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Background: The consumption of ultra-processed foods has increased significantly worldwide and is associated with the rise in inflammatory 
bowel diseases. However, any causative factors and their underlying mechanisms are yet to be identified. This study aimed to further eluci-
date whether different types of the dietary emulsifier carrageenan (CGN) can alter the permeability and inflammatory state of the intestinal 
epithelium.
Methods: Caco-2/HT29-MTX cocultures (n = 4) were exposed to either κ-, ι-, or λ-CGN (100 µg mL–1) for 24 hours. Organoid-derived monolayers 
from patients with Crohn’s Disease (CD) were exposed to κ-CGN (100 µg mL–1) for 48 hours (n = 10). In both models, an inflamed condition was 
established by adding a mix of inflammatory stimuli. Changes in permeability were measured by transepithelial electrical resistance (TEER). In the 
organoid-derived monolayers, cytokines were quantified in the apical and basolateral supernatant and gene expression was analyzed with RT-qPCR.
Results: None of the CGN subtypes altered permeability of non-inflamed or inflamed Caco-2/HT29-MTX cocultures. In organoid-derived 
monolayers, κ-CGN did not affect TEER, but induced alterations in the gene expression of tight junctions and mucus proteins. Expression of 
TNF, IL8, and IL1B increased upon κ-CGN stimulation, both in inflamed and non-inflamed monolayers. Cytokine release in the supernatant was 
increased by κ-CGN for IL-6, IL-13, IL-4, IL-2, and IL-10.
Conclusions: Dietary CGN caused upregulation of inflammatory markers and affected cytokine release of intestinal epithelial cells from CD 
patients, while permeability remained unaltered. When inflammation was already present, this pro-inflammatory effect was more pronounced, 
suggesting a role for dietary CGN during active CD.

Lay Summary 
This study revealed that the dietary emulsifier carrageenan has direct pro-inflammatory effects on intestinal epithelial cells from patients 
with Crohn’s disease, without affecting permeability. In an inflamed setting, this was more pronounced, suggesting a role for dietary carra-
geenan during active inflammation.
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Introduction
Carrageenan (CGN) is a commonly used food additive 
(E407) with properties as a gelling, thickening, and stabilizing 
agent.1 It is obtained from red seaweeds and consists of high-
molecular-weight sulfated polygalactans. The 3 major types 
used in the food industry are kappa- (κ-), iota- (ι-), and 
lambda- (λ-) CGN, which differ in the number and position 
of sulfate groups. In Europe, CGN is authorized at quantum 
satis levels (ie, the amount needed to achieve the desired 

result) in almost all foods, except for some foods with a max-
imum permitted level (eg, infant formula: 300 mg kg-1).1,2 The 
main dietary sources of CGN are processed foods such as 
dairy products, confectionery, and processed meat products.1 
The European Food Safety Authority estimated the average 
intake of CGN to be 5.0–88.9 mg kg-1 body weight per day 
in adults.1

Already in the 1970s, the safety of different types of CGN 
has been questioned. In many studies, CGN was used to induce 
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inflammation by injection in animal paws or lung cavities.3 
Also in the gastrointestinal tract of rodents, CGN was shown 
to induce ulcerative lesions, comparable to human ulcerative 
colitis (UC).4 However, the CGN used in these colitis models 
was a degraded form, so-called poligeenan. Food-grade CGN 
has an average molecular weight of 200-400 kDa, while 
poligeenan has a molecular weight of 10-20 kDa. Notably, 
degraded CGN is not used in the food industry and there is 
no evidence that food-grade CGN gets degraded in the gas-
trointestinal tract.5

More recently, a growing body of research has incriminated 
food-grade CGN as well, suggesting a role for CGN in in-
flammatory bowel diseases (IBD).6,7 Inflammatory bowel 
diseases comprise 2 main entities, Crohn’s disease (CD) and 
UC. Both are characterized by chronic inflammation in the 
gastrointestinal tract. Although the exact pathogenesis of IBD 
remains unclear, genetic susceptibility, microbial dysbiosis, 

unbalanced immune responses, and environmental factors are 
known to be involved. Epidemiological studies have shown 
associations between the consumption of ultra-processed 
foods (UPFs) and IBD.8 Ultra-processed foods are increasingly 
consumed worldwide and can be defined as food products 
that go through a series of industrial processes and consist 
of substances derived from foods and food additives.9 Since 
UPFs often contain dietary emulsifiers and thickeners, it is 
hypothesized that emulsifiers, including CGN, play a role in 
the increasing prevalence of IBD.10 Moreover, it was shown 
that patients with IBD consume significantly more emulsifiers 
compared to healthy individuals.11

