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Abstract
This study evaluated the effects of dietary probiotic Lactococcus lactis on growth performance, frequency
of diarrhea, immune responses, and intestinal health of weaned pigs. In a randomized complete block design
(block = initial body weight), 48 newly weaned pigs were assigned to two dietary treatments (4 pigs/pen; 6
replicates/treatment; 4-week trial): a basal diet based on corn and soybean meal (CON) and CON
supplemented with 0.02% L. lactis (LL). Growth performance, frequency of diarrhea, systemic immune
responses and serum biochemical parameters, intestinal morphology, and ileal gene expression of tight
junction proteins and inflammatory cytokines were measured. No differences were found in growth
performance and serum biochemical parameters between CON and LL. However, the LL group tended to
show lower the frequency of diarrhea during the first two weeks after weaning (p = 0.092), hematocrit
levels on day 14 (p = 0.093), and serum cortisol concentrations on day 7 (p = 0.096) than the CON group.
The LL decreased concentrations of serum tumor necrosis factor-o. (TNF-a) on day 7 (p < 0.05), interleukin-
6 (IL-6) on days 7 and 14 (p < 0.05), transforming growth factor-p1 (TGF-B1) on day 14 (p = 0.060), and
interleukin-1p (IL-1pB) on day 14 (p = 0.082) and day 28 (p = 0.072) compared with the CON. Pigs fed LL
diet had higher villus area and the number of goblet cells in the small intestine (p < 0.05) and had a tendency
to increase villus height in the duodenum (p = 0.084) compared with those fed CON diet. Furthermore, the
LL upregulated (p < 0.05) gene expressions of claudin-1, claudin-4, and tight junction protein-1 in the ileum
and downregulated (p < 0.05) gene expressions of TNF-a, TGF-p, IL-1p, IL-6, and interleukin-8 compared
with the CON. Consequently, the dietary probiotic L. lactis tended to alleviate post-weaning diarrhea; this
may be correlated with improved anti-inflammatory responses, intestinal morphology, and gut barrier

functions of weaned pigs.

Keywords: Cytokines, Intestinal health, Probiotics, Weaned pigs

Introduction

Weaning is a critical developmental stage in pigs, and characterized by an abrupt transition from a milk-
based diet to solid feed. This process often triggers physiological stress and substantial alterations in the
intestinal microbiota, commonly resulting in post-weaning diarrhea (PWD), which has detrimental effects
on growth performance, health, and survival [1,2]. During this period, beneficial gut bacteria such as
Lactobacillus spp. decrease, whereas pathogenic strains such as Escherichia coli proliferate, exacerbating
these issues [3,4]. Weaning compromises intestinal integrity by increasing gut permeability, facilitating the
translocation of pathogens and toxins into the bloodstream, and triggering systemic inflammation [5]. This
disruption is largely attributed to the alteration of tight junction proteins, including claudins and occludin,
which are key components of the intestinal epithelial barrier [6]. Weakening of this barrier increases the

risk of infection and impairs nutrient absorption, thus, hindering piglet growth during this vulnerable stage.
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Probiotics, defined as live microorganisms that confer health benefits when administered in
adequate amounts [7]. Previous studies have demonstrated that probiotics can modulate the gut microbiota,
enhance intestinal health, and positively influence immune responses [8-11]. Probiotic strains such as lactic
acid bacteria, including species previously classified as Lactobacillus, and Lactococcus spp. have been
shown to stabilize the gut microbiota, improve intestinal barrier function, and reduce the incidence of PWD
[12]. Lactococcus lactis is an attractive probiotic bacterium for animal feed because of its acid resistance,
which allows it to survive in the gastrointestinal tract [13,14]. In particular, because the effects of probiotics
vary depending on the characteristics of the strain used, further research is needed to investigate the
physiological effects and potential mechanisms of L. lactis. Although the effects of Lactobacillus- and
Bifidobacterium-based probiotics have been extensively studied, research on the effects of L. lactis on
intestinal health and inflammatory responses induced by rapid changes and stress after weaning remains
limited. Therefore, in this study, we aimed to evaluate the effects of dietary L. lactis supplementation on

growth performance, systemic immune responses, and intestinal health in weaned pigs.

Materials and Methods

Animal ethics statement
The study protocol was reviewed and approved by the Institutional Animal Care and Use Committee of
Chungnam National University, Daejeon, Republic of Korea (approval: #202203A-CNU-061).

Experimental animals, design, and diets

A total of 48 weaned pigs ([Landrace x Yorkshire] x Duroc; 6.49 + 0.97 kg of average initial body weight
[BW]; 28 days of age) were used in this study. Pigs were assigned to two dietary treatments in a randomized
complete block design in which pigs were blocked by their initial BW to minimize variation. Each treatment
consisted of 6 replicates with 4 pigs per pen. Dietary treatments were a basal weaner diet based on corn and
soybean meal (CON) and CON supplemented with 0.02% L. lactis (LL). The probiotic product (IDCC 2301;
1.0 x 10 CFU/g) obtained from a commercial supplier (ILDONG Bioscience) was isolated from
homemade cheese [15]. The basal diet was formulated to meet the nutritional requirements of the weaned
pigs as estimated by the National Research Council [16] (Table 1). The experimental period was 28 days
after weaning. All pigs were housed under the same environmental conditions, with the ambient
temperature maintained between 28-30°C, and the relative humidity ranging from 50% to 60%. Feed and

water were provided ad libitum, and the pens were uniformly sized at 232 x 175 cm (width x length).

