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Abstract

BACKGROUND: Intestinal organoids have evolved as potential molecular tools that could be used to study host-mi-

crobiome interactions, nutrient uptake, and drug screening. Gut epithelial barrier functions play a crucial role in health and

diseases, especially in autoimmune diseases, such as inflammatory bowel diseases (IBDs), because they disrupt the

epithelial mucosa and impair barrier function.

METHODS: In this study, we generated an in vitro IBD model based on dextran sodium sulfate (DSS) and intestinal

organoids that could potentially be used to assess barrier integrity. Intestinal organoids were long-term cultivated and

characterized with several specific markers, and the key functionality of paracellular permeability was determined using

FITC-dextran 4 kDa. Intestinal organoids that had been treated with 2 lM DSS for 3 h were developed and the intestinal

epithelial barrier function was sequentially evaluated.

RESULTS: The results indicated that the paracellular permeability represented epithelial characteristics and their barrier

function had declined when they were exposed to FITC-dextran 4 kDa after DSS treatment. In addition, we analyzed the

endogenous mRNA expression of pro-inflammatory cytokines and their downstream effector genes. The results demon-

strated that the inflammatory cytokines genes significantly increased in inflamed organoids compared to the control,

leading to epithelial barrier damage and dysfunction.

CONCLUSION: The collective results showed that in vitro 3D organoids mimic in vivo tissue topology and functionality

with minor limitations, and hence are helpful for testing disease models.
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1 Introduction

The intestinal epithelial barrier has a fundamental physio-

logical role in nutrient absorption and helps maintain host

homeostasis. Simultaneously, it acts as the mechanistic

immune barrier because it selectively controls the passage

of biotic, xenobiotic, and pathogenic substances from the

external environment to the luminal space [1]. Defects in

the intestinal mucosa lead to impaired barrier function and

a leaky gut. This increased epithelial barrier permeability is

associated with a range of gastrointestinal (GI) tract dis-

eases, such as inflammatory bowel diseases (IBD), irrita-

ble bowel syndrome (IBS), and colorectal cancer [2, 3].
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Organoids have been successfully developed for various

sets of organs, such as the intestine, kidney, lung, liver,

pancreas, and brain, from a number of sources, e.g.,

embryonic stem cells (ESC), induced pluripotent stem cells

(iPSC), and adult stem cells [4]. Intestinal organoids are

isolated from the LGR5 expressing mature intestine crypts,

and they possess close structural and functional similarities

with original organs of the body [5]. Post-conditioning of

the culture methods and media with suitable combinations

of growth factors, such as epidermal growth factor (EGF),

Noggin, R-spondin-1, and Wnt3A, allow the crypts to

expand during long-term culturing [6]. Intestinal organoids

have been successfully used in various stomach disease

models and for detecting microbiome interactions. For

example, the pathophysiological responses of Helicobacter

pylori were elucidated by applying a microinjection tech-

nique to gastric enteroids [7]. A recent study demonstrated

the applicability of organoids in regenerative therapeutic

practice where engrafted colonoids (colon organoids) were

able to cure EDTA induced colon injury in a mouse model

[8].

Inflammatory bowel diseases, including ulcerative coli-

tis (UC) and Crohn’s disease are idiopathic inflammatory

diseases induced by various immune responses, genetic and

environmental factors [9]. Although, accurate etiology of

IBDs elusive, genome wide association studies uncovered

few genetic factors susceptible to crohn’s disease [10].

Later studies identified that nucleotide-binding oligomer-

ization domain containing 2 (NOD2), ATG16L1 and IRGM

activates the immune responses contributes in elevated

expression of pro-inflammatory cytokines, such as IL-6,

TNF-a, and IL-1b, during infection [11]. There is also a

rise in C-reactive protein (CRP) [12]. The up-regulation of

pro-inflammatory cytokines associated with dysregulated

barrier integrity and tight junction dynamics ultimately

leads to IBD related pathogenesis [13]. Furthermore,

chronic inflammation during acute stage IBD contributes to

a variety of GI cancers, such as colorectal cancer, small

bowel adenocarcinoma, and other extra intestinal cancers

[14]. In previous studies, murine models were predomi-

nantly used to dissect the pathophysiology of IBD and

chemical inducers. For example, dextran sodium sulfate

(DSS), trinitrobenzene sulfonic acid (TNBS), and oxa-

zolone were used to generate in vivo models [15, 16]. They

succeeded as disease models, but ethical issues, and labo-

rious and expensive procedures are major disadvantages of

the in vivo models [17]. Consequently, in vitro 3D organoid

models are now used as alternative research tools because

they serve the same purpose as in vivo models [3].