To date, it is still unclear if CGN is involved in the devel-
opment and disease course of IBD. Preclinical studies using 
colonic epithelial cell lines and animal models proposed that 
CGN can directly increase intestinal permeability and pro-
mote inflammation.12–15 Nevertheless, these results could 
not be replicated by other research groups.16 Moreover, the 
interaction between the intestinal microbiota and dietary 
CGN is not completely understood. Several animal studies 
have proposed that CGN can modulate the gut microbiota, 
creating a pro-inflammatory environment,17–19 while others 
state that CGN remains unaltered throughout the whole 
gastrointestinal tract.20,21 Human trials with CGN are very 
limited and 2 recent trials with UC patients also showed con-
flicting results.22,23 Intervention trials with CD patients are 
still lacking.

Given the conflicting data concerning the effect of CGN on 
intestinal permeability and inflammation and its role in IBD, 
we here aimed to explore the direct effect of dietary CGN 
on the intestinal epithelium. Therefore, we used an organoid-
derived Transwell model originating from IBD patients as we 
hypothesize that patients with IBD are more sensitive to in-
testinal barrier disruption. Since the involvement of dietary 
factors is well established for CD, while for UC this connec-
tion is less clear, we focused in our experiments on CD.24

Materials and Methods
An overview of the experimental setup is displayed in 
Figure 1.

Key Messages

What Is Already Known?

•	 Dietary carrageenan is hypothesized to increase epithe-
lial permeability and induce intestinal inflammation, but 
studies showed conflicting results and its effect on the 
intestinal epithelium remains unclear.

What Is New Here?

•	 A head-to-head comparison of different types of carra-
geenan showed that none of the subtypes directly al-
tered permeability of colonic epithelial cell lines. On top, 
the use of a patient-derived epithelial model showed that 
carrageenan alters the inflammatory profile and that this 
is more pronounced in the presence of inflammation, as 
during active Crohn’s disease.

How Can This Study Help Patient Care?

•	 This study provides insight into the effects of carra-
geenan on the inflamed and non-inflamed intestinal epi-
thelium, contributing to more targeted dietary guidelines 
for patients with inflammatory bowel diseases.

Figure 1. Overview of the experimental setup. Caco-2/HT29-MTX cocultures were established by seeding 75% Caco-2 cells and 25% HT29-MTX 
cells on Transwell inserts. After a differentiation period of 20 days, inflammation was induced. On day 21, the apical side of the epithelial cells was 
stimulated with 100 µg mL-1 of κ-, ι-, or λ-carrageenan (CGN), and the basolateral side was renewed with regular culture medium or the inflammatory 
mix. Transepithelial electrical resistance (TEER) was measured during the next 24 hours. Organoid-derived monolayers were derived from 5 patients 
with Crohn’s disease. Organoids were seeded on Transwells and inflammation was induced when a confluent monolayer was formed (day 6). The next 
day, organoid-derived monolayers were stimulated with 100 µg mL-1 κ-CGN and TEER was measured. After 48 hours, the cells were collected for RNA 
expression analysis and supernatant was collected for the quantification of cytokines. Figure created with Biorender.com.
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Cell Culture
Caco-2 cells were obtained from the American Type Culture 
Collection (ATCC, NCI-PBCF-HTB37) at passage 2. HT29 
cells, treated with methotrexate (HT29-MTX), were obtained 
from the European Collection of Authenticated Cell Cultures 
(ECACC, HT29-MTX-E12, 12040401) at passage 50. 
Both cell lines were cultured separately in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with high glucose (Gibco, 
11965092), supplemented with 10% Fetal Bovine Serum 
(FBS) (Heat inactivated, Biowest, S181H), 1% nonessen-
tial amino acids (NEAA) (Gibco, 11140050) and 100 U 
mL-1 penicillin, 100 µg mL-1 streptomycin solution (Gibco, 
15140122). Culture medium was replaced every 2-3 days 
and cells were maintained at 37 °C, 5% CO2. Every 5-7 days, 
cells were passaged with the use of 0.25% trypsin/ethylene-
diamine tetraacetic acid (EDTA) (Gibco, 25200056). Caco-2 
and HT29-MTX cells were used for experiments between 
passages 5 and 25 and passages 55 and 75, respectively.

