CBA ETEC Interaction

Duodenum

Villus height, μm 422.85 401.95 411.03 421.58 5.54 0.66 0.74 0.19

Crypt depth, μm 218.44b 201.67b 267.67a 205.82b 4.47 <0.01 <0.01 0.01

V: C 1.97b 2.14ab 1.57c 2.20a 0.03 <0.01 <0.01 <0.01

Jejunum

Villus height, μm 398.81ab 421.81a 382.34b 380.84b 4.51 0.327 <0.01 0.27

Crypt depth, μm 252.69ab 239.29ab 264.85a 229.88b 3.75 <0.01 0.88 0.24

V: C 1.64 ± 0.08bc 1.82a 1.50c 1.74ab 0.03 <0.01 0.08 0.67

Ileum

Villus height, μm 354.01c 439.01a 340.78c 389.77b 5.82 <0.01 <0.01 0.10

Crypt depth, μm 217.66 211.83 215.12 217.34 3.26 0.78 0.82 0.54

V: C 1.66c 2.20a 1.62c 1.83b 0.03 <0.01 <0.01 <0.01

V/C, Villus height: Crypt depth.
Mean and total SEM are list in Separate columns, n = 8.
a, b, c mean values within a row with unlike superscript letters were significantly different, P < 0.05.
CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3 g/kg; ECON, pigs were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a CBA 
containing diet and challenged by ETEC.

FIGURE 2

Effect of CBA supplementation on intestinal morphology in weaned pigs after ETEC challenge (H&E; ×40). CON, pigs were fed with a basal diet; CBA, 
pigs were fed with a CBA containing diet, 3  g/kg; ECON, pigs were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a CBA 
containing diet and challenged by ETEC.

results show a beneficial effect of CBA supplementation on the growth 
performance of the weaned pigs.

Changes in blood leukocytes are important indicators of immune 
system status (33). Basophils are effector cells of innate immunity, as 
the primary purveyor of blood histamine, and play a central role in 
the pathogenesis of protective immunity (34). CBA supplementation 
significantly increased the percentage of basophils of the 

ETEC-challenged pigs, indicating an immune enhancement in the 
pigs after ETEC challenge. Serum biochemistries are routine blood 
tests that are closely related to nutritional status, protein metabolism, 
and disease. The fluctuation of serum biochemical indexes can reflect 
the body’s metabolism and health (35).

The levels of serum albumin and urea are closely connected with 
protein digestion and absorption. In particular, serum urea is the main 
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end product of protein metabolism in mammals (36). This study 
found that adding CBA to the diet increased serum albumin content 
while decreasing serum urea content. This suggests that protein 
utilization was improved in the CBA dietary treatments, which 
supports the previously mentioned improvement in ADG. Total 
cholesterol reflects the rate of lipid metabolism and liver health (37). 

In this study, CBA supplementation increased the content of serum 
total cholesterol of the non-challenged pigs, suggesting that CBA may 
affect lipid metabolism. Immunoglobulins, also known as antibodies, 
are a class of glycoproteins produced by plasma cells (38). They 
primarily exist in the serum and intestinal mucosa, providing cell 
protection against pathogenic viruses and microorganisms (39). As 

TABLE 7 Effect of CBA supplementation on mucosal enzyme activity in weaned pigs after ETEC challenge.