Therefore, we used intestinal organoids to evaluate an

inflammatory model and its effect on barrier function.

In this study, we maintained the intestinal organoids for

more than 10 generations ([ P10) by adopting procedures

used in previous studies and serum free commercial media

[18]. Furthermore, we evaluated the epithelial barrier

function using a FITC-dextran 4 kDa permeability assay.

Then we generated the inflammatory IBD intestinal orga-

noid model by DSS induction and analyzed the endogenous

expression of pro-inflammatory cytokines and their

downstream effector genes. Finally, we tested barrier

integrity under inflammatory conditions using a FITC-

dextran 4 kDa permeability assay. A comprehensive sum-

mary of the experimental results showed that intestinal

organoids are potential alternatives to in vivo disease

models and demonstrated that barrier function declined in

inflamed samples.

2 Materials and methods

2.1 Experimental animals

Five-week-old ICR mice were obtained from Japan SLC

(Shizuoka, Japan) and were taken to Central Lab. Animal,

Inc. (Seoul, Korea). All procedures, including animal

handling, feeding, and sample collection, followed the

standard operating protocols of the Animal Biotechnology

Division at the National Institute of Animal Science,

Korea.

2.2 Immunohistochemistry

The small intestine segments were fixed in 10% neutral-

buffered formalin (Sigma-Aldrich, St Louis, MO, USA)

after strong washing with ice cold phosphate-buffered

saline (PBS). The segments were subsequently embedded

in a paraffin block and the paraffin-embedded intestinal

tissue was vertically and horizontally sectioned at a

thickness of 3–5 lm. The sections were then deparaffinized

in xylene, rehydrated with water via a graded alcohol

series, and then processed prior to hematoxylin and eosin

(Merck, Darmstadt, Germany) staining. In the immuno-

histochemical analysis, the sections were permeabilized

with 0.1% Triton X-100 in PBS for 5 min and incubated

with 0.1% normal goat serum for 1 h to block nonspecific

binding after antigen retrieval by boiling the sections in a

sodium citrate buffer solution. The samples were incubated

with appropriate dilutions of primary antibodies, such as

LGR5 anti-mouse Clone-OTI2A2 (Origene Technologies,

Rockville, MD, USA), 36/E-cadherin anti-rabbit (BD bio-

sciences, East Rutherford, NJ, USA), Bmi1 anti-rabbit

ployclonal (Abcam, Cambridge, MA, USA), and mucin2

(F-2) anti-mouse (Santa Cruz Biotechnology, Santa Cruz,

CA, USA) over night at 4 �C. After washing, the samples

were reacted with anti-mouse and anti-rabbit secondary

antibodies coupled to Alexa Fluor 488 and-594 (Molecular
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Probes/Life technologies, Waltham, MA, USA), respec-

tively, for 1 h at room temperature. These fluorescent

samples were counterstained with diamidino-2-phenylin-

dole (DAPI). The images were captured using an Olympus

X100 confocal microscope (Olympus, Tokyo, Japan).