Coculture of Caco-2 and HT29-MTX Cells on 
Transwell Inserts
Caco-2 and HT29-MTX cells were harvested, resuspended to 
a concentration of 2.6 × 105 cells cm-2, and seeded on 0.33 cm2 
Transwell inserts (0.4 µm pore size, polyester membrane, 
3470, Corning Costar) at a ratio of 75% Caco-2 cells and 
25% HT29-MTX cells. Apical and basolateral media were 
replaced every 2-3 days. After the acquired differentiation 
period (21 days), inflammation was induced if required (see 
“Induction of Inflammation” section), and cocultures were 
stimulated with CGN (see “Carrageenan Exposure” section) 
at the apical side. Integrity of the cell layers was checked be-
fore the experiment by measuring the transepithelial electrical 
resistance (TEER). By day 20, Caco-2/HT29-MTX cocultures 
reached a mean TEER value of 1087.4 Ω × cm² (min: 986.2 Ω 
× cm²; max: 1199.3 Ω × cm²).

Human Biopsy Collection
Mucosal biopsies from non-inflamed colon segments of 5 
patients with CD were obtained during routine endoscopy, 
following informed consent (S53684, approved by the Ethics 
Committee of the University Hospitals Leuven). Patient 
characteristics are shown in Table 1. Biopsies were collected 
in cold basal medium (BM) and processed within 2 hours. 
Basal medium consisted of DMEM:F12 (Gibco, 12634010) 

supplemented with 1× GlutaMax (Gibco, 35050038), 10 mM 
HEPES (Gibco, 15630056) and 100 U mL-1 penicillin, 100 µg 
mL-1 streptomycin (Gibco, 15140122).

Intestinal Crypt Isolation and Organoid Culture
Intestinal crypts were isolated from 4 colonic biopsies per pa-
tient as described before.25–27 In short, colonic biopsies were 
washed thoroughly in chelating solution (5.6 mM Na2HPO4, 
8.0 mM KH2PO4, 96.2 mM NaCl, 1.6 mM KCl, 43.4 mM 
sucrose, 54.9 mM d-sorbitol, 0.5 mM dl-dithiothreitol in 
deionized water) and incubated for 45 min in chelation so-
lution supplemented with 2 mM EDTA at 4 °C on a rocking 
platform. Thereafter, biopsies were disrupted by rigorously 
pipetting with chelation solution to loosen and collect the 
crypts. The crypts were resuspended in 50% Matrigel (phenol 
red free, growth factor reduced, Corning, 356231) diluted by 
BM, and 4 droplets of 10 µL were plated in every well of a 
24-well tissue culture plate. The culture plates were put at 
37 °C for at least 20 min to allow Matrigel polymerization. 
Next, human expansion medium (HM) (BM supplemented 
with growth factors, Table S1) was added. The medium was 
replaced every other day and the organoids were split me-
chanically every 5-7 days, depending on their growth rate.

Intestinal Organoid-Derived Monolayers
Organoid-derived monolayers were cultured as described 
before.27 Colonic organoid cultures were expanded and 
transferred to Transwell inserts (0.4 µm pore size, polyester 
membrane, 3470, Corning Costar), 3-5 days after splitting. 
For each patient, 2 independent experiments were performed 
(n = 10). Transwell inserts were coated with 0.1 mg mL-