ITEM
Treatments

SEM
p-value

CON CBA ECON ECBA CBA ETEC Interaction

Duodenum

AKP, U/g prot 5.00 5.94 5.17 5.33 0.36 0.47 0.77 0.61

Lactase, U/mg prot 79.67 79.22 75.05 81.60 2.39 0.54 0.82 0.48

Sucrase, U/mg prot 71.50 81.49 72.63 82.06 2.90 0.11 0.89 0.96

Maltase, U/mg prot 95.75b 129.14ab 100.00b 142.03a 6.70 <0.01 0.48 0.72

Jejunum

AKP, U/g prot 8.35 8.74 9.52 6.29 0.52 0.16 0.52 0.08

Lactase, U/mg prot 82.88a 78.53ab 59.01b 76.09ab 3.45 0.33 0.05 0.11

Sucrase, U/mg prot 102.37a 96.35a 78.75b 100.72a 3.17 0.17 0.10 0.02

Maltase, U/mg prot 209.48 192.38 171.11 190.50 6.90 0.93 0.15 0.19

Ileum

AKP, U/g prot 3.72b 6.02a 2.59b 2.56b 0.41 0.07 <0.01 0.06

Lactase, U/mg prot 93.60b 108.39ab 92.01b 120.03a 4.50 0.02 0.56 0.44

Sucrase, U/mg prot 70.88ab 74.30ab 56.75b 87.42a 3.17 <0.01 0.93 0.02

Maltase, U/mg prot 186.00ab 201.96a 152.89b 203.15a 7.16 0.02 0.23 0.20

AKP, alkaline phosphatase.
Mean and total SEM are list in Separate columns, n = 8.
a, b, c mean values within a row with unlike superscript letters were significantly different, P < 0.05.
CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3 g/kg; ECON, pigs were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a CBA 
containing diet and challenged by ETEC.

FIGURE 3

Effect of CBA supplementation on mucosal gene expressions in weaned pigs after ETEC challenge. ZO-1, zonula occludens-1; FATP, fatty acid 
transport proteins; GLUT-2, glucose transporter-2; CAT-1, cationic amino acid transporter-1; a, b, c mean values within a row with unlike superscript 
letters were significantly different (p  <  0.05). CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3  g/kg; ECON, pigs 
were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a CBA containing diet and challenged by ETEC.
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one of the constituents of the animal immune system, IgA is the 
second most abundant immunoglobulin in serum (40), IgG mainly 
kills bacteria in the serum, whereas IgM aids in preventing bacterial 
and fungal infections for it plays an important role in promoting 
mucosal tolerance and creating a healthy microecological environment 
within the intestine (41). CBA significantly elevated the serum IgA 
and IgG concentrations and demonstrated a tendency to increase IgM 
concentration of the ETEC-challenged pigs, indicating enhanced 
immunity with CBA supplementation.

The small intestine plays a pivotal role in digesting, absorbing, and 
transporting nutrients, with its villi being indispensable for these 
functions. Hence, evaluation of intestinal digestion was carried out by 
measuring the villous height to crypt depth ratio (42). The higher villi 
favor a greater absorption of nutrients by the digestive system. A lower 
CD value indicates a greater population of mature epithelial cells, 
while a higher VH:CD ratio suggests a more favorable mucosal 
structure with a larger digestive and absorptive capacity (43). However, 
the intestinal morphology can be impaired after ETEC infection (44). 
Previous research found that pH value would affect cell growth, and 
the cell division would be  improved as the acidity increased (45). 
Other research found that the reduction of intestinal villus height and 
increase of crypt depth of piglets was related to the decrease of sucrase 
and lactase activities in the striated border (46). CBA supplementation 
significantly increased the activities of maltase in the duodenum and 

sucrose in the jejunum. CBA supplementation also enhanced the ileal 
activity of lactase, sucrose and maltase of the ETEC-challenged pigs, 
and of alkaline phosphatase of the non-challenged pigs, which 
suggested that CBA supplementation can alleviate intestinal stress in 
piglets by reducing the pH value of the intestine, increasing the 
activity of digestive enzymes in the small intestine, improving 
intestinal morphology, and maintaining the health of the intestinal 
mucosa after weaning. Tight junctions play a crucial role in intestinal 
barrier integrity and protect pathogenic bacteria colonization and 
macromolecular transmission from paracellular diffusion (47), 
composed of transmembrane barrier proteins (e.g., claudins and 
occludin), cytoplasmic scaffold proteins (e.g., ZO family), and 
adhesion molecules. Claudins are integral membrane proteins that are 
primarily found at tight junctions. They play a critical role in apical 
cell-to-cell adhesion, maintenance of epithelial polarity, and formation 
of impermeable barriers between epithelial cells (48). In this study, 
we  found that CBA supplementation significantly elevated the 
expression levels of claudin-1  in the jejunal epithelium of the 
non-challenged as well as the ETEC-challenged pigs, and significantly 
elevated the expression levels of Occludin and SGLT-1 in the jejunal 
epithelium of the ETEC-challenged pigs. CBA supplementation also 
tended to increase the expression levels of ZO-1. Moreover, CBA also 
elevated the expression levels of GLUT2 and FATP-1 in the jejunal 
epithelium. In pig intestine, SGLT1 is the major route for absorption 

TABLE 8 Effect of CBA supplementation on caecal microbial populations and its products in weaned pigs after ETEC challenge.