2.3 Isolation and culturing of murine small

intestinal organoids

Before the murine small intestine was isolated, the matrigel

basement membrane matrix (Corning, New York, NY,

USA) was thawed on ice and pre-heated in a 24-well

(Corning) plate that had been placed inside a CO2-incu-

bator (5% CO2, 37 �C). The mice were euthanized by

cervical dislocation and the small intestine was obtained by

making a V-shaped cut into the peritoneal cavity. The crypt

culture protocol was adapted from StemCell Technologies

(Vancouver, BC, Canada). Briefly, a piece of mouse small

intestine (* 5 cm) was isolated as shown in Figure S1. It

was then washed with PBS after it had been opened lon-

gitudinally to remove the villi. The prepared intestine was

diced into 2–4 mm pieces and transferred to a 50 mL tube

containing 30 mL ice-cold PBS. The solution was then

pipetted gently with a 10 mL pipette and the supernatant

was discarded after the solution had settled down. This was

repeated until the supernatant was clear, which was

approximately 15 times. Then, 30 mL of enzyme free cell

disassociation buffer (StemCell Technologies) was added

and the tube was gently shaken at room temperature for

20 min. The sample was pipetted again to release the

crypts, and then 5% FBS was added to the PBS and the

sample was passed through a 70 mm cell strainer into

another 50 mL tube to collect the crypts. The suspension

was spun down at 300 9 g for 5 min and the pellets were

resuspended in 10 mL of 5% FBS that contained advanced

Dulbecco’s modified Eagle medium/F12 (Gibco, Waltham,

MA, USA) supplemented with penicillin/streptomycin. The

washing cycles were repeated twice. The pellet was

resuspended in 2 mL IntestiCult mouse organoid growth

medium (StemCell Technologies) and the number of cells

were counted using a hemocytometer under an inverted

microscope.

A total seeding population of 1000–1500 crypts per 100 lL
of matrigel were prepared and carefully placed in the middle

of a 24 well plate (Corning). The matrigel started polymer-

izing after 2–3 min, after which the plate was moved to an

incubator for further incubation at 37 �C and 5% CO2. The

matrigel dome had fully polymerized after 20 min. Then, 900

lL IntestiCult organoid growth medium was gently added

through the walls. The medium was replaced every 3 days

and sub-cultivated once aweek. The number of organoidswas

recorded in triplicate every week and the wells were sub-

divided into three parts for cultivation.

2.4 Immunofluorescent staining

The organoids were maintained in 24-well plates (Corning)

until maturation. The fixation media was aspirated in the

wells, and the organoids were washed thoroughly with cold

PBS and incubated in neutrally buffered 4%

paraformaldehyde (Sigma-Aldrich) for 30 min at room

temperature. Then the organoids were permeabilized in

buffer containing 0.5% Triton-X100 (v/v) (Sigma-Aldrich)

in PBS for 30 min at room temperature. The blocking step

was performed using 3% bovine serum albumin (BSA) in

PBS for 1 h at room temperature. The organoids were

thoroughly rinsed with PBS and incubated overnight at

4 �C with the appropriate primary antibodies, such as

LGR5 anti-mouse Clone-OTI2A2 (OriGene Technologies,

Rockville, MD, USA), 36/E-cadherin anti-rabbit (BD bio-

sciences), Bmi1 anti-rabbit polyclonal (Abcam), chromo-

granin A anti-rabbit polyclonal (Abcam), F-actin anti-

rabbit polyclonal (Abcam), Cytokeratin 19 anti-rabbit

polyclonal (Abcam), and mucin 2 (F-2) anti-mouse (San-

tacruz Biotech), at their appropriate dilutions. The marker

gene expressions were detected by incubating the samples

with corresponding secondary antibodies coupled to

AlexaFluor-488 and 594 (Molecular Probes/Life Tech-

nologies) for 1 h at room temperature. These fluorescent

samples were counterstained with diamidino-2-phenylin-

dole (DAPI) and mounted on glass slides using ProLong

Gold antifade (Life technologies, Waltham, MA, USA)

mounting medium. The images were captured under an

Olympus X100 confocal microscope (Olympus).

2.5 Epithelial barrier permeability assay using

FITC-dextran 4 kDa

The epithelial barrier function was tested by diluting

powdered FITC-dextran 4 kDa (Sigma-Aldrich) in nucle-

ase free water, which resulted in a 1 mg/mL working

solution. The organoids were placed in 24 well plates

(Corning) and allowed to grow until fully developed into

crypt and villi like structures. Then, 25 ng/mL of FITC-

dextran 4 kDa was added to each well and the plate was

incubated under normal growth conditions. The perme-

ability was observed using luminal absorption and recorded

for more than 60 min at 10 min intervals under a Leica

CTR6000 fluorescent microscope (Leica, Wentzler,

Germany).

