
Apical-out intestinal organoids as 
an alternative model for evaluating 
deoxynivalenol toxicity and 
Lactobacillus detoxification in 
bovine
Min Gook Lee1, Bo Ram Lee1, Poongyeon Lee1, Soyoung Choi2, Jong-Hui Kim3, Mi-Hwa Oh3 
& Jae Gyu Yoo1

Small intestinal organoids are similar to actual small intestines in structure and function and can be 
used in various fields, such as nutrition, disease, and toxicity research. However, the basal-out type is 
difficult to homogenize because of the diversity of cell sizes and types, and the Matrigel-based culture 
conditions. Contrastingly, the apical-out form of small intestinal organoids is relatively uniform and 
easy to manipulate without Matrigel. Therefore, we sought to investigate the possibility of replacing 
animal testing with bovine apical-out small intestinal organoids (Apo-IOs) by confirming the toxicity of 
mycotoxins and effectiveness of L. plantarum as mycotoxin-reducing agents. The characteristics and 
functions of Apo-IOs were first confirmed. The gene and protein expression of stem cell, proliferation, 
mucous, and adherence markers were detected, and the absorption capacity of amino and fatty acids 
was also confirmed. FITC-4 kDa dextran, a marker of intestinal barrier function, did not penetrate 
the Apo-IOs, confirming the role of the organoids as a barrier. However, when co-treated with 
deoxynivalenol (DON), FITC-4 kDa dextran was detected deep within the organoids. Moreover, qPCR 
and immunofluorescence staining confirmed a decrease in the expression of key markers, such as 
LGR5, Ki67, Mucin2, Villin2, and E-cadherin. In addition, when Apo-IOs were treated with Lactobacillus 
plantarum ATCC14917 culture supernatant (LCS) and DON together, cell death was reduced compared 
to when treated with DON alone, and FITC-4 kDa dextran was confirmed to flow only to the peripheral 
part of the organoid. The qPCR and immunofluorescence staining results of LCS and DON co-treatment 
group showed that LGR5, Ki67, Mucin2, Villin2, and E-cadherin were expressed at significant higher 
levels than those in the DON treatment group alone. In this study, we found that the characteristics 
and functions of bovine Apo-IOs were similar to those of the intestinal structure in vivo. Additionally, 
the effects of mycotoxins and effectiveness of L. plantarum as mycotoxin-reducing agents were 
confirmed using bovine Apo-IOs. Therefore, bovine Apo-IOs could be applied in toxicity studies of 
mycotoxins and could also be used as in vitro models to replace animal testing and improve animal 
welfare.
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LCS	� Lactobacillus plantarum ATCC14917 culture supernatant
PI	� Propidium iodide
PBS	� Phosphate-buffered saline
FITC	� Fluorescein isothiocyanate
LGR5	� Leucine-rich repeat containing G protein-coupled receptor 5
ANOVA	� Analysis of variance
BODIPY	� Fluorescence-labeled fatty

Organoids are three-dimensional (3D) structures derived from stem cells, characterized by their capacity for 
self-renewal, self-organization, and differentiation into diverse cell types that accurately mimic the functions and 
structure of their tissue of origin in vivo1,2. Small intestinal organoids were first developed in mice, and three-
dimensional intestinal organoids can imitate intestinal epithelial cells in vivo3. It has since been developed in 
humans, farm animals, and companion animals4,5. The development of small intestinal organoids addressed the 
limitations of existing 2D-based in vitro cell models, which are constrained by the presence of only one cell type 
and the absence of the complex structure inherent in intestinal tissue. The developed small intestinal organoids 
have been used in various studies, including host-microbial interaction6, infectious7–10, and toxicity studies11.

Generally, the small intestine acts as a physical and immunological barrier against harmful elements, such 
as detrimental microbes and toxins, as well as for the digestion and absorption of nutrients12. Small intestinal 
organoids possess a crypt-villus structure akin to that of the actual small intestine and can differentiate into 
various cell types originating from intestinal stem cells. Small intestinal organoids are used in various fields of 
human research. For example, small-molecular substances, known to cause diarrhea in humans, can be treated 
with small intestinal organoids to produce changes in the intestinal epithelium, similar to that for clinically 
observed diarrhea, which can be used to study the mechanism of diarrhea and various drugs. Moreover, 
they have proven useful in developmental studies and safety evaluations13. Intestinal organoids were used to 
investigate immune and inflammatory responses after coincubation of viruses in pigs9. They have also been used 
to study the toxicity of mycotoxins in pigs11. By treating pig intestinal organoids with deoxynivalenol (DON), 
it was confirmed that the mycotoxin not only inhibited the Wnt/β-catenin pathway, which is essential for the 
self-renewal and differentiation of intestinal epithelial cells, but also reduced the protein levels of β-catenin and 
Lgr5 11. However, theyhave structural drawbacks, as the basal surface is exposed externally, unlike the in vivo 
small intestine, where the apical side faces the lumen. Therefore, their use in experiments on nutrient absorption, 
toxicity assessments, and microbial treatments is limited. Recently, chicken apical-out intestinal organoids (Apo-
IOs) were used in a toxicity study with mycotoxins to confirm intestinal barrier damage and the weakened 
expression of related proteins14.