ITEM
Treatments

SEM
p-value

CON CBA ECON ECBA CBA ETEC Interaction

Cecum, microbial populations, lg (copies/g)

Total bacteria 11.09b 11.30a 10.98b 10.99b 0.03 0.04 <0.01 0.05

Lactobacillus 8.59 8.71 8.77 8.46 0.10 0.65 0.88 0.31

Escherichia coli 9.11 9.60 10.31 9.56 0.20 0.74 0.15 0.12

Bifidobacterium 7.03 7.28 6.83 6.53 0.22 0.95 0.30 0.54

Bacillus 9.24b 9.80a 9.44ab 9.38b 0.07 0.08 0.42 0.03

Colon, microbial populations, lg (copies/g)

Total bacteria 11.18b 11.42a 11.45a 11.27ab 0.04 0.66 0.43 <0.01

Lactobacillus 8.70 8.88 8.49 8.82 0.11 0.27 0.56 0.74

Escherichia coli 8.84b 9.31ab 10.52a 10.10ab 0.24 0.95 <0.01 0.31

Bifidobacterium 7.48 6.94 7.25 6.95 0.22 0.37 0.82 0.79

Bacillus 9.59 9.42 9.41 9.56 0.05 0.92 0.84 0.16

Cecum, VFA, mg/g

Acetic acid 4.13b 5.23a 3.97b 3.37b 0.21 0.47 <0.01 0.02

Propanoic acid 2.44b 3.29a 2.25b 1.98b 0.14 0.19 <0.01 0.02

Butyric acid 1.41b 1.94a 1.43b 1.02b 0.10 0.72 0.01 <0.01

Colon, VFA, mg/g

Acetic acid 4.72 5.10 3.93 4.55 0.26 0.35 0.21 0.82

Propanoic acid 3.00a 3.28a 2.06b 2.93ab 0.17 0.08 0.05 0.33

Butyric acid 1.08 1.55 1.22 1.10 0.10 0.40 0.46 0.16

VFA, volatile fatty acids.
Mean and total SEM are list in Separate columns, n = 8.
a, b, c mean values within a row with unlike superscript letters were significantly different, P < 0.05.
CON, pigs were fed with a basal diet; CBA, pigs were fed with a CBA containing diet, 3 g/kg; ECON, pigs were fed with a basal diet and challenged by ETEC; ECBA, pigs were fed with a CBA 
containing diet and challenged by ETEC.
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of dietary glucose from the lumen of the intestine into enterocytes 
(49). FATP-1 plays an important role in the regulation of fatty acid 
metabolism and lipid accumulation (50), and GLUT-2 is one of the 
major transporters for glucose absorption. These results suggest that 
CBA administration can improve nonspecific barrier mechanisms and 
epithelial in the gut.

Intestinal microbial populations are associated with nutrient 
digestion, absorption, and gut health (51). Gut microbes play a 
crucial role in maintaining gut health. The balance of beneficial 
bacteria such as Lactobacillus, Bifidobacterium, and Bacillus, and 
the reduction of harmful bacteria like Escherichia coli, are 
associated with intestinal morphology and can help prevent 
diarrhea (52). In this study, we found that CBA supplementation 
significantly elevated the abundance of beneficial bacteria, Bacillus 
in the cecum of the non-challenged pigs, and had a tendency to 
decrease colonic Escherichia coli counts. The beneficial bacteria 
suppress the colonization of Escherichia coli by blocking the sites 
of adhesion and producing acidic metabolites (17), which might 
be the partial explanation for why CBA could regulate the intestinal 
microbiota. The change in gut microbial composition leads to the 
variation in microbial metabolites. As microbial metabolites, VFAs 
have a function that is similar to inhibiting bacteria (53), and they 
are not only positive in providing energy for intestinal epithelial 
cells but promote the formation of cells by stabilizing DNA and 
repairing damage, thus promoting the proliferation of epithelial 
cells (54). Furthermore, VFA can increase the acidity of 
intercellular substances in harmful bacteria to inhibit bacteria, 
destroy the balance of osmotic pressure in harmful bacteria, and 
thus play a role in regulating microflora (53). CBA supplementation 
excellently enhanced the abundance of acetic, propionic, and 
butyric acid levels in the cecum of the non-challenged pigs, and 
had a tendency to decrease colonic Escherichia coli counts of the 
ETEC-challenged pigs. CBA not only modulates the intestinal 
microflora but also increases the concentration of VFA. This 
provides new explanations for the positive effects of CBA on 
gut health.