Data and sample collection
The BW of each pig was individually recorded on days 1, 7, 14, and 28 to assess growth performance over

the experimental period. The average daily gain (ADG), average daily feed intake (ADFI), and gain to feed
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ratio (G:F) were calculated from individual BW and feed intake data. The fecal score was monitored daily
for the first two weeks of the experiment using a scoring system ranging from 1 to 5 (1 = normal hard feces,
2 = slightly soft feces, 3 = soft partially formed feces, 4 = semi-liquid feces, and 5 = watery diarrhea).
Frequency of diarrhea was calculated as the number of diarrhea cases (fecal scores > 4) divided by the total
number of pen days [17]. Blood samples were collected from the jugular vein of pigs with a median BW
(one pig per pen) on days 1, 7, 14, and 28 using two types of tubes (Becton Dickinson): 10 mL
ethylenediaminetetraacetic acid (EDTA)-coated tubes for whole blood analysis and 10 mL serum tubes for
serum analysis. Serum samples were separated from the non-EDTA tubes by centrifugation at 3,000 x g
for 15 min at 4°C (1580R, LaboGene) and stored at -80°C for further immune response analysis [18]. At
the end of the experimental period, the pigs were anesthetized intramuscularly with 2 mL of suxamethonium
chloride (Succicholine Inj., Il Sung IS). After euthanasia by exposure to carbon dioxide, tissue samples
(approximately 5 cm) were collected from the middle of each part of the small intestine. The intestinal
samples were washed with distilled water and fixed in 10% neutral-buffered formalin (BBC Biochemical)
in 50 mL conical tubes for subsequent morphological analysis. After washing the other ileal segments with
distilled water, the mucosal samples were carefully scraped using a sterile slide. The scraped mucosal
samples were placed in 1.5 mL microtubes containing RNAlater reagent (QIAGEN GmbH) and stabilized
at room temperature for 24 h before being stored at -80°C for gene expression analysis.

Hematology, immune response, and biochemical analysis

Whole blood samples collected in EDTA tubes were analyzed using an automated hematology analyzer
specifically calibrated for porcine blood (scil Vet abc hematology analyzer; scil Animal Care), measuring
total white blood cell (WBC) count and hematocrit (HCT). Serum samples were analyzed to determine
biochemical parameters using a clinical autoanalyzer (Toshiba Acute Biochemical Analyzer-TBA-40FR;
Toshiba Medical Instruments) and specific kits (Wako Pure Chemical Industries) [19]. The biochemical
markers included alanine aminotransferase, aspartate aminotransferase, total protein, albumin, creatinine,
blood urea nitrogen, glucose, total cholesterol, triglycerides, calcium, inorganic phosphorus, and
magnesium. Serum samples were also analyzed for concentrations of cortisol, tumor necrosis factor-o
(TNF-a), transforming growth factor-B1 (TGF-B1), and interleukin-1p (IL-1B) and IL-6 using porcine-
specific enzyme-linked immunosorbent assay kits (R&D Systems) according to manufacturer’s protocol.
To quantify the concentrations, the absorbance was measured at 450 nm using a microplate reader (Epoch

microplate spectrophotometer, BioTek Instruments Inc.)[20].

Intestinal morphology analysis
The fixed intestinal samples were deparaffinized, rehydrated, and stained with hematoxylin and eosin.

Stained tissue sections were mounted on glass slides for further analysis. The slides were examined by
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selecting 10 well-oriented villi per section. Intestinal morphological analysis was performed using a
fluorescence microscope (TE2000, Nikon) equipped with a charge-coupled device camera (DS-Fil, Nikon),
and image-based analysis was performed using NIS-Elements software (version 3.00, NIS Elements,
Nikon). Intestinal morphological parameters, including villus height, crypt depth, villus area, and the

number of goblet cells were measured.

Gene expression analysis

Gene expression analysis of the ileal mucosa was conducted to evaluate the relative expression levels of
tight junction protein genes and inflammatory cytokine genes using quantitative real-time polymerase chain
reaction (QRT-PCR). Target genes included claudin (CLDN; CLDN1, CLDN2, CLDN3, and CLDN4),
occludin (OCLN), and tight junction protein 1 (TJP1), as well as inflammatory markers such as TNF-a,
TGF-B, IL-1a, IL-1B, IL-6, IL-8, interferon (IFN; IFN-a and IFN-y). Total RNA was extracted from the
ileal samples using TRIzol Reagent (Invitrogen), and RNA concentration and purity were measured using
a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Reverse transcription was performed
using the SuperScript IV cDNA synthesis kit (Invitrogen) to generate cDNA for subsequent qRT-PCR
analyses. gRT-PCR was performed using a StepOnePlus Real-Time PCR System (Applied Biosystems)
with SFCgreen | (BIOFACT) and gene-specific primers designed by Bioneer Inc. Primer sequences were
designed based on our previous study [9] using Primer Express Software v 3.0.1 (Applied Biosystems) and
is shown in Table 2. The samples were normalized using the average cycle threshold (Ct) for B-actin.
Relative gene expression was calculated using the 224t method [21]. Each sample contained three technical

replicates for each gene.