1 collagen type I (rat tail, Corning, 354236) diluted in 0.02 
M acetic acid for 24 h at 37 °C. The next day, Transwells 
were washed twice with phosphate-buffered saline (PBS) 
(Gibco, 10010023) and pre-incubated with 100 µL of 
50% HM, diluted with BM and supplemented with 10 µM 
Rho-associated kinase inhibitor (ROCKi) (Y-27632, Tocris 
Bioscience and R&D Systems). For each Transwell insert, 3 
wells with organoids were collected with ice-cold BM and 
mechanically dissociated. Next, organoids were treated with 
0.5 mM EDTA in PBS and centrifuged for 5 min at 350 g. The 
supernatant was removed and the pellet was incubated with 
0.25% Trypsin/EDTA for 5 min at 37 °C. During the dissoci-
ation process, cells were regularly checked under a light mi-
croscope and if necessary, further mechanically dissociated by 
pipetting until only small clumps of cells remained. Trypsin 
was inactivated using BM with 10% FBS and the cells were 
centrifuged for 5 min at 350 g. The pellet was resuspended in 
50% HM + ROCKi and 100 µL cell suspension was seeded 
in the apical compartment of each Transwell. The basolateral 
compartment was filled with 600 µL of 50% HM + ROCKi. 
After 24 hours, monolayers were carefully rinsed with PBS and 
the medium was replaced with 50 % HM without ROCKi. 
Apical and basolateral media was refreshed every other day 
until confluency (approximately 5-7 days) as monitored by 
TEER measurements. Organoid-derived monolayers reached 
a mean TEER value of 3175.8 Ω × cm² by day 6 (min: 2340.1 
Ω × cm²; max: 4127.7 Ω × cm²).

Induction of Inflammation
To mimic an IBD-like inflammatory phenotype, inflamma-
tion was induced in Caco-2/HT29-MTX cocultures and 

Table 1. Baseline characteristics of CD patients (n = 5). 

Baseline characteristics Numbers

Male/female (%) 2/3 (40/60)

Age at endoscopy: median (IQR) 46.92 (34.87-48.32)

Disease duration at endoscopy (years): 
median (IQR)

21.49 (14.45-25.25)

SES-CD score: median (IQR) 10.5 (7.5-15.75)

Therapy at the moment of endoscopy:

 � Biologicals (%) 3 (60)
(1 ustekinumab, 2 
risankizumab)

 � None (%) 2 (40)

Abbreviations: CD, Crohn’s disease; IQR, interquartile range; SES-CD, 
Simple Endoscopic Score for Crohn’s Disease.

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae306#supplementary-data
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organoid-derived monolayers, 24 hours prior to CGN expo-
sure (Figure 1). When confluent monolayers were formed, the 
basolateral side of the cells was stimulated with control me-
dium (CTRL) or a combination of inflammatory cytokines 
diluted in culture medium (supplemented DMEM for Caco-2/
HT29-MTX cocultures and 50% HM for organoid-derived 
monolayers) (INFL). This inflammatory mixture was previ-
ously defined by Arnauts et al.26 and contained 100 ng mL-1 
TNF-α (Invivogen, rcyc-htnfa), 20 ng mL-1 IL-1β (Peprotech, 
200-01B) and 1 µg mL-1 Flagellin (Invivogen, tlrl-stfla). 
Starting CGN exposure, the inflammatory mixture was 
renewed and maintained throughout the full experiment.

Carrageenan Exposure
The following types of food-grade CGN were obtained from 
Sigma-Aldrich: κ-CGN (22048), ι-CGN (C1138), and λ-CGN 
(22049). Carrageenan was dissolved to a concentration of 100 
µg mL-1 in regular culture medium (supplemented DMEM for 
Caco-2/HT29-MTX cocultures and 50% HM for organoid-
derived monolayers). This concentration is believed to fall 
within the physiological range, as Borthakur et al. previously 
estimated the concentration of CGN in the intestinal lumen 
to be ±67 µg mL-1.12 On the day of the experiment (day 21 
for Caco-2/HT29-MTX cocultures and day 7 for organoid-
derived monolayers), the apical media was replaced by media 
supplemented with CGN (Figure 1). In the control conditions, 
the apical media was renewed with regular culture medium, 
and the basolateral media was renewed with regular culture 
medium (CTRL) or the inflammatory mixture (INFL).

Transepithelial Electrical Resistance Measurements
The permeability of cell monolayers was determined by meas-
uring Transepithelial Electrical Resistance (TEER), using an 
EVOM3 epithelial Volt/Ohm meter and STX4 electrodes 
(World Precision Instruments). Transwells were taken out of 
the incubator 15-20 minutes prior to the measurement to allow 
temperature stabilization. The electrodes were rinsed in 70% 
ethanol followed by PBS and 2 measurements per Transwell 
were performed. Transepithelial Electrical Resistance values 
are corrected for the surface area of the Transwells (0.33 cm²) 
and the resistance of a blank Transwell, and are expressed as 
the percentual change compared to baseline (= measurement 
right before stimulation with CGN (t0)).