In the present study, we found that CBA has beneficial effects on 
intestinal morphology, expression of tight junction genes and nutrient 
absorption genes, probiotic colonization and VFA production (55). 
Previous studies have shown that probiotics such as Bacillus have a 
protective effect on the intestinal barrier. Therefore, our hypothesis 
that CBA could improve intestinal function by stimulating the growth 
of beneficial bacteria and suppressing the growth of potential 
pathogenic bacteria, increasing microbial fermentation and 
breakdown of complex carbohydrates, and increasing VFA production 
was correct.

Data availability statement

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Animal Experimental 
Committee of Sichuan Agricultural University (authorization number 
SICAU-2022-014). The study was conducted in accordance with the 
local legislation and institutional requirements.

Author contributions

JQ: Data curation, Writing – original draft. BY: Investigation, 
Writing – review & editing. YH: Writing – review & editing, 
Conceptualization. YL: Writing – review & editing, Software. PZ: 
Writing – review & editing, Supervision. XM: Supervision, 
Writing – review & editing. JY: Writing – review & editing, Formal 
analysis. XZ: Formal analysis, Writing – review & editing. TH: 
Supervision, Writing – review & editing. HY: Supervision, Writing 
– review & editing. AW: Supervision, Writing – review & editing. 
JH: Funding acquisition, Project administration, Writing – review 
& editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. The National 
Key R&D Program of China (2023YFD1301200) and the Innovation 
Team of Sichuan Province (SCCXTD-2024-8) supported this work.

Conflict of interest

YH, XZ, and TH were employed by the Nuacid Nutrition Co., Ltd.
The remaining 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.

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.2024.1430696/
full#supplementary-material

References
 1. Upadhaya S-D, Kim I-H. The impact of weaning stress on gut health and the 

mechanistic aspects of several feed additives contributing to improved gut health function 
in weanling piglets-a review. Animals. (2021) 11:2418. doi: 10.3390/ani11082418

 2. Pluske JR. Feed- and feed additives-related aspects of gut health and development 
in weanling pigs. J Anim Sci Biotechnol. (2013) 4:1. doi: 10.1186/2049- 
1891-4-1

https://doi.org/10.3389/fvets.2024.1430696
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2024.1430696/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2024.1430696/full#supplementary-material
https://doi.org/10.3390/ani11082418
https://doi.org/10.1186/2049-1891-4-1
https://doi.org/10.1186/2049-1891-4-1


Qi et al. 10.3389/fvets.2024.1430696

Frontiers in Veterinary Science 12 frontiersin.org

 3. Nagy B, Fekete PZ. Enterotoxigenic Escherichia coli in veterinary medicine. Int J 
Med Microbiol. (2005) 295:443–54. doi: 10.1016/j.ijmm.2005.07.003

 4. Rhouma M, Fairbrother JM, Beaudry F, Letellier A. Post weaning diarrhea in pigs: 
risk factors and non-colistin-based control strategies. Acta Vet Scand. (2017) 59:31. doi: 
10.1186/s13028-017-0299-7

 5. Kaper JB, Nataro JP, Mobley HL. Pathogenic Escherichia coli. Nat Rev Microbiol. 
(2004) 2:123–40. doi: 10.1038/nrmicro818

 6. Li J. Current status and prospects for in-feed antibiotics in the different stages of 
pork production - a review. Asian Australas J Anim Sci. (2017) 30:1667–73. doi: 10.5713/
ajas.17.0418

 7. Su W, Gong T, Jiang Z, Lu Z, Wang Y. The role of probiotics in alleviating 
postweaning diarrhea in piglets from the perspective of intestinal barriers. Front Cell 
Infect Microbiol. (2022) 12:883107. doi: 10.3389/fcimb.2022.883107

 8. Thacker PA. Alternatives to antibiotics as growth promoters for use in swine 
production: a review. J Anim Sci Biotechnol. (2013) 4:35. doi: 10.1186/2049-1891-4-35

 9. Del Olmo A, Calzada J, Nuñez M. Benzoic acid and its derivatives as naturally 
occurring compounds in foods and as additives: uses, exposure, and controversy. Crit 
Rev Food Sci Nutr. (2017) 57:3084–103. doi: 10.1080/10408398.2015.1087964

 10. Maki T, Takeda K. Benzoic acid and derivatives In: SS Chadwick, editor. Ullmann's 
encyclopedia of industrial chemistry. New York, NY: Wiley (2000). 133.