Statistical analyses

Data for growth performance, serum biochemical parameters, immunological, and morphological indices
were analyzed using the PROC GLM of SAS (version 9.4, SAS Institute Inc.) in a randomized complete
block design (block: initial BW). The experimental unit was the pen for growth performance, whereas the
individual pig was considered the experimental unit for other measurements. The statistical model for
growth performance and biochemical, immunological, and morphological measurements included dietary
treatment as a fixed effect. The Chi-square test was used to determine the frequency of diarrhea. The t-test
was used to analyze the expression levels of tight junction protein genes and inflammatory cytokine genes
in the ileum to compare the dietary treatments. Statistical significance and tendency were defined at p <
0.05 and 0.05 < p < 0.10, respectively.

Results

Growth performance and serum biochemical parameters
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The effects of dietary treatments on the growth performance and biochemical parameters of weaned pigs
are shown in Table 3 and 4. No differences were observed in ADG, ADFI, and G:F, or biochemical
parameters between the CON and LL groups throughout the experimental period.

Frequency of diarrhea and serum immune responses

Frequency of diarrhea, total WBC counts, HCT levels, and serum immune responses are presented in Table
5. Pigs fed LL tended to reduce the frequency of diarrhea from days 8 to 14 (p = 0.056) and 1 to 14 (p =
0.092) compared with those fed CON. There were no differences in the number of WBC between dietary
treatments during the experimental period. However, pigs fed LL tended to have lower (p = 0.093) HCT
levels on day 14 than those fed CON. In the systemic immune responses, pigs in the LL group had lower
(p < 0.05) serum concentrations of TNF-a and IL-6 on day 7 and tended to have lower (p = 0.096) cortisol
level on day 7 than those in the CON group. On day 14, pigs fed LL had lower (p < 0.05) serum IL-6 level
and tended to have lower levels of serum TGF-B1(p = 0.060) and IL-1p (p = 0.082) than those fed CON.
Additionally, concentration of serum IL-1p on day 28 tended to be lower (p = 0.072) in the LL group than
in the CON group.

Intestinal morphology and ileal gene expression

The intestinal morphology and relative gene expression levels are shown in Figure 1. In the duodenum, pigs
fed LL tended to have increased villus height (p = 0.084) compared with those fed CON. Pigs fed diet
supplemented with LL had greater (p < 0.05) villus area and the number of goblet cells in the duodenum,
jejunum, and ileum than the CON diet. Regarding the relative expression levels of tight junction protein
genes in the ileum, pigs fed LL had upregulated (p < 0.05) expression of CLDN1, CLDN4, and TJP1 genes
compared with those fed CON. By contrast, the LL group had downregulated (p < 0.05) relative expression
of TNF-a, TGF-B, IL-1p, IL-6, and IL-8 genes compared with the CON group.

Discussion

Our findings indicate that L. lactis supplementation did not improve growth performance, as evidenced by
the lack of significant differences in BW, ADG, ADFI, and G:F between the LL and CON groups. This
result is consistent with previous research showing that L. lactis did not affect growth performance [15].
The stable health conditions and absence of environmental stressors in the present study may have limited
their potential effects on growth performance. In contrast, probiotics have exhibited beneficial effects on
growth and health when animals are challenged with pathogens [22], suggesting that their efficacy varies
depending on factors such as strain specificity and environmental conditions [23,24]. Interestingly, unlike
the typical outcomes observed with other probiotic strains [25], the LL group showed no significant changes

in serum biochemical parameters compared with the CON group in our study. Although these changes were
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not significant, they may indicate subtle metabolic shifts attributable to the probiotics. Elevated blood urea
nitrogen levels may suggest enhanced protein metabolism, possibly due to improved nutrient absorption in
the gut, whereas increased glucose levels may reflect alterations in energy metabolism [26]. The enhanced
mucosal surface area and nutrient transport efficiency resulting from this modulation may improve amino
acid and glucose availability.

Dietary probiotics have been proposed to have a primary mode of action of beneficial impacts on
weaned pigs by modulating the gut microbiota to promote the growth and health of animals [27,28].
However, the effects of dietary probiotics on PWD vary depending on the beneficial strain used, and the
results of previous studies have been inconsistent [8-11,29]. The efficacy and potential mechanisms of
action of dietary probiotics vary depending on the beneficial strain used. In the present study,
supplementation of dietary L. lactis IDCC 2301 tended to alleviate PWD in weaned pigs. This may be
attributed to its ability to enhance the intestinal epithelial barrier integrity and modulate the gut ecosystem
during the critical post-weaning period. Similarly, previous studies have reported the therapeutic potential
of L. lactis in improving recovery from infectious diarrhea, pathogen colonization, and viral infections
[14,30]. This may be related to the suppression of pathogenic bacterial colonization through the production
of antimicrobial substances by the probiotic LL [14,31]. Additionally, a decreasing trend in HCT levels was
observed in the LL group at two weeks post-weaning. HCT is closely related to the hydration status, and
excessive fluid loss is a common challenge during the post-weaning period. These aspects may be
associated with changes in the hydration status related to reduced fluid loss and improved intestinal
recovery. This point appears to reflect a recovery phase rather than a peak stress period, when supplement
differences become more apparent. These findings suggest that dietary L. lactis supplementation may
contribute to alleviating PWD by supporting intestinal health and maintaining physiological stability during
the post-weaning period.