2.6 Inflammatory model generation using DSS

The in vitro organoid IBD model was generated using

500 kDa DSS (Sigma-Aldrich) diluted in DNase and

RNase free ultra-pure distilled water (Invitrogen, Carlsbad,

CA, USA) to achieve a 1 mg/mL final concentration.
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Matured intestinal organoids that had been grown in 24

well plates (Corning) were used to test for inflammation

and barrier integrity. Testing concentrations of 1 lM,

2 lM, or 5 lM DSS were added to each well for 60 min to

determine the dose. The treatments were repeated three

times and the plate was incubated under normal growth

conditions. Figure S2 shows that the organoids were

examined for inflammation at 30 min, 60 min, and

180 min. The images were captured using a Leica micro-

scope and the bright field (BF) option. We then used the

inflamed organoids to repeat the barrier permeability assay

in the presence of FITC-dextran 4 kDa. The barrier

integrity was estimated, and the results recorded.

2.7 Quantitative RT-PCR

The non-treated control and the DSS treated organoids

were washed with ice cold PBS and then incubated in

Cultrex organoid harvesting solution (Trevigen, Gaithers-

burg, MD, USA) for 10 min in an incubator. The dislocated

organoids were gently pipetted to release them from the

matrix membrane. They were then centrifuged at

300 9 g for 5 min and the supernatant was carefully dis-

carded without disturbing the pellet. The pellet was thor-

oughly washed with PBS and spinned down for

downstream processing. Total RNA in the test samples was

isolated using Trizol reagent (Invitrogen) according to the

manufacturer’s instructions. The RNA quality was checked

by agarose gel electrophoresis and the RNA quantity was

determined by spectrophotometry at 260 nm [19]. The

cDNA was synthesized from the RNA using the Super-

script III First-Strand Synthesis System (Invitrogen). It was

then serially diluted five-fold and quantitatively equalized

for PCR amplification. Quantitative RT-PCR was per-

formed using a technique utilized in a previous study [20],

and the results were used to relatively quantify the

expressions of the genes influenced by the prepared cDNA.

The primers used in this study were designed using primer

express software (Applied Biosystems, Foster City, CA,

USA) using sequences from the GenBank database and

these are shown in Table 1. Each test sample was run in

triplicate.

2.8 Statistical analysis

The differential expression of genes among the control and

treatment groups was compared by two-way ANOVA

followed by the Bonferroni post hoc test and FITC-dextran

intensities of early (30 min) and late stages (180 min) of

IBD model were analyzed by t test using GraphPad V 5.0

software (San Diego, CA, USA). The differences were

considered statistically significant at p\ 0.05.

3 Results

3.1 Immunohistochemical analysis of intestinal

tissue using intestinal stem cell markers

Mouse small intestine was tested for expression of

epithelial stem cell markers. Initially, intestine tissue sec-

tions were subjected to a microscopic anatomy analysis

using hematoxylin (purple) and eosin (pink) histological

staining to identify any possible inflammation prior to crypt

isolation. Vertical and horizontal sections of the intestine

were illustrated at two different levels. These were an

overview (100 lm), which showed the whole anatomy of

the sections, and a detailed view (50 lm), which visualized

the stem cell niche in mucosa (Figure S1). The detailed

view showed the integral structures of the intestinal

epithelium gland, such as crypts at the bottom and the

finger shaped villi. The crypt structures were composed of

crypt base columnar cells, which were combined with

goblet and paneth cells (Figure S1), and the apical side of

the villus region showing the microvilli (purple). There

were no traces of inflammation identified in the intact

intestine. Furthermore, immunofluorescent analysis of the

small intestine tissue showed that stem cell markers

involved in stemness and proliferation were expressed in

the basolateral region. The fluorescent stained crypts

showed markers specific to cell types that had distinct

functions, such as leucine-rich repeat containing G protein–

coupled receptor 5 (LGR5), a key gene required for

stemness that is expressed in columnar crypt cells; goblet

cells, which were detected by mucin2; proliferation related

marker Bmi1 polycomb ring finger oncogenes (Bmi1),

which were found in ?4 cells adjacent to the paneth cells;

and adhering junctions, which were identified by E-cad-

herin (Fig. 1).