RNA Extraction
Organoid-derived monolayers were washed twice with PBS and 
incubated with 0.25% Trypsin-EDTA for 5 minutes at 37 °C. 
The cells were detached from the Transwell inserts by scraping 
with a pipette and collected in cold BM with 10% FBS to stop 
trypsinization. Cells were centrifuged (5 min, 350 g), the pellet 
was washed once with PBS and centrifuged again (5 min, 350 
g). Pellets were resuspended in RNA lysis buffer (Qiagen) with 
1% β-mercaptoethanol and lysates were stored at -80 °C until 
extraction. RNA extraction was performed using the Promega 
ReliaPrep miRNA Cell and Tissue Miniprep System (Z6211), 
according to the protocol provided. RNA quantity was deter-
mined by Nanodrop (Thermo Scientific).

Gene Expression Analysis by Quantitative Reverse-
Transcription PCR (RT-qPCR)
Complementary DNA (cDNA) was synthesized from 500 ng 
of template RNA using the SuperScript IV VILO Master Mix 

with ezDNase enzyme (Invitrogen, 11766050), according to 
the manufacturer’s protocol. Real-time quantitative PCR was 
performed using Taqman Fast Advanced Master Mix (Applied 
Biosystems, 4444556) with predesigned Taqman probes and 
run on a Viia 7 system (Applied Biosystems). Samples were 
run in duplicate and analyzed using the ∆∆Ct method with 
normalization to three reference genes (actin beta (ACTB), 
ribosomal protein lateral stalk subunit P0 (RPLP0), and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)). 
Expression levels are presented as log2 fold changes compared 
to the non-inflamed control (CTRL). The genes included are 
related to the mucus layer (mucin 2 (MUC2), mucin 5ac 
(MUC5AC), mucin 5b (MUC5B)), epithelial barrier func-
tion (hypoxia-inducible factor 1 alpha subunit (HIF1A), 
tight junction protein 1 (TJP1), occludin (OCLN), claudin 1 
(CLDN1)), and inflammation (interleukin 8 (CXCL8), inter-
leukin 1 beta (IL1B), tumor necrosis factor (TNF), toll-like 
receptor 4 (TLR4)), and are listed in Table S2.

Cytokine Measurements
Cytokine protein levels were quantified in both the apical 
and basolateral supernatant of organoid-derived monolayers 
using the V-PLEX Proinflammatory Panel 1 (human) kit 
(Meso Scale Diagnostics, Rockville, MD, USA), according to 
the manufacturer’s protocol. This kit provides assay-specific 
components for the quantitative determination of IFN-γ, 
IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and 
TNF-α. Supernatant samples were diluted 2-fold. The plate 
was read on the MESO QuickPlex SQ 120MM instrument 
and protein concentrations were determined using the MSD 
Discovery Workbench 4.0.12 software.

Statistics
Statistical analysis was performed with Graphpad Prism 10 
software (San Diego, CA, USA). Normality of all data was 
checked using the Shapiro–Wilk test. TEER data of Caco-2/
HT29-MTX cocultures were analyzed with a Kruskal–Wallis 
test, followed by Dunn’s multiple comparisons test. TEER, 
mRNA, and cytokine data of organoid-derived monolayers 
were analyzed with repeated-measures (RM) one-way 
ANOVA, followed by Šídák’s multiple comparisons test, for 
normally distributed data, and with a Friedman test, followed 
by Dunn’s multiple comparisons test for not normally distrib-
uted data. The significance level was set at 0.05.

Results
Carrageenan Does Not Affect the Permeability of 
Caco-2/HT29-MTX Cocultures
Caco-2/HT29-MTX cocultures (n = 4) were stimulated 
with 100 µg mL-1 of three different types of dietary CGN 
(κ-, ι-, and λ-CGN) and their effect on the permeability of 
the monolayers was assessed by measuring TEER. In a non-
inflamed condition, we observed no significant differences in 
TEER between monolayers simulated with κ-CGN (P > .999; 
Kruskal–Wallis test), ι-CGN (P > .999; Kruskal–Wallis test), 
or λ-CGN (P > .999; Kruskal–Wallis test) for 24 hours, 
compared to the control (CTRL) (Figure 2A and C).