The decreasing trend in serum cortisol concentrations observed on day 7 supports the stress-
mitigating effects of dietary LL after early weaning. Cortisol, a hormone regulated by the hypothalamic
pituitary adrenal axis, is an indicator of physiological stress and is commonly elevated after a stressful
weaning phase [32]. Previous studies suggested that probiotics may influence host stress responses via gut-
associated pathways [33,34]. Supporting these observations, the modulation of systemic inflammatory
cytokine profiles was also observed in pigs fed L. lactis. These changes suggest that dietary LL exerts
systemic anti-inflammatory effects, particularly during acute weaning stress. A previous study reported that
the probiotic L. lactis IDCC 2301 exhibited anti-inflammatory effects by modulating nuclear factor-kappa
B and mitogen-activated protein kinase signaling pathways [35]. Although this study did not directly
investigate these mechanisms, the observed responses may be consistent with reported properties.
Collectively, the results of this study suggest that dietary L. lactis may alleviate physiological stress and

modulate systemic inflammatory responses during the early post-weaning period.
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Supplemental probiotic LL had positive effects on intestinal structural changes observed in weaned
pigs. Our results showed that pigs in the LL group tended to have an increased duodenal villus height and
improved duodenal, jejunal, and ileal villus areas, but the duodenal crypt depth was reduced compared with
pigs in the CON group. These changes indicate that L. lactis may have contributed to alleviating villus
atrophy and excessive crypt proliferation, which can be induced by weaning stress, and maintaining a more
stable villus to crypt structural balance. In general, increased villus height and decreased crypt depth are
associated with improved intestinal nutrient absorption and enhanced tissue repair capabilities [36,37]. This
suggest that L. lactis affects the turnover dynamics of intestinal epithelial cells and maintains the structural
stability of the intestinal mucosa. In addition, the number of goblet cells increased in the duodenum,
jejunum, and ileum of the LL-fed pigs. Goblet cells serve as a chemical barrier to the intestinal mucosa by
secreting mucins that inhibit the adhesion of pathogenic bacteria to the intestinal epithelial cells [38,39].
The increase in goblet cells suggests that L. lactis may stimulate the mucus secretion system to enhance
mucosal defense and contribute to the stabilization of the intestinal environment, which is vulnerable to
weaning. These results suggest that the probiotic L. lactis alleviates the damage to the intestinal structure
and mucosal barrier function during weaning stress.

Gene expression results showed that the probiotic LL upregulated CLDN1, CLDN4, and TJP1 in
the ileum of weaned pigs. This suggests that dietary L. lactis may affect the adhesion between intestinal
epithelial cells by increasing the expression of tight junction protein genes. The upregulated expression of
tight junction protein genes is crucial for maintaining intestinal integrity and plays a key role in ensuring
intestinal environmental stability and immune homeostasis [40]. Simultaneously, the downregulated
expression of inflammatory cytokine genes such as TNF-a, TGF-f, IL-1p, IL-6, and IL-8 indicates that the
dietary LL contributed to mitigating excessive immune responses in the intestinal mucosa and maintaining
immune balance. These strengthened barrier function and immunomodulatory effects may have contributed
to maintaining the structural stability of the intestinal epithelium, which may also be related to the
improvements in intestinal structure and the increase in mucus cells observed in the present study. Our
results may partially explain the reduced frequency of diarrhea and changes in systemic inflammatory
cytokine levels. Dietary probiotics are known to improve intestinal health through the competitive exclusion
of pathogens, modulation of intestinal barrier function, immune system regulation, and neurotransmitter
production [41]. Lactic acid-producing probiotics directly and indirectly regulate the intestinal environment
by producing lactic acid and short-chain fatty acids [42]. Collectively, this study suggests that
supplementation of dietary L. lactis to weaned pigs may contribute to physiological changes that enhance

intestinal barrier structure and immune functions.

Conclusions
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Dietary supplementation with 0.02% probiotic L. lactis IDCC 2301 tended to alleviate post-weaning
diarrhea in weaned pigs. This probiotic improved the intestinal barrier function by upregulating tight
junction protein genes (CLDN1, CLDN4, and TJP1) and enhanced intestinal morphology, including
increased villus height, villus area, and goblet cell numbers. Furthermore, L. lactis supplementation
modulated both local and systemic immune responses by downregulating pro-inflammatory cytokine genes
(TNF-a, TGF-B, IL-18, IL-6, and IL-8) in the ileum and reducing serum TNF-a and IL-6 concentrations.
These findings suggest that L. lactis is an effective dietary probiotic that support intestinal health and

immune function during the critical post-weaning period in pigs.

Acknowledgments

This study was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (RS-2025-25418389; RS-2023-
00271355).