 11. Pu J, Chen D, Tian G, He J, Zheng P, Mao X, et al. Protective effects of benzoic acid, 
Bacillus Coagulans, and oregano oil on intestinal injury caused by Enterotoxigenic 
Escherichia coli in weaned piglets. Biomed Res Int. (2018) 2018:1–12. doi: 
10.1155/2018/1829632

 12. Davitt CJ, Lavelle EC. Delivery strategies to enhance oral vaccination against 
enteric infections. Adv Drug Deliv Rev. (2015) 91:52–69. doi: 10.1016/j.addr.2015.03.007

 13. Saha DC, Boegel SJ, Tanvir S, Nogueira CL, Aucoin MG, Anderson WA, et al. 
Antiviral and antibacterial cold spray coating application on rubber substrate, disruption 
in disease transmission chain. J Therm Spray Technol. (2023) 32:818–30. doi: 10.1007/
s11666-023-01553-x

 14. Outlaw A, Gachman A, Kim H, Xu X, Tan Z, Qin Z, et al. Evaluation of protected 
benzoic acid on growth performance, nutrient digestibility, and gut health indices in 
starter pigs. Transl Anim Sci. (2023) 7:txad111. doi: 10.1093/tas/txad111

 15. Kluge H, Broz J, Eder K. Effect of benzoic acid on growth performance, nutrient 
digestibility, nitrogen balance, gastrointestinal microflora and parameters of microbial 
metabolism in piglets. J Anim Physiol Anim Nutr (Berl). (2006) 90:316–24. doi: 10.1111/j.
1439-0396.2005.00604.x

 16. Humphrey DC, Bergstrom JR, Calvo EP, Trabue SL, Scoggin KD, Greiner LL. The 
effect of benzoic acid with or without a direct-fed microbial on the nutrient metabolism 
and gas emissions of growing pigs. J Anim Sci. (2022) 100:skac296. doi: 10.1093/jas/
skac296

 17. Papatsiros VG, Tassis PD, Tzika ED, Papaioannou DS, Petridou E, Alexopoulos C, 
et al. Effect of benzoic acid and combination of benzoic acid with a probiotic containing 
Bacillus cereus var. Toyoi in weaned pig nutrition. Pol J Vet Sci. (2011) 14:117–25. doi: 
10.2478/v10181-011-0017-8

 18. Gao Y, Han F, Huang X, Rong Y, Yi H, Wang Y. Changes in gut microbial 
populations, intestinal morphology, expression of tight junction proteins, and cytokine 
production between two pig breeds after challenge with Escherichia coli K88: a 
comparative study. J Anim Sci. (2013) 91:5614–25. doi: 10.2527/jas.2013-6528

 19. Rychen G, Aquilina G, Azimonti G, Bampidis V, Bastos M, Bories G, et al. Safety 
and efficacy of benzoic acid for pigs and poultry. EFSA J. (2018) 16:e05210. doi: 
10.2903/j.efsa.2018.5210

 20. National Research Council (U.S.). Nutrient requirements of swine. 11th ed. 
Washington, DC: National Academies Press (2012).

 21. Latimer GW Jr. Official methods of analysis of AOAC international. 20th ed. 
Rockville, MD: AOAC International (2016).

 22. van Leeuwen P, Veldman A, Boisen S, Deuring K, van Kempen GJ, Derksen GB, 
et al. Apparent ileal dry matter and crude protein digestibility of rations fed to pigs and 
determined with the use of chromic oxide (Cr2O3) and acid-insoluble ash as digestive 
markers. Br J Nutr. (1996) 76:551–62. doi: 10.1079/BJN19960062

 23. Yang Y, Iji PA, Kocher A, Mikkelsen LL, Choct M. Effects of dietary 
mannanoligosaccharide on growth performance, nutrient digestibility and gut 
development of broilers given different cereal-based diets. J Anim Physiol Anim Nutr. 
(2008) 92:650–9. doi: 10.1111/j.1439-0396.2007.00761.x

 24. Chen C, Wang Z, Li J, Li Y, Huang P, Ding X, et al. Dietary vitamin E affects small 
intestinal histomorphology, digestive enzyme activity, and the expression of nutrient 
transporters by inhibiting proliferation of intestinal epithelial cells within jejunum in 
weaned piglets1. J Anim Sci. (2019) 97:1212–21. doi: 10.1093/jas/skz023