Compared to the non-inflamed condition, TEER of inflamed 
monolayers decreased within the first 12 hours, but this was 
not statistically significant (2 hours: P = .100; 12 hours: 
P = .090; Kruskal–Wallis test). After 24 hours, the TEER of 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae306#supplementary-data
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inflamed monolayers restored back to baseline (Figure 2B 
and D). Also, in inflamed conditions, treatment with CGN 
for 24 hours did not increase permeability of the cell layers, 
reflected by TEER, compared to the inflamed control (INFL). 
After 24 hours, we observed that monolayers stimulated with 

ι-CGN had significantly higher TEER values, compared to 
the inflamed control (P = .014; Kruskal–Wallis test). Also at 
a higher concentration (10 mg mL-1), CGN did not increase 
permeability of Caco-2/HT29-MTX cocultures, independent 
of the CGN type (Figure S1).

Figure 2. Carrageenan does not increase the permeability of Caco-2/HT29-MTX cocultures. A and B, Relative transepithelial electrical resistance (TEER) 
values (compared to t0) over time of non-inflamed (n = 4) (A) and inflamed (n = 4) (B) cell layers, stimulated with 100 µg mL-1 of κ-, ι-, or λ-carrageenan 
(CGN). C, Relative TEER of non-inflamed cell layers (n = 4) after 2, 4, and 24 hours of CGN stimulation. D, Relative TEER of inflamed cell layers (n = 4) 
after 2, 4, and 24 hours of CGN stimulation. Kruskal–Wallis test with Dunn’s multiple comparisons test, *P < .05. Abbreviations: CTRL, non-inflamed 
control; INFL, inflamed control.

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae306#supplementary-data
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κ-CGN Does Not Directly Affect the Permeability 
of Organoid-Derived Epithelial Monolayers from 
Patients with CD
We hypothesize that patients with IBD have an increased sus-
ceptibility for barrier disruption caused by external stimuli, 
such as dietary components. Therefore, we tested if the emul-
sifier κ-CGN, the most abundant subtype in food products, 
affected the permeability of organoid-derived monolayers 
from patients with CD.

As expected, exposure to inflammatory stimuli on the 
basolateral side resulted in a significant reduction of TEER 
after 48 hours (+24 hours pre-stimulation), compared to the 
non-inflamed conditions (P < .001; paired t-test) (Figure 3A). 
After 24 hours stimulation with κ-CGN, TEER did not sig-
nificantly change in both the non-inflamed (P = .896; RM 
one-way ANOVA) and inflamed monolayers (P = .795; RM 
one-way ANOVA), compared to the control conditions. Also 
after 48 hours, exposure to κ-CGN did not significantly af-
fect the TEER in neither non-inflamed (P = .943; RM one-
way ANOVA) nor inflamed (P = .743; RM one-way ANOVA) 
conditions (Figure 3B).

κ-CGN Induces Minor Changes in the Expression of 
Barrier-Related Genes
Organoid-derived monolayers from CD patients were 
stimulated with κ-CGN for 48 hours, after which RNA was 
extracted for RT-qPCR. Some slight changes in the expression 
of tight junction-related genes were detected after κ-CGN ex-
posure (Figure 3C). The expression of TJP1, also known as 
ZO1, (P = .036; Friedman test) and OCLN (P = .037; RM 
one-way ANOVA) increased significantly after stimulation 
with κ-CGN in a non-inflamed condition, compared to the 
control. Also in the inflamed condition, the expression of 
OCLN increased upon κ-CGN stimulation (P = .001; RM 
one-way ANOVA). The expression of CLDN1 was increased 
in the inflamed conditions (P = .020; Friedman test), 
compared to the non-inflamed monolayers, but was not af-
fected by stimulation with κ-CGN. The expression of HIF1A, 
an upstream regulator of tight junction proteins, remained 
unaltered in all conditions.

Besides tight junctions, the mucus layer forms an impor-
tant element of the intestinal barrier. Induction of inflamma-
tion resulted in a significant upregulation of MUC2 (P = .002; 
RM one-way ANOVA) and a similar trend for MUC5AC, 
although not significant, was observed (P = .112; RM 
one-way ANOVA) (Figure 3D). MUC5B was significantly 
downregulated in the inflamed condition (P = .004; RM one-
way ANOVA). Stimulation with κ-CGN resulted in a decrease 
of MUC5AC in inflamed monolayers (P = .031; RM one-
way ANOVA) and an increase of MUC5B in non-inflamed 
monolayers (P = .049; RM one-way ANOVA).