265

266
267
268
269
270
271
272
273
274
275
276
277
2178
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299

References

. Lalles JP, Bosi P, Smidt H, Stokes CR. Weaning - A challenge to gut physiologists. Livest Sci.
2007;108:82-93. https://doi.org/10.1016/j.livsci.2007.01.091

. Heo JM, Opapeju FO, Pluske JR, Kim JC, Hampson DJ, Nyachoti CM. Gastrointestinal health and
function in weaned pigs: a review of feeding strategies to control post-weaning diarrhoea without using
in-feed  antimicrobial compounds. J Anim  Physiol Anim  Nutr. 2013;97:207-37.
https://doi.org/10.1111/j.1439-0396.2012.01284.x

. Lallés JP, Bosi P, Smidt H, Stokes CR. Nutritional management of gut health in pigs around weaning.
Proceedings of the Nutrition Society. 2007;66:260-8. https://doi.org/10.1017/S0029665107005484

. Konstantinov SR, Awati AA, Williams BA, Miller BG, Jones P, Stokes CR, et al. Post-natal development
of the porcine microbiota composition and activities. Environ Microbiol. 2006;8:1191-9.
https://doi.org/10.1111/j.1462-2920.2006.01009.x

. Moeser AJ, Pohl CS, Rajput M. Weaning stress and gastrointestinal barrier development: Implications
for lifelong gut health in pigs. Anim Nutr. 2017;3:313-21. https://doi.org/10.1016/j.aninu.2017.06.003

. Hu CH, Xiao K, Luan ZS, Song J. Early weaning increases intestinal permeability, alters expression of
cytokine and tight junction proteins, and activates mitogen-activated protein kKinases in pigs. J Anim Sci.
2013;91:1094-101. https://doi.org/10.2527/jas.2012-5796

. FAO/WHO. Probiotics in food: health and nutritional properties and guidelines for evaluation. Italy,
Rome: Food and Agriculture Organization of the United Nations: World Health Organization. 2006.

. Kyoung H, Kang Y, Kim Y, Kim Y, Ahn J, Nam J, et al. Probiotic Lactiplantibacillus plantarum
improved growth performance of weaned pigs by enhancing intestinal health and modulating immune
responses. J Anim Sci Technol. 2025. Accepted. http://doi.org/10.5187/jast.2025.e22

. Shin I, Kang Y, Ahn J, Kim Y, Nam J, Kim K, et al. The potential probiotic role of Lacticaseibacillus
rhamnosus on growth performance, gut health, and immune responses of weaned pigs. J Anim Sci.
2025;103:skaf089. https://doi.org/10.1093/JAS/SKAF089

10. Mun D, Kyoung H, Kong M, Ryu S, Jang KB, Baek J, et al. Effects of Bacillus-based probiotics on

growth performance, nutrient digestibility, and intestinal health of weaned pigs. J Anim Sci Technol.
2021;63:1314-27. https://doi.org/10.5187/jast.2021.e109

11. Kang J, Lee JJ, Cho JH, Choe J, Kyoung H, Kim SH, et al. Effects of dietary inactivated probiotics on

growth performance and immune responses of weaned pigs. J Anim Sci Technol. 2021;63:520-30.
https://doi.org/10.5187/jast.2021.e44

12. Konstantinov SR, Awati A, Smidt H, Williams BA, Akkermans ADL, De Vos WM. Specific response

of a novel and abundant Lactobacillus amylovorus-like phylotype to dietary prebiotics in the guts of
weaning piglets. Appl Environ Microbiol. 2004;70:3821-30. https://doi.org/10.1128/AEM.70.7.3821-
3830.2004



300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332

13. Wu F, Xie X, Du T, Jiang X, Miao W, Wang T. Lactococcus lactis, a bacterium with probiotic functions
and pathogenicity. World J Microbiol Biotechnol. 2023;39:325. https://doi.org/10.1007/s11274-023-
03771-5

14.Yu D, XiaY, Ge L, Tan B, Chen S. Effects of Lactococcus lactis on the Intestinal Functions in Weaning
Piglets. Front Nutr. 2021;8:713256. https://doi.org/10.3389/fnut.2021.713256

15. Kim T, Mondal SC, Jeong CR, Kim SR, Ban OH, Jung YH, et al. Safety evaluation of Lactococcus
lactis IDCC 2301 isolated from homemade cheese. Food Sci Nutr. 2022;10:67-74.
https://doi.org/10.1002/fsn3.2648

16. NRC. Nutrient Requirements of Swine: 11th rev. ed. The National Academies Press. 2012.

17. Nam J, Kyoung H, Kim Y, Cho J, Ahn J, Kim K, et al. Dietary coated copper and zinc improve growth
performance by modulating immune responses and fecal microbiota of weaned pigs. J Anim Sci Technol.
2025;67:1050-66. https://doi.org/10.5187/jast.2024.e70

18. Kyoung H, Kang Y, Ahn J, Ho J, 2# C, Seo D, et al. Evaluation of dietary selenium sources and levels
on growth performance, carcass characteristics, selenium concentrations, and blood biochemistry of
growing-finishing pigs. J Anim Sci Technol. 2025;67:607-18. https://doi.org/10.5187/JAST.2024.E53

19. Kyoung H, Shin I, Kim Y, Cho JH, Park K Il, Kim Y, et al. Mixed supplementation of dietary inorganic
and organic selenium modulated systemic health parameters and fecal microbiota in weaned pigs. Front
Vet Sci. 2025;12:1531336. https://doi.org/10.3389/FVETS.2025.1531336/BIBTEX

20. Kyoung H, Kim S, Cho JH, Choe J, Kim Y, Ahn J, et al. Dietary flavor supplementation enhanced
growth performance and alleviated diarrhea of weaned pigs by modulating gut microbiota and systemic
immunity. J Anim Sci Technol. 2025;68:168-80. https://doi.org/10.5187/jast.2025.e3

21. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2-AACT method. Methods. 2001;25:402-8. https://doi.org/10.1006/meth.2001.1262

22.Suo0 C, Yin Y, Wang X, Lou X, Song D, Wang X, et al. Effects of lactobacillus plantarum ZJ316 on pig
growth and pork quality. BMC Vet Res. 2012;8:1-12. https://doi.org/10.1186/1746-6148-8-34

23. Barba-Vidal E, Martin-Orué SM, Castillejos L. Review: Are we using probiotics correctly in post-
weaning piglets? Animal. 2018;12:2489-98. https://doi.org/10.1017/S1751731118000873

24. Al-Shawi SG, Dang DS, Yousif AY, Al-Younis ZK, Najm TA, Matarneh SK. The potential use of
probiotics to improve animal health, efficiency, and meat quality: A review. Agriculture. 2020;10:452.
https://doi.org/10.3390/agriculture10100452

25. Patra A, Mandal S, Samanta A, Chandra Mondal K, Nandi DK. Therapeutic potential of probiotic
Lactobacillus plantarum AD3 on acetaminophen induced uremia in experimental rats. Clin Nutr Exp.
2018;19:12-22. https://doi.org/10.1016/j.yclnex.2018.02.002



333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

26.Lin S, Yang X, Long Y, Zhong H, Wang P, Yuan P, et al. Dietary supplementation with Lactobacillus
plantarum modified gut microbiota, bile acid profile and glucose homoeostasis in weaning piglets. Br J
Nutr. 2020;124:797-808. https://doi.org/10.1017/S0007114520001774

27. Kim S, Cho J, Keum GB, Kwak J, Doo H, Choi Y, et al. Investigation of the impact of multi-strain
probiotics containing Saccharomyces cerevisiae on porcine production. J Anim Sci Technol.
2024;66:876-90. https://doi.org/10.5187/jast.2024.e79

28. SuW, 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.
https://doi.org/10.3389/fcimb.2022.883107

29. Song D, Lee J, Yoo Y, Oh H, Chang S, An J, et al. Effects of probiotics on growth performance,
intestinal morphology, intestinal microbiota weaning pig challenged with Escherichia coli and
Salmonella enterica. J Anim Sci Technol. 2025;67:106-36. https://doi.org/10.5187/jast.2023.e119

30. Kang P, Toms D, Yin Y, Cheung Q, Gong J, De Lange K, et al. Epidermal growth factor-expressing
Lactococcus lactis enhances intestinal development of early-weaned pigs. J Nutr. 2010;140:806-11.
https://doi.org/10.3945/jn.109.114173

31. Sanca FMM, Blanco IR, Dias M, Moreno AM, Martins SMMK, Stephano MA, et al. Antimicrobial
activity of peptides produced by Lactococcus lactis subsp. lactis on swine pathogens. Animals.
2023;13:2442. https://doi.org/10.3390/ani13152442

32. Yu CH, Chen CY, Chang CC. The immediate effects of weaning stress on the hypothalamus-pituitary-
adrenal alteration of newly weaned piglets. J Anim Physiol Anim Nutr. 2019;103:1218-23.
https://doi.org/10.1111/jpn.13104

33. Matsuura N, Motoshima H, Uchida K, Yamanaka Y. Effects of Lactococcus lactis subsp. cremoris
YRC3780 daily intake on the HPA axis response to acute psychological stress in healthy Japanese men.
Eur J Clin Nutr. 2022;76:574-80. https://doi.org/10.1038/s41430-021-00978-3

34. Farzi A, Frohlich EE, Holzer P. Gut Microbiota and the Neuroendocrine System. Neurotherapeutics.
2018;15:5-22. https://doi.org/10.1007/s13311-017-0600-5

35. Lee M, Chae SA, Lee YJ, Jeon HJ, Hong SC, Shin M, et al. Cell-free supernatant of Lactococcus lactis
IDCC 2301 exerts anti-inflammatory effects in LPS-induced macrophages via NF-kB and MAPK
signaling pathways. Benef Microbes. 2024;15:331-41. https://doi.org/10.1163/18762891-bja00008

36. Pluske JR, Williams IH, Aherne FX. Villous height and crypt depth in piglets in response to increases
in the intake of cows’ milk after weaning. Anim Sci.  1996;62:145-58.
https://doi.org/10.1017/S1357729800014429

37. Montagne L, Pluske JR, Hampson DJ. A review of interactions between dietary fibre and the intestinal
mucosa, and their consequences on digestive health in young non-ruminant animals. Anim Feed Sci
Technol. 2003;108:95-117. https://doi.org/10.1016/S0377-8401(03)00163-9



368
369
370
371
372
373
374
375
376
377
378
379

38. Kim YS, Ho SB. Intestinal goblet cells and mucins in health and disease: Recent insights and progress.
Curr Gastroenterol Rep. 2010;12:319-30. https://doi.org/10.1007/s11894-010-0131-2

39. Birchenough GMH, Johansson MEV, Gustafsson JK, Bergstrom JH, Hansson GC. New developments
in goblet cell mucus secretion and function. Mucosal Immunol. 2015;8:712-9.
https://doi.org/10.1038/mi.2015.32

40. Suzuki T. Regulation of intestinal epithelial permeability by tight junctions. Cell Mol Life Sci.
2013;70:631-59. https://doi.org/10.1007/s00018-012-1070-x