Mycotoxins, including aflatoxins, ochratoxin, zearalenone, and DON, are secondary metabolites produced 
by fungi. DON is commonly found worldwide in grains, such as wheat, barley, and corn15,16. In livestock, such 
as pigs and chickens, ingestion of DON-contaminated feed impairs nutrient absorption, compromises the 
intestinal barrier function, and weakens immune responses17. Consequently, economic losses occur due to a 
decrease in livestock feed intake, growth, and reproductive functions18,19. In the livestock industry, the intake 
of DON-contaminated grains can lead to reduced milk production in dairy cows and weight loss in pigs, as 
well as symptoms such as food refusal, vomiting, and diarrhea, ultimately leading to economic losses20. DON, 
which is absorbed in the small intestine, negatively affects nutrient absorption, immunity, and barrier integrity. 
Barrier integrity of the small intestine is maintained by tight junction proteins, adherent junctions, desmosomes, 
and gap junctions21. DON inhibits protein synthesis and increases permeability of the intestinal monolayer 
and barrier22,23. The compromised integrity leads to an increase in permeability and damages intestinal barrier 
function24.

To mitigate the toxicity of DON, Various methods, including physical, chemical, and lactic acid bacteria 
treatments are used to reduce the toxicity of DON. Physical methods include degradation, irradiation, light 
treatment, ultrasound treatment, ozone, and atmospheric cold plasma treatment, whereas chemical methods 
include alkaline, chlorine, ammonium carbonate, sodium bisulfite, sodium metabisulfite, sodium carbonate, 
L-ascorbic acid, and L-cysteine ​​treatments25. Probiotic metabolites have been confirmed to be effective at 
inhibiting the growth of Fusarium spp. by producing various bacterial metabolites26. Probiotics are live organisms 
present in food that produce beneficial effects, such as maintaining the intestinal environment, regulating the 
immune system, and producing metabolites necessary for intestinal health27. Among these, Lactobacillus is 
the most commonly used probiotic. Previous studies have confirmed that the addition of Lactobacillus to a 
porcine jejunal explant model reduces enteritis and oxidative stress caused by DON17,28,29. In a previous study, 
we constructed a basal-out intestinal organoid (Bo-IOs) in cattle30. In this study, we aimed to induce Bo-IOs into 
Apo-IOs and investigate their characteristics and functions. By evaluating the toxicity of mycotoxins using Apo-
IOs and confirming the effectiveness of mycotoxin-reducing agents, we explored their potential as alternative in 
vitro models for toxicity assessments.

Results
Characterization of bovine apical-out intestinal organoids
Using the previously reported Bo-IOs (28), we induced Apo-IOs and characterized their configuration by 
examining their gene and protein expression. Specifically, we assessed expression of the small intestine markers 
of stem cells (LGR5), proliferation (Ki67), mucous production (Mucin2), villus formation (Villin2), and cell 
adhesion (E-cadherin). Unlike the budding-shaped Bo-IOs, polarity reversal was observed in the Apo-IOs 
(Fig. 1a, b). Using scanning electron microscopy (SEM) to observe Apo-IOs, it was found that the surface of 
Apo-IOs is covered with microvilli (Fig. 1c). We conducted quantitative real-time PCR to investigate the mRNA 
expression of genes with various functions to determine the characteristics of the two types of organoids. The 
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Fig. 1.  Characterization of bovine apical-out intestinal organoids a Bovine basal-out intestinal organoids at 
passage 16 Scale bar = 200 μm. b Bovine apical-out intestinal organoids. Scale bar = 100 μm. c Representative 
scanning electron microscopy images of Ap-IOs. The surface of Ap-IOs is covered with microvilli. Scale bar 
= 50 μm (left), 10 μm (center), 2 μm (right). d Gene expression of stem cell (LGR5), proliferation (Ki67), 
mucous production (Mucin2), villus formation (Villin2), and cell adherence junction (E-cadherin) markers 
were compared between basal-out and apical-out organoids using qPCR. e Protein expression of LGR5, Ki67, 
F-actin, Mucin2, and E-cadherin was confirmed in the apical-out organoids using immunostaining. Nuclei 
were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Scale bar = 10 μm (a), 100 μm (b, c). f Amino 
acid absorption (blue) of the bovine apical-out intestinal organoid. Scale bar = 10 μm. g Fatty acid absorption 
(green) of the bovine apical-out intestinal organoids. The nuclei were stained with DAPI (blue). Scale bar 
= 10 μm.