κ-CGN Exposure Causes Upregulation of Pro-
Inflammatory Genes in Intestinal Epithelial Cells 
from CD Patients
To investigate if κ-CGN can induce or promote intestinal in-
flammation, we analyzed the expression of pro-inflammatory 
genes (CXCL8, IL1B, and TNF) in organoid-derived 
monolayers from CD patients, stimulated with the emulsifier 
for 48 hours (Figure 4). As expected, inflamed monolayers had 
a significantly higher expression of CXCL8 (P = .003; RM 
one-way ANOVA), IL1B (P = .003; RM one-way ANOVA), 

and TNF (P < .001; RM one-way ANOVA), compared to 
the non-inflamed condition. When exposing non-inflamed 
monolayers to κ-CGN, the expression of CXCL8 (P = .026, 
RM one-way ANOVA) and TNF (P = .001; RM one-way 
ANOVA) increased significantly. Interestingly, this pro-
inflammatory effect of κ-CGN was even more pronounced 
when inflammation was already present, with increased ex-
pression levels of all pro-inflammatory markers upon κ-CGN 
stimulation (CXCL8: P = .010; IL-1b: P = .009; TNF: 
P = .001; RM one-way ANOVA).

Previous studies suggested that CGN can induce IL-8 secre-
tion by binding to toll-like receptor 4 (TLR4).12,28 Therefore, 
we evaluated the gene expression of TLR4 upon κ-CGN stim-
ulation (Figure 4). In an inflamed state, TLR4 was significantly 
upregulated compared to the non-inflamed control (P = .004; 
RM one-way ANOVA). However, κ-CGN had no signifi-
cant effect on the expression levels of TLR4 (non-inflamed: 
P = .149; Inflamed: P = .622; RM one-way ANOVA).

κ-CGN Alters Cytokine Release of Intestinal 
Epithelial Cells from Patients with CD
After exposure to the emulsifier κ-CGN for 48 hours, the 
apical and basolateral media of both non-inflamed and 
inflamed organoid-derived monolayers was collected for 
quantification of ten inflammation-related cytokines. The in-
duction of inflammation in these monolayers was reflected by 
a significant increase in all evaluated cytokines both on the 
apical (Figure 5) and basolateral side (Figure S2), compared 
to the non-inflamed control. The respective P values are 
presented in Table S3 and absolute cytokine concentrations 
are displayed in Table S4.

In non-inflamed monolayers, stimulation with κ-CGN 
resulted in significant higher levels of IL-2 (P = .017; RM 
one-way ANOVA), IL-10 (P = .049; RM one-way ANOVA), 
and IL-4 (P = .042; RM one-way ANOVA) on the apical side, 
compared to the control (CTRL) (Figure 5). Also, IL-13 was 
higher in the κ-CGN-stimulated monolayers, but this was 
borderline not significant (P = .055, RM one-way ANOVA). 
In contrast, no differences were observed in the basolateral 
compartment (Figure S2).

In inflamed monolayers, κ-CGN caused an increase in 
IL-6 (P = .006; RM one-way ANOVA), IL-13 (P = .003; RM 
one-way ANOVA), IL-2 (P < .001; RM one-way ANOVA), 
IL-10 (P = .007; RM one-way ANOVA) and IL-4 (P = .001; 
RM one-way ANOVA) in the apical media, compared to the 
inflamed control (INFL) (Figure 5). On the basolateral side, 
a significantly higher concentration of IL-4 (P = .011; RM 
one-way ANOVA) and a trend towards a higher concentra-
tion of IL-13 (P = .054; RM one-way ANOVA) was observed 
when inflamed monolayers were stimulated with κ-CGN, 
compared to the inflamed control (Figure S2). The apical and 
basolateral concentration of IL-8 was significantly lower in 
the inflamed monolayers stimulated with κ-CGN (apical: 
P = .022; basolateral: P < .001; RM one-way ANOVA).