3.2 Intestinal organoids showed consistent growth

in the long-term cultures

The recapitulating capacity of the organoids was measured

by long-term culturing. The mouse intestinal organoids

were stably grown for more than 10 generations in low

adhesive 24 well plates that contained mouse IntestiCult

serum free culture media. The organoids in the long-term

cultures showed distinct crypt and villus structures (bran-

ched structures) surrounding the lumen in the P2, P5, and

P10 generations (Figure S3A, upper panel). Furthermore,

Figure S3A also shows the growth stages of the organoid

cultures and organoid population in the basement mem-

brane (middle panel). Subsequent detailed structures rep-

resent organoid propagation from day 1 to the fully grown

structure on day 10 (middle and lower panels). Following
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the general protocol and suggestions by IntestiCult manu-

facturer, StemCell Technologies, each well was sub-cul-

tured into three wells based on the number of organoids

present in the membrane. The organoid populations from

the 100 lL matrix dome in each generation (n = 3 wells)

were collected and used to construct a growth chart, which

showed the generation passage number on the X-axis and

organoid numbers per well on the Y-axis (Figure S3B). The

combined results for the intact structures of the intestinal

organoids at the P2, P5, and P10 passages and the growth

chart indicated the recapitulating capacity of the crypt

cells. Finally, the growth data showed that in each gener-

ation, an average of 203.7 organoid structures were present

per basement matrix dome (Figure S3B). At this density,

the organoids showed healthy and consistent growth.

3.3 Characterization and barrier permeability

evaluation of intestinal organoids

The organoids were cultured for 10 generations (P10) and

evaluated for stemness and proliferation related genes.

Their barrier function was assessed using FITC-dextran

4 kDa. The spatial expression of various epithelial markers

was identified in respected cell types on the organoids

(Fig. 2A). Columnar cells expressing LGR5 (green), goblet

cells secreting mucin2 (green), which contributes to

epithelial barrier integrity, proliferation marker Bmi1 (red),

adhere junctions marker E-cadherin (green), matured

enterocytes, goblet cells expressing cytokeratin 19 (red),

enteroendocrine cells representing chromogranin A, and

cytoskeleton representing F-actin are shown in Fig. 2A.

The concomitant expression of intestinal epithelial genes in

organoids derived from single intestinal crypts mimicked

the topology of an in vivo intact intestine. Furthermore, the

stable expression of stemness contributing genes, such as

LGR5 and Bmi1, in long-term cultures showed the per-

sistent recapitulating capacity of organoids under optimal

conditions.

Fig. 1 Immunohistochemical staining of mouse small intestine.

Intestinal tissue expressed stem cell specific markers LGR5 (Red),

Bmi1 (red), and mucin2 (green), together with adhere junctions

specific E-cadherin (green) and counter stain DAPI (blue) were

expressed in mouse small intestine and highlighted the positive cells

with circles (white). Scale bar: 25 lm

Table 1 Primers used in gene

expression analysis by qRT-

PCR to study the effects of

intestinal inflammatory bowel

diseases

Gene name Forward Reverse

18 s rRNA CGCTGAGCCAGTCAGTGTAG CCATCCAATCGGTAGTAGCG

IL6 CCACGGCCTTCCCTACTTC TTGGGAGTGGTATCCTCTGTGA

TNF-alpha CACAAGATGCTGGGACAGTGA TCCTTGATGGTGGTGCATGA

CXCL-1 GCAGACCATGGCTGGGATT CCTGAGGGCAACACCTTCAA

CLDN1 TGACCGCTCAGGCCATCTAC CTGCCCGGTGCTTTGC

MMP10 GCACCCTCAGGGACCAACTTA CAGGGAGTGGCCAAGTTCA

MMP3 CCCCTGATGTCCTCGTGGTA GCACATTGGTGATGTCTCAGGTT

STAT1 GACCACGCCTTTGGGAAGTA TCGCTTAGGGTCGTCAAGCT

Ubiquitin D GGCCCAGGTGAAAGAGATGA CACAACCTGCTTCTTAGGGATCA

NOS2 GGATCTTCCCAGGCAACCA CAATCCACAACTCGCTCCAA

Lysozyme GGGACTCCTCCTGCTTTCTGT GGCCAACTCACAACGATTGTAG
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The integrity and functionality of the epithelial barrier