41, Ouwehand AC, Salminen S, Isolauri E. Probiotics: an overview of beneficial effects. Antonie Van
Leeuwenhoek. 2002;82:279-89. https://doi.org/10.1023/A:1020620607611

42. Dowarah R, Verma AK, Agarwal N. The use of Lactobacillus as an alternative of antibiotic growth
promoters in pigs: A review. Anim Nutr. 2017;3:1-6. https://doi.org/10.1016/j.aninu.2016.11.002



380 Tables and Figures

381  Table 1. Composition of basal diet for weaned pigs (as-fed basis)*

Item Basal diet

Ingredient (%)
Corn (8%) 50.05
Soybean meal (44%) 21.20
Soy protein concentrate 10.00
Whey powder 12.50
Soybean oil 2.50
Limestone 1.40
Dicalcium phosphate 1.22
Vitamin-mineral premix* 0.30
Lysine-HCI 0.38
DL-methionine 0.30
L-threonine 0.15
Total 100.00

Calculated energy and nutrient content
Metabolizable energy (kcal/kg) 3,490
Crude protein (%) 22.18
Calcium (%) 0.98
Phosphorus (%) 0.67
Lysine (%) 1.54

382 Provided per kilogram of diet: vitamin A, 12,000 1U; vitamin Ds, 2,500 1U; vitamin E, 30 1U;

383  vitamin K3, 3 mg; p-pantothenic acid, 15 mg; nicotinic acid, 40 mg; choline, 400 mg; and vitamin Biz, 12
384  pug; Fe, 90 mg from iron sulfate; Cu, 8.8 mg from copper sulfate; Zn, 100 mg from zinc oxide; Mn, 54 mg

385  from manganese oxide; I, 0.35 mg from potassium iodide; Se, 0.30 mg from sodium selenite.



386  Table 2. Primer sequences for gRT-PCR analysis of tight junction proteins and inflammatory cytokines

Item? Forward (5°-3°) Reverse (5°-3%)
CLDN1  AGAAGATGCGGATGGCTGTC CCCAGAAGGCAGAGAGAAGC
CLDN2  TCCTCCCTGTTCTCCCTGATAG CCTTGCAGTGGGCAGGAA
CLDN3 GATGCAGTGCAAAGTGTACGA GTCCTGCACGCAGTTGGT
CLDN4 TATCATCCTGGCCGTGCTA CATCATCCACGCAGTTGGT
OCLN GGAGTGATTCGGATTCTGTCTATGCT CGCCTGGGCTGTTGGGTTGA
TJP1 CACGTGGAGCTATACCAGAA TCCGGTGACATCAAAGGACA
TNF-o GCCCTGTACCCCAACTGGTA CCCAGGAAGACGGGCTTT
TGF-B GCGCAGCCTTGAGGATTTC CCCAGCTACATTATCCGAATGG
IL-1a CTTGGGTTTGGATTCCTGGAT CTTCCCTGGCAGCCACAT
IL-1B CCCCTGTGCCTGGGAGAT AGGTTTCTGGAGGAAGAGAAGGA
IL-6 TGGTAGCTCTGGGAAACTGAATG GGCTTTGCGCTGGATCTG
IL-8 GCTCTCTGTGAGGCTGCAGTTC AAGGTGTGGAATGCGTATTTATGC
IFN-a GTGCTCAAAACGAAGACGAACC CATATTGCCATGCTTTTCCCAGAA
IFN-y GGAGCATTGAAAGAAGCA TGACAGGTAGGACAGACGA
B-actin CTACGTCGCCCTGGACTTC GATGCCGCAGGATTCCAT

387 ICLDN, claudin; OCLN, occludin; TJP1, tight junction protein 1; TNF-o, tumor necrosis factor-a;

388  TGF-B, transforming growth factor-p; IL, interleukin; IFN, interferon.



389  Table 3. Effects of dietary Lactococcus lactis on growth performance of weaned pigs*

Item? CON LL SEM p-value
BW (ko)
Day 1 6.49 6.48 0.46 0.993
Day 7 7.76 7.87 0.43 0.865
Day 14 10.24 10.31 0.54 0.929
Day 28 16.48 16.63 0.62 0.876
ADG (g/d)
Day 1to7 181.43 198.57 22.70 0.630
Day 8 to 14 354.29 348.57 26.13 0.896
Day 15 to 28 445.71 451.43 14.93 0.819
Overall 356.79 362.50 11.01 0.744
ADFI (g/d)
Day 1to7 272.00 268.14 15.17 0.862
Day 8 to 14 426.14 422.57 24.31 0.920
Day 15 to 28 735.86 715.07 20.90 0.502
Overall 542.46 530.21 12.53 0.509
G:F (9/9)
Day 1to7 0.667 0.741 0.082 0.509
Day 8 to 14 0.831 0.825 0.056 0.818
Day 15 to 28 0.608 0.633 0.030 0.579
Overall 0.658 0.684 0.023 0.472
390 'Each value is the mean of six replicates (four pigs per pen).
391 2CON, a basal diet based on corn and soybean meal; LL, CON + 0.02% Lactococcus lactis IDCC

392  2301; BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; G:F, gain to feed
393 ratio.