 

Scientific Reports |        (2024) 14:31373 3| https://doi.org/10.1038/s41598-024-82928-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


results showed that the expression of Ki67, Mucin2, and Villin2 was significantly higher in Bo-IOs than in Apo-
IOs (P < 0.05). No significant difference was observed in the expression of LGR5 and E-cadherin (Fig. 1d). At 
the protein expression level, small intestine-specific protein expression was normal in Apo-IOs. As shown in 
Fig. 1e, the immunofluorescence staining results showed that LGR5 and Ki67 were specifically expressed on the 
cell surface and in the nucleus, respectively. In addition, specific expression of Mucin2 secreted by goblet cells, as 
well as adherent junction (E-cadherin) and cytoskeleton (F-actin) proteins, were observed (Fig. 1e).

To investigate the ability of Apo-IOs to absorb nutrients, which is one of the functions of the small intestine, 
we examined the absorption capacity of amino and fatty acids. We used an amino acid analog with a fluorescent 
substance to confirm amino acid absorption ability. As a result, the nuclear region of the Apo-IOs exhibited a 
blue fluorescence, indicating amino acid absorption (Fig. 1f), while fatty acid absorption was indicated by green 
fluorescence in the perinuclear (Fig. 1g).

Application of bovine apical-out intestinal organoids in assessing the toxic effects of 
deoxynivalenol
PI (propidium iodide) identifies dead cells based on the principle that it penetrates and stains their damaged 
membranes. As the exposure time of Apo-IOs to DON increased, more PI staining was observed (Fig. 2a). Based 
on time-course cell viability assessments revealed a decline in cell viability to approximately 48% after 6 h of 
DON exposure, which further decreased to 17% after 8 h (Fig. 2b). To check whether the barrier of the Apo-IOs 
was intact, we confirmed that FITC-4 kDa dextran did not permeate into them. After 6 h of DON treatment, 
FITC-4 kDa dextran penetrated the Apo-IOs and accumulated in their central region (Fig. 2c). When comparing 
gene expression between the DON-untreated control and DON-treated groups, the gene expression of LGR5 
and Ki67 decreased by approximately fivefold, that of Mucin2 decreased by approximately sixfold, and that of 
E-cadherin decreased by approximately 45-fold (Fig. 2d). The protein expression levels of LGR5 and E-cadherin 
decreased significantly in the DON-treated group. The expression of Ki67, Mucin2, and F-actin was absent in the 
nucleus and cytoplasmic membrane (Fig. 2e).

Effect of Lactobacillus plantarum ATCC14917 culture supernatant on deoxynivalenol with 
intestinal apical-out organoids
In this study, approximately 99.8% of the cells treated with the coincubation of LCS with Apo-IOs were found 
to be alive, and no significant difference was observed compared to Apo-IOs with no LCS. These results showed 
that LCS did not affect the survival rate of Apo-IOs. Subsequently, compared with the control group (DON only), 
co-treatment with DON + LCS significantly reduced the survival rate. However, the survival rate of apical-out 
intestinal organoids was significantly increased from 48 to 82.75% compared with that of DON alone (Fig. 3a). 
Unlike the control group, when FITC-4 kDa dextran was treated with LCS co-incubated Apo-IOs, it could not 
penetrate into the Apo-IOs. These results confirmed that LCS may help maintain the intestinal barrier of the 
intestinal barrier. Furthermore, only limited diffusion of FITC-4 kDa dextran into Apo-IOs was observed in the 
LCS-treated group, suggesting that L. plantarum alleviates DON-induced barrier dysfunction. These results also 
suggest that LCS enhances some of the barrier functions (Fig. 3b). Comparing the gene expression of the control 
and LCS, the gene expression of LGR5 and Ki67 increased by approximately fourfold, that of Mucin2 increased 
by approximately sixfold, and that of E-cadherin increased by approximately 7.5-fold. However, no significant 
difference in the expression of Villin2 was observed (Fig. 3c). Comparison of gene expression between the DON 
and DON + LCS revealed that gene expression in the DON + LCS group was approximately 1.5-fold higher 
for LGR5 and approximately two-fold higher for Mucin2 and Ki67, whereas E-cadherin in the DON-treated 
group increased by approximately 23-fold. In addition, the gene expression of Villin2, which was not expressed 
in the DON-treated group, was expressed in the DON + LCS group (Fig. 3d). Protein expression analysis in 
the DON + LCS group showed strong expression of LGR5, while Ki67, F-actin, and E-cadherin were partially 
expressed. Moreover, Mucin2 expression was not observed (Fig. 3e).