was determined by treating the intestinal organoids with

FITC-dextran 4 kDa at 25 ng/mL and then recording the

concentration. The fluorescent detection results showed

that there was luminal translocation of FITC-dextran 4 kDa

at 520 nm. As illustrated in Fig. 2B, no considerable traces

of FITC-dextran 4 kDa were observed after a few minutes

of treatment (upper row), but there was a significant rise in

concentration at the 30 min time point (middle row) [21].

Concentration of FITC was maintained constantly beyond

the 60 min as shown in Fig. 2B (bottom row). Slow dif-

fusion of FITC-dextran 4 kDa indicated the presence of a

mucous layer, which plays a major role in barrier function

and nutrient absorption. The mucosal barrier function

results showed that there was mucin2 secretion by goblet

cells. Furthermore, the organoid functional testing results

Fig. 2 Characterization of intestinal organoids and evaluation of

barrier function. A Immunofluorescent detection of intestinal

organoids with Alexa Fluor 488 and 594 conjugated antibodies for

stem cells and proliferation related markers, overview illustrating the

morphology of individual organoids and specific region with dashed

square (white) was highlighted. Detailed view of specific region was

showing the spatial expression of LGR5 (green), Bmi1 (red),

E-cadherin (green), mucin2 (green), chromogranin A (red) and DAPI

(blue) in the different cell types. Positive cells expressing respected

cell specific markers were identified with arrows (white). Scale bar:

20 lm and 10 lm. B Intestinal organoids were treated with FITC-

dextran 4 kDa to assess barrier function. Organoids were indicated

the bright field (grey), FITC (green), and merged, overlay panels

showing at early point 0 min empty luminal space, following at

30 min and 60 min displaying the absorption of FITC-dextran 4 kDa

(green) into the luminal space. The FITC was detected by excitation

at 488 nm. Scale bar: 50 lm
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showed that their properties were similar to the in vivo gut

absorption properties.

3.4 Dextran sodium sulfate induced damage

to the epithelial barrier

Dextran sodium sulfate (DSS) treatment damaged the

organoids, which led to inflammation. Figure 3A is a

schematic diagram that shows the in vitro organoid based

inflammatory model development procedure when DSS

was used. It also illustrates the lethal concentration and

time taken to generate the model. In a two-step method, the

first dose was determined by treating organoids with 1 lM,

2 lM and 5 lM of DSS in each well for 1 h. Results of

inflamed organoids were showed an optimal concentration

i.e. 2 lM to generate an IBD model (Figure S2A). Fol-

lowing, time scale findings showed the time needed to

induce epithelial breach (Figure S2B). The lethal dose of

2 lM DSS systematically disrupted the organoid structure

and caused morphological change (Fig. 3A). The DSS also

caused a small amount of matrix membrane damage.

Consequently, the absorption capability of the organoid

epithelial barrier decreased, which was confirmed by the

change in the luminal FITC-dextran 4 kDa concentration.