394  Table 4. Effects of dietary Lactococcus lactis on serum biochemical parameters of weaned pigs*

Item? CON LL SEM p-value
Alanine aminotransferase (U/L) 28.70 34.20 2.78 0.112
Aspartate aminotransferase (U/L) 37.10 31.20 3.46 0.262
Total protein (mg/dL) 5.24 5.38 0.20 0.636
Albumin (g/dL) 3.46 3.54 0.12 0.641
Creatinine (mg/dL) 0.80 0.94 0.07 0.170
Blood urea nitrogen (mg/dL) 9.22 11.68 111 0.159
Glucose (mg/dL) 105.20 113.30 5.67 0.154
Total cholesterol (mg/dL) 78.30 86.90 6.37 0.368
Triglyceride (mg/dL) 41.30 42.60 4.67 0.849
Calcium (mg/dL) 10.26 10.76 0.34 0.380
Inorganic phosphorus (mg/dL) 9.96 10.80 0.46 0.231
Magnesium (mg/dL) 2.60 2.84 0.23 0.479

395 !Each value is the mean of six replicates (one pig per pen).

396 2CON, a basal diet based on corn and soybean meal; LL, CON + 0.02% Lactococcus lactis IDCC

397  2301.



398
399

Table 5. Effects of dietary Lactococcus lactis on frequency of diarrhea and serum immune responses of

weaned pigs*

Item? CON LL SEM p-value
Frequency of diarrhea (%)
Day 1to7 23.81 19.05 0.845
Day 8 to 14 28.57 14.29 0.056
Day 1to 14 26.19 16.67 0.092
White blood cell (x10%/uL)
Day 1 11.50 10.00 3.82 0.802
Day 7 18.96 17.46 1.98 0.607
Day 14 26.02 24.52 2.64 0.699
Day 28 23.81 21.19 2.35 0.845
Hematocrit (%0)
Day 1 33.10 32.80 7.07 0.768
Day 7 35.56 32.01 1.27 0.409
Day 14 35.20 30.76 1.58 0.093
Day 28 33.22 31.76 1.19 0.388
Cortisol (ng/mL)
Day 1 54.32 51.39 4.46 0.687
Day 7 52.66 25.52 9.74 0.096
Day 14 49.82 37.61 5.09 0.141
Day 28 46.72 44.32 7.82 0.163
TNF-a (pg/mL)
Day 1 187.81 180.79 13.59 0.750
Day 7 174.76 150.43 4.45 0.008
Day 14 106.31 96.27 4.60 0.174
Day 28 75.74 76.86 3.83 0.843
TGF-p1 (pg/mL)
Day 1 1236.53 1165.19 151.94 0.772
Day 7 1124.18 1260.98 179.02 0.608
Day 14 1538.66 1085.14 138.43 0.060
Day 28 1336.50 1373.87 126.04 0.841
IL-1p (pg/mL)
Day 1 36.53 39.89 6.37 0.744
Day 7 36.13 32.04 5.66 0.627



Day 14 48.31 25.41 7.44 0.082

Day 28 47.34 25.55 7.08 0.072
IL-6 (pg/mL)
Day 1 104.81 99.55 23.53 0.889
Day 7 118.66 61.28 8.74 0.004
Day 14 129.43 80.01 11.53 0.023
Day 28 113.17 117.18 7.11 0.704
400 'Each value is the mean of six replicates (one pig per pen).
401 2CON, a basal diet based on corn and soybean meal; LL, CON + 0.02% Lactococcus lactis IDCC

402  2301; Frequency of diarrhea = (number of diarrhea score of 4 or higher / number of pen days) x 100;
403  TNF-a, tumor necrosis factor-o; TGF-B1, transforming growth factor-B1; IL-1p, interleukin-1p; IL-6,
404  interleukin-6.



405
406

407
408
409
410

A
ECON ELL
600 - P <0.10
s T
= 450 4
S’
5
'z 300 A
=
vl
=
= 150 A
>
0 -
Duodenum Jejunum  Ileum
®)

Relative gene expression levels
o

CLDN1 CLDN2 CLDN3

®) ©
ECON mLL
450 - 60000 -
5 &
El E 45000 -
= 300 H
=
3 =
2 g
& 150 - =
£ g
@
0 -

(D)

Duodenum Jejunum  Ileum

ECON BLL

CLDN4 OCLN TJP1 TNF-a TGF-B

ECON BLL ECON ELL
*P<0.05 60 - *P<0.05
* _—
* E. 45
= *
5
'z 30 %
=
2 w®
= 15
-
0 -
Duodenum Jejunum  Ileum Duodenum Jejunum Ileum
*P<0.05

IL-1a IL-1p IL-6 IL-8 IFN-a IFN-y

Figure 1. Effects of dietary Lactococcus lactis on intestinal morphology and ileal gene expression of weaned pigs: (A) villus height, (B) crypt depth, (C)

villus area, (D) the number of goblet cells, and (E) relative gene expression of tight junction proteins and inflammatory cytokines in the ileum. Each value

is the mean of six replicates (one pig per pen). “ TStatistical difference and tendency between dietary treatments, respectively. CON, a basal diet based on
corn and soybean meal; LL, CON + 0.02% Lactococcus lactis IDCC 2301; CLDN, claudin; OCLN, occludin; TJP1, tight junction protein 1; TNF-a, tumor

necrosis factor-a; TGF-B, transforming growth factor-f; IL, interleukin; IFN, interferon.