Discussion
The small intestine is composed of enterocytes and goblet, Paneth, and enteroendocrine cells. Using small 
intestinal organoids in an apical-out orientation, which more accurately mimics the natural orientation of 
intestinal cells in vivo, is often preferable to using Bo-IOs. If basal-out organoids are used, various methods 
have to be included, such as (i) microinjection to deliver experimental agents into the center of the spheroid31,32 
and (ii) dissociation of 3D organoids and re-seeding cells onto cell culture inserts to generate 2D monolayers33. 
However, the microinjection method has the disadvantage of requiring expertise, engineering knowledge, and 
specialized equipment, while the induction of 2D monolayers requires a large number of cells and an extended 
period for cell maturation and differentiation. Furthermore, there are two advantages when Apo-IOs are applied: 
(i) Apo-IOs have uniform sizes, whereas basal-out organoids have different sizes; (ii) Since Apo-IOs are cultured 
in suspension without Matrigel, they allow for uniform exposure to drugs or toxins, making them particularly 
suitable for studies on drug effects or toxicity34.

The shape of Apo-IOs was observed using an optical microscope and SEM. The results showed that Apo-IOs 
had a round shape, unlike Bo-IOs, with an average size of 100 to 150 μm. Additionally, SEM imaging revealed 
that the surface of Apo-IOs was covered with microvilli, which were similarly exposed on the outer surface 
like human Apo-IOs generated from human embryonic stem cells35. These findings suggest that the Apo-IOs, 
with their uniform size and exposed microvilli, could be applied in various research fields, addressing some 
limitations of conventional small intestine organoids. LGR5 is expressed within the crypt of the small intestine 
and induces the differentiation of small intestine epithelial cells; Ki67 induces cell proliferation in the small 
intestine; E-cadherin plays the role of adherens junctions; Mucin2 forms the small intestinal mucosa; and Villin2 
plays a role in small intestine villi formation3,36. We identified and confirmed the gene and protein expression 
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Fig. 2.  Toxic effect of deoxynivalenol (DON) on bovine apical-out intestinal organoids. a To determine the 
LC50 value, bovine apical-out intestinal organoids were treated with 25 µM DON and stained with propidium 
iodide (PI) for each time period. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Scale 
bar = 50 μm (a), 100 μm (b, c). b Results indicated for 25 µM DON treatment for 6 h. c Permeability of apical-
out intestinal organoids induced by DON. Scale bar = 10 μm. d Effect of 25 µM DON treatment on the gene 
expression of apical-out intestinal organoids. e Effect of 25 µM DON treatment on the protein expression of 
apical-out intestinal organoids. Nuclei were stained with DAPI (blue). Scale bar = 100 μm (a-c, e, f). 10 μm (d).
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Fig. 3.  Alleviated effect of Lactobacillus plantarum ATCC14917 culture supernatant (LCS) on bovine apical-
out intestinal organoids. a Comparison of the cell viability in the control, LCS, deoxynivalenol (DON), 
and DON + LCS treatment groups. b Permeability of apical-out intestinal organoids induced by LCS and 
DON + LCS treatment. Scale bar = 50 μm. c Effect of LCS on the gene expression of apical-out intestinal 
organoids. d Comparison of gene expression between DON and DON + LCS treatments. e Effect of 
DON + LCS treatment on the protein expression of apical-out intestinal organoids. Nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI; blue). Scale bar = 50 μm (a, c), 20 μm (b).
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of LGR5, Ki67, E-cadherin, Mucin2, and Villin2 in the small intestine of bovine Apo-IOs. These results showed 
that LGR5, Ki67, Mucin2, F-actin, and E-cadherin were expressed in similar cellular locations as in bovine Bo-
IOs37. This indicates that bovine Apo-IOs consisted of various cell types, similar to those of the actual intestinal 
epithelium. Notably, the expression levels of Mucin2, Villin2, and Ki67 were significantly higher in Bo-IOs than 
in Apo-IOs, whereas no significant differences were observed in the expression of LGR5 and E-cadherin. In 
porcine models, LGR5 expression has been demonstrated to be significantly higher in Bo-IOs than in Apo-IOs, 
with Mucin2 expression showing no significant difference between the two types of organoids38. In addition, 
the expression of LGR5 and Mucin2 was significantly higher in basal-out than in apical-out organoids, but the 
expression of Villin2 was lower in dogs. These differences observed between studies are thought to be due to 
differences among species, culture composition, and culture conditions used. Among the various in vivo cell 
types, enterocytes have specific receptors and transporters on their apical surface that can absorb amino and 
fatty acids. To confirm whether Apo-IOs are capable of absorbing nutrients, one of the major functions of the 
small intestine, fluorescence-labeled fatty (BODIPY) and amino acids were treated with Apo-IOs. The amino 
acid analogs exhibited blue fluorescence in the nuclear portion of Apo-IOs, whereas BODIPY exhibited green 
fluorescence in the cytoplasmic portion. Similar to our results, Joo et al.38 and others confirmed that Apo-IOs 
in pigs absorbed BODIPY cells, whereas Kang and Lee14 showed that amino acid analogs could be absorbed by 
chicken Bo-IOs and Apo-IOs. These results suggest that the bovine Apo-IOs constructed in this study possess 
nutrient uptake functionality.