The comparative results showed that the FITC-dextran

4 kDa treatment at 3 h showed reduced trans-location to

the lumen compared to 30 min post inflammation

(Fig. 3B). Furthermore, quantitative analysis also denoted

Fig. 3 Dextran sodium sulfate (DSS) induced barrier injury and qRT-

PCR evaluation. A Schematic diagram showing development of the

inflammatory model. B The DSS inflammatory organoid model loss

of barrier function using FITC-dextran 4 kDa uptake. At the

beginning of the experiment (0 min), no damage was found in

organoid and observed FITC uptake (upper row). Following, no

significant decline in FITC concentration (middle row) after 30 min

of DSS treatment, but the FITC concentration was notably lower in

the luminal space of the organoids after 180 min of treatment (bottom

row). Scale bar: 100 lm. C Graph showing the quantitative difference

in FITC intensity at 30 min and 180 min of post DSS treatment, data

were normalized using bright field image. D The qRT-PCR analyses

showing higher expression of pro-inflammatory cytokines TNF-a and

IL-6 in the DSS treatment (left panel). Similarly, matrix metallopro-

teases MMP10 and MMP3 expressions were higher due to inflam-

mation of the treated sample compared to normal conditions (middle

panel). Downstream effectors of inflammation, such as chemokine

receptor ligand CXCL1, reactive oxygen species marker (NOS2),

proteome degrading ubiquitin D, tight junction protein CLDN1, and

paneth cell marker lysozyme, are significantly more highly expressed

in the treated sample. The values are the means plus the standard error

of mean (S.E.M), and a p value\ 0.05 (*) (\ 0.0001***) was

significant
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the significant drift in FITC-dextran 4 kDa concentration at

180 min compared to 30 min of post DSS treatment

(Fig. 3C). The 1 lM DSS concentration did not induce

damage in the intestinal organoids at the 180 min time

point, and no significant damage can be seen in Fig-

ure S2A. The 5 lM DSS concentration was considered

highly cytotoxic because acute epithelial cell death was

observed at 1 h post treatment and the FITC levels in the

lumen were lower (Figure S2B).

3.5 Dextran sodium sulfate activated inflammatory

signaling related to genes in the IBD model

A qRT-PCR study was used to assess cytokine signaling

related to genes. The DSS caused the damaged organoids to

become inflamed and increased cytokine signaling. The

expressions of molecular markers involved in IBD patho-

genesis were identified and the initial results showed that

the inflammatory cytokines were up-regulated, particularly

IL-6 and TNF-a. The TNF-a expression increased very

significantly (42.78-fold increase) compared to the other

tested genes in DSS inflamed organoids. Similarly, cyto-

kine gene IL-6 was also more highly expressed (22.09-fold

increase) in the treated samples, and its expression was

very significantly greater than the control (Fig. 3D).

Downstream effectors of TNF-a mediated inflammation

were also significantly over-expressed (Fig. 3D). Inflam-

mation caused by TNF-a and IL-6 stimulated the various

signaling macro molecules, such as matrix metallopepti-

dases MMP10 (10.63 fold increase), MMP3 (38.8 fold

increase), chemokine ligand CXCL1 (36.5 fold increase),

junction protein CLDN1 (30.5 fold increase), and proteome

degrading ubiquitin D (20.3 fold increase) in the DSS

treated organoids (Fig. 3D). However, the free radical

agent NOS2 (11.3-fold increase) and the signal transducer

and activator of transcription 1 (STAT1) (7.49-fold

increase) genes showed only a moderate increase in

expression. The paneth cell marker gene, lysozyme,

showed a significant rise in expression, but this was lower

than the other genes. The expression patterns suggested

that systemic inflammation played a crucial role in the

disintegration of the organoid structure, which contributed

to subsequent epithelial barrier dysfunction.

4 Discussion

Intestinal organoids are evolving as potential alternatives to

animal models when studying human GI tract diseases

[22]. In the present study, we used mouse intestinal stem

cell (ISC) generated organoids to study epithelial barrier

integrity in acute inflammatory conditions. We isolated the

crypts from the small intestines of ICR mice and cultivated

them using the scaffold-based method. The basement

matrix membrane was long-term cultured ([ P10) using

pre-conditioned media. We achieved a consistent growth

rate of 203.7 organoids per cell on a 100 lL dome and

preserved the recapitulating capacity (Figures S3A and

S3B) [6]. Additionally, as shown in Figs. 1 and 2A, com-

parative studies of stained intestines and organoids showed

that they had similar expressions of epithelium specific

markers, such as LGR5, Bmi1, mucin2, and E-cadherin.

This suggested that there was a physiological similarity

between the intestinal tissue and organoids [6, 23, 24].

Along with common epithelial markers, additional genes,

such as enteroendocrine expressing chromogranin A and

cytokeratin 19, were tested in organoids and characterized

after they had been cultured for ten generations (P10) [25].