 25. Franklin MA, Mathew AG, Vickers JR, Clift RA. Characterization of microbial 
populations and volatile fatty acid concentrations in the jejunum, ileum, and cecum of 
pigs weaned at 17 vs 24 days of age. J Anim Sci. (2002) 80:2904–10. doi: 
10.2527/2002.80112904x

 26. Fleige S, Walf V, Huch S, Prgomet C, Sehm J, Pfaffl MW. Comparison of relative 
mRNA quantification models and the impact of RNA integrity in quantitative real-time 
RT-PCR. Biotechnol Lett. (2006) 28:1601–13. doi: 10.1007/s10529-006-9127-2

 27. Krátký M, Vinšová J, Buchta V. In vitro antibacterial and antifungal activity of 
salicylanilide benzoates. Sci World J. (2012) 2012:290628. doi: 10.1100/2012/290628

 28. Torrallardona D, Badiola I, Broz J. Effects of benzoic acid on performance and 
ecology of gastrointestinal microbiota in weanling piglets, livestock science. Issues. 
(2007) 108:210–3. doi: 10.1016/j.livsci.2007.01.062

 29. Karlsson FH, Tremaroli V, Nookaew I, Bergström G, Behre CJ, Fagerberg B, et al. 
Gut metagenome in European women with normal, impaired and diabetic glucose 
control. Nature. (2013) 498:99–103. doi: 10.1038/nature12198

 30. Mao X, Yang Q, Chen D, Yu B, He J. Benzoic acid used as food and feed additives 
can regulate gut functions. Biomed Res Int. (2019) 2019:5721585. doi: 
10.1155/2019/5721585

 31. Kristensen NB, Nørgaard JV, Wamberg S, Engbaek M, Fernández JA, Zacho HD, 
et al. Absorption and metabolism of benzoic acid in growing pigs. J Anim Sci. (2009) 
87:2815–22. doi: 10.2527/jas.2009-2003

 32. Diao H, Zheng P, Yu B, He J, Mao XB, Yu J, et al. Effects of benzoic acid on growth 
performance, serum biochemical parameters, nutrient digestibility and digestive 
enzymes activities of jejuna digesta in weaner piglets. Chin J Anim Nutr. (2013) 
25:768–77. doi: 10.3969/j.issn.1006-267x.2013.04.014

 33. Chaussabel D. Assessment of immune status using blood transcriptomics and 
potential implications for global health. Semin Immunol. (2015) 27:58–66. doi: 10.1016/j.
smim.2015.03.002

 34. Ding S, Cheng Y, Azad MA, Zhu Q, Huang P, Kong X. Developmental changes of 
immunity and different responses to weaning stress of Chinese indigenous piglets and 
Duroc piglets during suckling and weaning periods. Int J Mol Sci. (2022) 23:23. doi: 
10.3390/ijms232415781

 35. Gradela A, Souza VN, Queiroz MM, Constantino AC, Faria MD, Pires IC, et al. 
Serum biochemistry of Trachemys scripta elegans and Trachemys dorbignyi (Testudines: 
Emydidae) bred in captivity in the northeastern semiarid region of Brazil. Vet World. 
(2020) 13:1083–90. doi: 10.14202/vetworld.2020.1083-1090

 36. Hou G, Peng W, Wei L, Li R, Huang X, Yin Y. Probiotics and Achyranthes bidentata 
polysaccharides improve growth performance via promoting intestinal nutrient 
utilization and enhancing immune function of weaned pigs. Animals. (2021) 11::2617. 
doi: 10.3390/ani11092617

 37. Wei Z, Yu B, Huang Z, Luo Y, Zheng P, Mao X, et al. Effect of 3-caffeoylquinic acid 
on growth performance, nutrient digestibility, and intestinal functions in weaned pigs. 
J Anim Sci. (2023) 101:skad234. doi: 10.1093/jas/skad234

 38. Duan Q, Chen D, Yu B, Huang Z, Luo Y, Zheng P, et al. Effect of sialyllactose on 
growth performance and intestinal epithelium functions in weaned pigs challenged by 
enterotoxigenic Escherichia Coli. J Anim Sci Biotechnol. (2022) 13:30. doi: 10.1186/
s40104-022-00673-8

 39. Li P, Yin Y-L, Li D, Kim SW, Wu G. Amino acids and immune function. Br J Nutr. 
(2007) 98:237–52. doi: 10.1017/S000711450769936X