Human health can be affected by long-term intake of DON-contaminated meat, milk, and eggs39–41. In 
this study, we performed live/dead assays with DAPI/PI staining to confirm the effect of mycotoxins on small 
intestinal organoids within a relatively short period (6 h) at DON concentrations of 25 and 50 µM. After DON 
treatment, the cell viability of bovine Apo-IOs was reduced to approximately 10% within 2 h at a 50 µM DON 
concentration (data not shown), whereas 25 µM DON reduced cell viability to approximately 48% after 6 h. 
Based on these results, we treated bovine Apo-IOs with 25 µM DON for 6 h. In a previous chicken study, Apo-
IOs were treated with a concentration of approximately 6.75 µM DON for 24 h14. In contrast, we used a higher 
concentration of DON over a shorter period to efficiently assess its toxicity in bovine Apo-IOs and to observe the 
effects of DON. The barrier function, one of the main functions of the small intestine, prevents foreign substances 
from indiscriminately entering the small intestine. FITC-labeled dextran is commonly used to identify cell 
barrier functions in vivo and in vitro34. In this study, we confirmed that FITC-4 kDa dextran could not enter 
organoids, but that it could be introduced into DON-treated Apo-IOs. Although the molecular weight of the 
dextran used was different, FITC-40 kDa dextran was introduced into chicken Apo-IOs after DON exposure14. 
In a study in pigs, when Apo-IOs were treated with FITC-4 kDa dextran, the dextran did not permeate the inside 
of the Apo-IOs, consistent with our results38. Therefore, our bovine Apo-IOs could be used to identify changes 
in barrier function caused by mycotoxins, such as DON. The small intestine consists of single-layered epithelial 
cells that regenerate every 3–5 days, and the crypt-villus structural intestinal stem cells (ISCs) differentiate into 
various cell types, including enterocytes and goblet, Paneth, and enteroendocrine cells42. DON reduces the 
expression of ISCs, resulting in decreased differentiation and proliferation in the small intestine. For example, 
goblet cells secrete mucin in the small intestine, which prevents pathogens from attaching to the intestine and 
protects it from physical and chemical attack43. The reduction in the differentiation and proliferation of goblet 
cells can be considered a weakening of the barrier function of the small intestine. In this study, we confirmed 
that the expression of marker genes (LGR5, Ki67, Mucin2, Villin2, and E-cadherin) decreased and that of marker 
proteins (LGR5, Ki67, Mucin2, E-cadherin, and F-actin) weakened when exposed to DON. DON exposure in 
small intestine epithelial cells reduces cyclin D expression during the Wnt/β-catenin signaling process, which 
induces the decrease of protein levels involved in the system. This reduction is directly linked to the lower 
expression of LGR5, which inhibits the differentiation of small intestinal epithelial cells44. DON also reduces the 
expression of adherens junction proteins, thereby disrupting epithelial barrier formation in the small intestine45. 
In addition, the weakening of the antioxidant function of mitochondria results in the accumulation of reactive 
oxygen species, resulting in decreased mucosal formation and impaired barrier function in the small intestine46. 
In this study, the toxic effect of DON was evaluated by the breakdown of Apo-IOs barrier and reducing the 
expression of small intestine-related genes and proteins. These results also confirm the potential of the Apo-IOs 
as an in vitro toxicity evaluation model.