The results showed that the organoids closely mimicked

the in vivo organ physiology and remained indefinitely

intact under controlled culture conditions [6].

In the present study, we did not investigate molecular

mechanisms. Instead, we focused on model development

and applicability by studying physical parameters, such as

morphology and permeability. Paracellular permeability

and nutrient absorption are the primary roles of the in vivo

epithelial barrier, and their analogous functions were

measured in in vitro by the FITC-dextran 4 kDa uptake

assay. The results demonstrated that there was regulated

absorption of FITC-dextran for 60 min post incubation and

that the FITC-dextran reduced cell permeability when it

reached its maximum capacity, which meant that it was not

possible to maintain cell homeostasis. This and previous

studies showed that gut barrier integrity plays a major role

in health and disease, and this study also demonstrated that

intestinal organoids have a gut functionality that is similar

to in vivo models [26].

The chemical inducer DSS has been widely used to

create inflammatory models that can be used to study IBD

etiology in mice [16]. Besides the in vivo studies, recent

organoids were developed from DSS treated mouse

intestines to study various genetic manifestations including

IBD [27]. While, the organoids developed from pluripotent

stem cells are using to study IBD in human models, it

indicating the significance of ex vivo models in disease

dissection [28]. The high molecular weight DSS (500 kDa)

was used to generate the inflammatory model, which was

different to previous in vivo studies [29, 30]. The success of

the model was confirmed by the organoid morphological

changes caused by necrosis (Figure S2) and barrier disin-

tegration, which was shown by the reduction in FITC-

dextran 4 kDa translocation in the luminal cavity [31].

Organoids at 180 min post treatment showed severe dam-

age to their basal layer, which led to structure disassocia-

tion. This revealed the pathology of barrier dysfunction or

a leaky gut. These conditions were due to tight junctions
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(TJ) dislocation, which is the key event in IBD pathogen-

esis [32]. Similarly, in in vivo IBD infections increases the

gut permeability several folds in response to high magni-

tude of inflammation and luminal contents interacts with

intestinal serosa. Furthermore, recent study proved the

permeability was observed on either side and it was con-

firmed by increased concentrations of FITC-dextran in

plasma as well as blood-to-stool ratio [33].

Although the exact molecular mechanism behind barrier

disintegrity was not verified by this study, the causative

inflammatory signals were studied. Previous high

throughput studies related to IBD showed that the inflam-

matory signals produced by DSS treated organoids posi-

tively correlated with the IBD models. Endogenous mRNA

expression studies have revealed that the significant up-

regulation of pro-inflammatory cytokines, chemokines, and

transcription factors influenced barrier function during

chronic inflammation [34]. After analyzing IBD patho-

genesis, its influence on gut barrier function, and the results

from previous studies, we selected downstream TNF-a and

IL-6 signaling network genes, such as MMP3, MMP10,

CXCL1, NOS2, CLDN1, lysozyme, and ubiquitin D, to test

whether pro-inflammatory compounds increased barrier

dysfunction [35–38]. In conjunction with previous studies,

the qRT-PCR analysis showed that the higher TNF-a
expressions led to the dysregulation of matrix metallopro-

teases [39]. Additionally, comparisons between previous

studies and the current results suggested that the con-

comitant suppression of pro-inflammatory cytokines TNF-

a, and IL-6 could be a potential therapeutic solution to IBD

related pathogenesis [40].

In conclusion, the organoids offer a potentially less

complicated opportunity to study disease models compared

to in vivo methods. The results clearly showed the differ-

ences in barrier function under inflammatory conditions

compared to normal conditions. Additionally, the magni-

tude of the molecular signals in organoids and in vivo IBD

models were similar, which showed that the technique was

robust. Apart from these advantages, organoids showed

higher sensitivity to DSS treatment because necrosis was

induced within 3 h after treatment. However, it is difficult

to study the counter mechanism used by inflamed tissues to

reduce inflammation because of the lack of a macro envi-

ronment for the mucosal lymphoid tissue in organoids.

However, organoids deliver precise disease mechanisms

with minimal limitations.
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