 40. Zhou Y, Luo Y, Yu B, Zheng P, Yu J, Huang Z, et al. Effect of β-glucan 
supplementation on growth performance and intestinal epithelium functions in weaned 
pigs challenged by Enterotoxigenic Escherichia coli. Antibiotics. (2022) 11:519. doi: 
10.3390/antibiotics11040519

 41. Turula H, Wobus CE. The role of the polymeric immunoglobulin receptor and 
secretory immunoglobulins during mucosal infection and immunity. Viruses. (2018) 
10:237. doi: 10.3390/v10050237

 42. Low AG. Studies on digestion and absorption in the intestines of growing pigs. 6. 
Measurements of the flow of amino acids. Br J Nutr. (1979) 41:147–56. doi: 10.1079/
BJN19790021

 43. Pluske JR, Thompson MJ, Atwood CS, Bird PH, Williams IH, Hartmann PE. 
Maintenance of villus height and crypt depth, and enhancement of disaccharide 
digestion and monosaccharide absorption, in piglets fed on cows' whole milk after 
weaning. Br J Nutr. (1996) 76:409–22. doi: 10.1079/bjn19960046

 44. Pluske JR, Hampson DJ, Williams IH. Factors influencing the structure and 
function of the small intestine in the weaned pig: a review. Livest Prod Sci. (1997) 
51:215–36. doi: 10.1016/S0301-6226(97)00057-2

 45. Lupton JR, Jacobs LR. Fiber supplementation results in expanded proliferative 
zones in rat gastric mucosa. Am J Clin Nutr. (1987) 46:980–4. doi: 10.1093/ajcn/46.6.980

 46. Hampson DJ, Kidder DE. Influence of creep feeding and weaning on brush border 
enzyme activities in the piglet small intestine. Res Vet Sci. (1986) 40:24–31.

 47. Chen JL, Zheng P, Zhang C, Yu B, He J, Yu J, et al. Benzoic acid beneficially affects 
growth performance of weaned pigs which was associated with changes in gut bacterial 
populations, morphology indices and growth factor gene expression. J Anim Physiol 
Anim Nutr (Berl). (2017) 101:1137–46. doi: 10.1111/jpn.12627

 48. Liu H, Jiang F, Jia X, Lan J, Guo H, Li E, et al. Cycling hypoxia affects cell invasion 
and proliferation through direct regulation of claudin1 / claudin7 expression, and 
indirect regulation of P18 through claudin7. Oncotarget. (2017) 8:10298–311. doi: 
10.18632/oncotarget.14397

 49. Moran AW, Al-Rammahi MA, Arora DK, Batchelor DJ, Coulter EA, Ionescu C, 
et al. Expression of Na+/glucose co-transporter 1 (SGLT1) in the intestine of piglets 
weaned to different concentrations of dietary carbohydrate. Br J Nutr. (2010) 104:647–55. 
doi: 10.1017/S0007114510000954

https://doi.org/10.3389/fvets.2024.1430696
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.ijmm.2005.07.003
https://doi.org/10.1186/s13028-017-0299-7
https://doi.org/10.1038/nrmicro818
https://doi.org/10.5713/ajas.17.0418
https://doi.org/10.5713/ajas.17.0418
https://doi.org/10.3389/fcimb.2022.883107
https://doi.org/10.1186/2049-1891-4-35
https://doi.org/10.1080/10408398.2015.1087964
https://doi.org/10.1155/2018/1829632
https://doi.org/10.1016/j.addr.2015.03.007
https://doi.org/10.1007/s11666-023-01553-x
https://doi.org/10.1007/s11666-023-01553-x
https://doi.org/10.1093/tas/txad111
https://doi.org/10.1111/j.1439-0396.2005.00604.x
https://doi.org/10.1111/j.1439-0396.2005.00604.x
https://doi.org/10.1093/jas/skac296
https://doi.org/10.1093/jas/skac296
https://doi.org/10.2478/v10181-011-0017-8
https://doi.org/10.2527/jas.2013-6528
https://doi.org/10.2903/j.efsa.2018.5210
https://doi.org/10.1079/BJN19960062
https://doi.org/10.1111/j.1439-0396.2007.00761.x
https://doi.org/10.1093/jas/skz023
https://doi.org/10.2527/2002.80112904x
https://doi.org/10.1007/s10529-006-9127-2
https://doi.org/10.1100/2012/290628
https://doi.org/10.1016/j.livsci.2007.01.062
https://doi.org/10.1038/nature12198
https://doi.org/10.1155/2019/5721585
https://doi.org/10.2527/jas.2009-2003
https://doi.org/10.3969/j.issn.1006-267x.2013.04.014
https://doi.org/10.1016/j.smim.2015.03.002
https://doi.org/10.1016/j.smim.2015.03.002
https://doi.org/10.3390/ijms232415781
https://doi.org/10.14202/vetworld.2020.1083-1090
https://doi.org/10.3390/ani11092617
https://doi.org/10.1093/jas/skad234
https://doi.org/10.1186/s40104-022-00673-8
https://doi.org/10.1186/s40104-022-00673-8
https://doi.org/10.1017/S000711450769936X
https://doi.org/10.3390/antibiotics11040519
https://doi.org/10.3390/v10050237
https://doi.org/10.1079/BJN19790021
https://doi.org/10.1079/BJN19790021
https://doi.org/10.1079/bjn19960046
https://doi.org/10.1016/S0301-6226(97)00057-2
https://doi.org/10.1093/ajcn/46.6.980
https://doi.org/10.1111/jpn.12627
https://doi.org/10.18632/oncotarget.14397
https://doi.org/10.1017/S0007114510000954