The probiotic, L. plantarum, is known to attach to and settle in the human intestinal mucosa in the 
gastrointestinal tract to protect against the host’s neutral assistance, immune system protection of mucosal 
barrier function, xenobiotics, and pathogenic bacteria47,48. In addition, Lactobacillus species are known to reduce 
the toxicity of mycotoxins through hydrophobic bonds, such as those via peptidoglycan, polysaccharides, and 
teichoic acid in the cell wall49. Previous studies have mainly been conducted in pigs28,29 and chickens50. In this 
study, approximately 99.8% of the cells were found to be alive during coincubation of LCS and Apo-IOs, and no 
significant differences were observed when compared to control. These results show that LCS did not affect the 
survival rate of Apo-IOs. Although the survival rate of DON + LCS was significantly lower than control group, 
it showed a noticeable improvement when compared to the survival rate observed with DON alone treatment. 
These results confirmed that the barrier function was stable during treatment with LCS because FITC-4 kDa 
dextran did not diffuse into the Apo-IOs as it did in the control group. In the case of DON treatment, the Apo-IOs 
barrier was broken, and FITC-4 kDa dextran diffused into the organoids. Confirming that L. plantarum could 
alleviate the DON-induced barrier dysfunction, only FITC-4 kDa dextran was found to diffuse across the barrier, 
unlike during treatment with DON alone. These results suggest that LCS enhanced some barrier functions. 
Disaccharide activity decreased in the ileum of broiler chickens that were fed DON, and these results showed 
that the height of the villi decreased after DON exposure, resulting in a decrease in the level of disaccharidase. 
However, treatment with L. plantarum JM113 prevented DON-induced villous damage. In addition, L. 
plantarum JM113 increased the expression of the mucosal defense proteins, polymericimmunoglobulin receptor 
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and β-defensin-8, thereby reducing DON-induced barrier dysfunction and apoptosis50. To determine the effects 
of LCS on DON, we compared the gene and protein expression between control and LCS. The results confirmed 
that intestinal function was improved, where significant increases in the gene expression of ISC ability (LGR5), 
proliferation ability (Ki67), mucosal function (Mucin2), and adherens junction-related factor (E-cadherin) 
markers were observed. However, there was no significant difference in the gene expression of Villin2. These 
results show that LCS has a mycotoxin-reducing effect on genes, except for Villin2, in Apo-IOs. For protein 
expression, LGR5 was partially expressed in the DON-treated group, but strongly expressed in the DON + LCS 
group. Additionally, Ki67 and F-actin were not expressed in the DON-treated group, but partially expressed in 
the DON + LCS group. However, Mucin2 was not expressed in the DON-treated group, and E-cadherin was only 
partially expressed, similar to that observed in the DON-treated group. This result confirmed that when Apo-
IOs were treated with LCS, the toxicity of DON was reduced and the expression of some proteins increased. A 
previous study confirmed that the expression of LGR5 and Ki67 increased when mouse Bo-IOs were treated with 
L. reuteri for eight days51. Additionally, when various species of Lactobacillus were fed to chickens, the number 
of goblet cells in the small intestine and Mucin2 mRNA expression increased52. These results are consistent with 
those of the present study. However, in the case of Villin2, Du et al.53 confirmed that feeding probiotic Bacillus 
to piglets improved the length of the villi, which grew densely, and increased the expression of villus-related 
mRNA. DON + LCS resulted in a significantly higher expression of intestinal-related genes than DON alone did. 
Unlike previous studies, the gene and protein expression observed in this study did not show a reduction effect of 
mycotoxins on some genes and proteins. This could be due to a variety of factors, such as the concentration and 
time of treatment of mycotoxins and the concentration of reducing agents used. However, this study confirms 
the potential application of the Apo-IOs as an in vitro test model for assessing mycotoxin-reducing agent.

Conclusions
In this study, we induced Apo-IOs from Bo-IOs and analyzed their properties and functions. The constructed 
Apo-IOs were composed of various cells, similar to the actual small intestine, and capable of not only absorbing 
nutrients but also functioning as an intestinal barrier. In addition, the toxic effects of DON were confirmed 
through exposing Apo-IOs to it for a relatively short period and by confirming a consequent decrease in 
barrier function and intestine-related factors. Further, when DON and LCS were co-treated, the toxic effects 
on barrier function and intestinal-related factors in Apo-IOs were reduced. Therefore, Apo-IOs constructed 
in this study can potentially be applied to evaluate various types of fungal-mediated toxic damage that affect 
livestock industry productivity and to verify the efficacy of mitigants. Furthermore, these organoids could be 
used to replace several animal experiments, thereby reducing the number of experimental animals required and 
enhancing animal welfare. However, in vivo toxic responses to mycotoxins involve complex interactions with 
both gut microbiota and immune cells. Currently, limitations exist in co-culturing Apo-IOs with gut microbiota 
and immune cells. Therefore, developing a more advanced in vitro model by improving the culture system to 
facilitate effective co-culturing with gut microbiota and immune cells is imperative.

Methods
Experimental design
The Bo-IOs was produced by separating the tissue with the crypt from the small intestine tissue, then 3D-cultured 
in Matrigel and re-cultured to produce the Apo-IOs (Fig. 4a). In this study, the expression of Apo-IOs genes and 
proteins was investigated, and functional analysis was performed by checking the absorption of amino and 
fatty acids using fluorescent substances (Fig. 4b). Additionally, we determined the LC50(Lethal Concentration 
50) value of DON using the 4′,6-diamidino-2-phenylindole/propidium iodide (DAPI/PI) method. Afterwards, 
Apo-IOs were treated with DON alone, and a DON + Lactobacillus plantarum ATCC14917 culture supernatant 

Fig. 4.  Experimental design. a Establishment of a bovine intestinal organoid with small intestine-derived 
stem cells. b Induction and characterization of a bovine apical-out intestinal organoid. c In vitro model for 
evaluating the toxicity of mycotoxins.
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(LCS) combination (DON + LCS). Then, FITC-4 kDa dextran was used to assess intestinal barrier function and 
the gene and protein expression levels were compared among the different treatments (Fig. 4c).

Establishment and treatment of bovine apical-out intestinal organoids
We isolated crypts from the bovine small intestine and generated organoids using a previously described 
method37. Briefly, the dome of the organoid was pipetted with 1 mL organoid harvest solution (Bio-techne, 
Minneapolis, MN, USA) and transferred to a 15 mL tube, whereafter 2 mL cold phosphate buffered saline 
(PBS) was added for centrifugation. The sample was left stationary at 4 °C for 1 h to remove the Matrigel. After 
centrifugation at 300 × g for 5 min at 4℃, intestinal human organoid medium was added to the resulting pellet. 
To produce organoids in the apical-out form, organoid pieces were cultured at 37 °C for two days by adding 1 
mL intestinal human organoid medium to an ultralow-attachment plate54. The Apo-IOs were either untreated 
(control) or exposed to 25 µM DON, LCS, and 25 µM DON + LCS at 37 °C for 6 h to determine the effectiveness 
of mycotoxins and toxin reducers.

Preparation of bacteria
The L. plantarum ATCC14917 strain was cultured to the stationary phase (for approximately 24 h) in sterile 
Man–Rogosa–Sharpe medium at 37 °C in an anaerobic environment, then centrifuged at 5000 × g for 10 min 
at 4 °C. After optical density measurements (absorbance at 600 nm = 1.0 ± 0.1 corresponded to 1.0 × 108 CFU/
mL), bacteria were harvested via centrifugation at 5000 × g for 10 min at 4℃. For cell culture assays, the LCS was 
reserved for subsequent treatment at a 10% (v/v) concentration.

RNA extraction and quantitative real-time PCR
TRIzol reagent (Life Technologies, Carlsbad, CA, USA) was used to extract RNA from the Apo-IOs. The cDNA 
was synthesized via reverse transcription of RNA using the Superscript IV First-Strand Synthesis System 
(Invitrogen, Wilmington, DE, USA). The PCR reaction mixture was prepared using a combination of 1 µL 
cDNA, 1 µL of 10 pmol forward and reverse primers, 7 µL nuclease-free water, and 10 µL power SYBR Green 
PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) to a final volume of 20 µL. Real-time PCR 
conditions were set as follows: 95 °C, 30 s; 40 amplification cycles (95 °C, 30 s; 60 °C, 30 s; 95 °C, 30 s); elongation 
step at 72 °C. Non-specific amplification was confirmed using the melting curve. The Ct value refers to the cycle 
number at which a fluorescent signal is expressed, and gene expression was quantified using the 2−ΔΔCt method. 
The qPCR primer used was for 18 S rRNA, and the target genes are shown in Table 1. The qPCR analysis was 
performed using a Step One Plus real-time PCR system (Applied Biosystems, Waltham, MA, USA).

Immunofluorescence staining of apical-out intestinal bovine organoids
Apo-IOs were washed three times with cold PBS for 5 min and treated with 4% cold paraformaldehyde (Sigma-
Aldrich, St. Louis, MO, USA) for 1 h at room temperature. The organoids were washed three times with PBS 
to remove the fixative and then treated with a permeabilization solution (Thermo Fisher Scientific) at room 
temperature for 15 min. After washing again with PBS three times, the organoids were treated with a blocking 
solution (Thermo Fisher Scientific) at room temperature for 1 h. Afterwards, anti-LGR5 (1:200; Cat. No. ab75732; 
Abcam, Cambridge, UK), anti-Ki67 (1:200; Cat. no. ab1667; Abcam), anti-E-cadherin (1:200; Cat. no. 61081; BD 
Biosciences, Franklin Lakes, NJ, USA), anti-F-actin (1:200; Cat. no. ab83746; Abcam), and anti-Mucin2 (1:200; 
Cat. no. Sc-515032; Santa Cruz Biotechnology, Dallas, TX, USA) antibodies were appropriately diluted in the 
blocking solution. The organoids were treated with these antibodies at 4 °C for 24 h, whereafter they were treated 
with Alexa Fluor-633 goat anti-mouse IgG (Cat. no. A21052; Thermo Fisher Scientific), Alexa Fluor-488 anti-
mouse IgG (Cat. no. A11001; Thermo Fisher Scientific), and Alexa Fluor-488 anti-rabbit IgG (Cat. no. A21441; 
Thermo Fisher Scientific) antibodies at 4 °C for 24 h. Finally, the Apo-IOs were treated with DAPI (Cat. no. 
R37606; Thermo Fisher Scientific) for 20 min and then analyzed using a high-resolution confocal laser-scanning 
microscope (Nikon Instruments Inc., Tokyo, Japan).