Qi et al. 10.3389/fvets.2024.1430696

Frontiers in Veterinary Science 13 frontiersin.org

 50. Arif A, Terenzi F, Potdar AA, Jia J, Sacks J, China A, et al. EPRS is a critical 
mTORC1-S6K1 effector that influences adiposity in mice. Nature. (2017) 542:357–61. 
doi: 10.1038/nature21380

 51. Savage DC. Gastrointestinal microflora in mammalian nutrition. Annu Rev Nutr. 
(1986) 6:155–78. doi: 10.1146/annurev.nu.06.070186.001103

 52. Mikkelsen LL, Bendixen C, Jakobsen M, Jensen BB. Enumeration of bifidobacteria 
in gastrointestinal samples from piglets. Appl Environ Microbiol. (2003) 69:654–8. doi: 
10.1128/AEM.69.1.654-658.2003

 53. Corrier DE, Hinton A, Ziprin RL, DeLoach JR. Effect of dietary lactose on 
Salmonella colonization of market-age broiler chickens. Avian Dis. (1990)  
34:668–76.

 54. Burns CP, Rozengurt E. Extracellular Na+ and initiation of DNA synthesis: role of 
intracellular pH and K+. J Cell Biol. (1984) 98:1082–9. doi: 10.1083/jcb.98.3. 
1082

 55. Macfarlane S, Macfarlane GT. Regulation of short-chain fatty acid production. Proc 
Nutr Soc. (2003) 62:67–72. doi: 10.1079/PNS2002207

https://doi.org/10.3389/fvets.2024.1430696
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1038/nature21380
https://doi.org/10.1146/annurev.nu.06.070186.001103
https://doi.org/10.1128/AEM.69.1.654-658.2003
https://doi.org/10.1083/jcb.98.3.1082
https://doi.org/10.1083/jcb.98.3.1082
https://doi.org/10.1079/PNS2002207

	Effect of coated-benzoic acid on growth performance, immunity, and intestinal functions in weaned pigs challenged by enterotoxigenic Escherichia coli 
	1 Introduction
	2 Materials and methods
	2.1 Animal care and use statement
	2.2 Bacterial strains and culture
	2.3 Experimental design and diet
	2.4 Growth performance evaluation
	2.5 Sample collection
	2.6 Apparent total tract nutrient digestibility analysis
	2.7 Measurement of the hematological parameters
	2.8 Serum biochemistry and immunoglobulin detection
	2.9 Histomorphology measurements of intestinal segments
	2.10 Enzyme activity
	2.11 Hindgut microbiological analysis
	2.12 Analysis of volatile fatty acids in hindgut digesta
	2.13 Isolation and reverse transcription of RNA and qPCR
	2.14 Statistical analysis

	3 Results
	3.1 Effect of CBA on growth performance and nutrient digestibility in weaned pigs after ETEC challenge
	3.2 Effect of CBA on blood and serum parameters in weaned pigs after ETEC challenge
	3.3 Effect of CBA supplementation on intestinal morphology and mucosal enzyme activity in weaned pigs after ETEC challenge
	3.4 Effect of CBA supplementation on expression of intestinal barrier and nutrient absorption genes in weaned pigs after ETEC challenge
	3.5 Effect of CBA supplementation on intestinal microbial populations and metabolites in weaned pigs after ETEC challenge

	4 Discussion

	 References