Scanning electron microscopy
Apo-IOs were fixed in 2.5% buffered glutaraldehyde in 1× PBS for 2 h at 4 °C, followed by three washes with 0.1 M 
sodium cacodylate buffer, each wash lasting 10 min. Apo-IOs were post-fixed for 2 h at room temperature in 2% 
osmium tetroxide in 0.1 M cacodylate buffer, followed by two washes with 0.1 M cacodylate buffer for 10 min 
each and one wash with distilled water. Apo-IOs were then serially dehydrated in a graded ethanol series (30%, 
50%, 70%, 80%, 90%, and two 100% ethanol steps), with each step lasting 10 min. After the ethanol dehydration 
series, samples were further dehydrated in a 1:1 mixture of ethanol and hexamethyldisilazane (HMDS), followed 

Gene name Forward (5′–3′) Reverse (5′–3′)
18 S rRNA GTA ACC CGT TGA ACC CCA TT CCA TCC AAT CGG TAG TAG CG

LGR5 ACT TTC CAG CAG TTG TTC AGC GAA TAG ACG ACA GGC GGT TG

Mucin2 TTC GAC GGG AGG AAG TAC AC TTC ACC GTC TGC TTC ATT CAG

Ki67 AAG ATT CCA GCG CCC ATT CA TGA GGA ACG AAC ACG ACT GG

Villin ACC TTC ACA GGC TGG TTC CT GGT TTT GTT GCT TCC AT

E-cadherin CCA GGT GAC CAC ACT TGA TG ATA CAC ATT GTC CCG GGT GT

Table 1.  Primers used for the gene expression analysis of intestinal organoids.
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by two additional 1-h incubations in 100% HMDS. After infiltration with pure HMDS, Ap-IOs were allowed to 
dry overnight in a fume hood at room temperature. Following drying, Apo-IOs were mounted onto carbon tape 
on an SEM stub. Apo-IOs were then coated with a Pt layer using an ion sputter coater (Hitachi E-1045, Hitachi 
Co.) with the following parameters: 15 mA for 60 s for the front face and 15 mA for 20 s for each lateral side. 
For SEM imaging, Apo-IOs were examined using the SE mode (ETD detector) on a TeneoVS SEM (FEI, USA). 
Images were captured at a resolution of 3072 pixels × 2048 pixels, with a working distance of approximately 
10.0 mm, an acceleration voltage of 5 kV, and an emission current of 50 pA.

Fatty acid absorption of apical-out intestinal bovine organoids
After washing the Apo-IOs with cold PBS three times, BODIPY 500/510 C1, C12 (Invitrogen) and fatty acid-free 
BSA were combined to a final concentration of 5 µM/L, which was then added to the organoids. The organoids 
were then incubated at 37 °C in a CO2 incubator for 30 min. Fluorescent samples were seeded and mounted 
onto glass slides. Representative images were obtained using a confocal laser-scanning microscope (Nikon 
Instruments Inc., Tokyo, Japan).

Amino acid absorption of apical-out intestinal bovine organoids
The Apo-IOs were transferred to 15-mL conical tubes and centrifuged at 300 × g for 5 min. The supernatant was 
removed and the cells washed three times with prewarmed HBSS (Cat. no. 14175095; Thermo Fisher Scientific). 
A prewarmed BPA uptake solution (Cat. no. UP02; Dojindo, Kumamoto, Japan) was added to the Apo-IOs, 
which were then incubated at 37 °C for 5 min and centrifuged thereafter for 5 min at 300 × g. The supernatant 
was removed, and a prewarmed working solution (Cat. no. UP02; Dojindo) added to the organoids that were 
then incubated at 37 °C in a CO2 incubator for 5 min. Fluorescent samples were seeded and mounted onto glass 
slides. Representative images were obtained using a confocal laser-scanning microscope.

Epithelial barrier permeability of apical-out bovine organoids
Untreated Apo-IOs, as well as those treated with 25 µM DON, LCS, and 25 µM DON + LCS for 6 h, were exposed 
to FITC-4 kDa dextran (50 ng/mL; Sigma-Aldrich), and the penetration of FITC-4 kDa dextran into the Apo-
IOs then confirmed using a confocal laser-scanning microscope.

Cell viability assay
The DAPI/PI assay was used to assess the cell viability of Apo-IOs in response to DON and LCS exposure. 
Untreated Apo-IOs, as well as those treated with 25 µM DON, LCS, and 25 µM DON + LCS for 6 h, were exposed 
to PI. After washing three times with cold PBS, 4% formaldehyde and DAPI were added for 15 min. Cell viability 
was then assessed using a confocal laser-scanning microscope.

Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 9; GraphPad Software, La Jolla, CA, 
USA). Statistical significance was determined using a t-test or one-way ANOVA, with corrections for multiple 
comparisons, as appropriate. Data are presented as the mean ± SD, and P-values < 0.05, < 0.01, < 0.001, and 
< 0.0001 were considered statistically significant. All experiments were performed at least three times.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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