Discussion
The prevalence of IBD is increasing worldwide and the role 
of dietary factors in its pathogenesis is getting more and more 
recognized.29 Ultra-processed food consumption was found 
to be associated with an increased risk of developing IBD, 
and the need for IBD-related surgery.8,30 However, which 
exact components are responsible for this association and the 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae306#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae306#supplementary-data
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http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae306#supplementary-data
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Figure 3. Kappa-carrageenan (κ-CGN) does not increase the permeability of organoid-derived monolayers from patients with Crohn’s disease. A, Relative 
transepithelial electrical resistance (TEER) values (compared to t0) over time. Transepithelial electrical resistance decreased significantly after 48 hours + 24 hours 
pre-stimulation with inflammatory stimuli (P < .001, Paired t-test). B, Stimulation with κ-CGN (100 µg mL-1) for 24 and 48 hours did not affect the relative TEER 
values of non-inflamed and inflamed epithelial monolayers (n = 10), compared to controls. C + D, κ-CGN induces minor changes in the expression of barrier-
related genes. mRNA expression levels of tight junctions (C) and mucus proteins (D) were evaluated with RT-qPCR (n = 8). Expression levels are normalized 
against 3 housekeeping genes (ACTB, GPADH, RPLP0) and expressed as log2 fold changes, compared to CTRL. Results of repeated-measures one-way ANOVA 
followed by Šídák’s multiple comparisons test or (°) Friedman tests followed by Dunn’s multiple comparisons test are given (*P < .05, **P < .01, ***P < .001, 
****P < .0001, ns, nonsignificant). Abbreviations: CTRL, non-inflamed control; INFL, inflamed control; κ-CGN, kappa-carrageenan.
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underlying mechanisms are still unknown. Dietary emulsifiers 
have gained more attention over the years, as they have been 
shown to induce dysbiosis and intestinal inflammation in 
animal models and increased permeability in cell lines.6,31,32 
The intestinal epithelium serves as a barrier between the gut 
microbiota and the immune cell compartment, carrying out 
an essential role in intestinal homeostasis.33 Intestinal bar-
rier disruption is thought to be one of the first events in the 
pathogenesis of IBD, causing translocation of the microbiota 
and its products over the epithelium with subsequent acti-
vation of the immune system.34 Identifying compounds that 
influence the epithelial barrier is therefore of great interest. 
In this study, we showed that exposure to dietary κ-CGN 
for 48 hours induced pro-inflammatory changes when 
using organoid-derived monolayers from patients with CD, 
indicating a potential role in the development and exacerba-
tion of intestinal inflammation. As far as we know, this is the 
first study using patient-derived intestinal organoids, which 
maintain disease-specific characteristics and the genetic back-
ground of the donor,35,36 to clarify the safety of CGN.

Stimulation with κ-CGN, the most frequently used subtype 
in food products, caused an increase in the gene expression 
of CXCL8, better known as IL8, IL1B, and TNF, both in 
non-inflamed and inflamed monolayers, but this was not con-
firmed at the protein level. Other pro-inflammatory cytokines 
were increasingly secreted when non-inflamed monolayers 
were stimulated with κ-CGN, including IL-2 and IL-4. In an 
inflamed condition, κ-CGN had a stronger effect on cyto-
kine release, with an increase of IL-6, IL-13, IL-2, and IL-4, 
suggesting that CGN has the potential to maintain or even am-
plify intestinal inflammation during active IBD. Surprisingly, 
we found a lower concentration of IL-8, a potent attractant 
of immune cells, upon κ-CGN stimulation, compared to the 
inflamed control.

Similarly, an in vitro study with HT-29 cells showed that 
κ-CGN only induced IL-8 secretion in the presence of LPS.37 
It could thus be possible that an external factor, such as LPS, 
is needed for CGN to induce IL-8 release, but this was not fur-
ther investigated in our study. Studies conducted by the group 
of Tobacman et al. showed that dietary CGN induced IL-8 

secretion by intestinal epithelial cells through activation of 
the NF-kB signaling pathway and TLR4 was identified as the 
responsible receptor.12,28 We evaluated if κ-CGN influenced 
the expression of TLR4 in organoid-derived monolayers, but 
did not detect significant differences.

Next, we studied if different CGN subtypes increased ep-
ithelial permeability, as reported by previous studies.13,14 No 
changes in the permeability of non-inflamed and inflamed 
Caco-2/HT29-MTX cocultures were observed after treating 
the cells with κ-, ι-, or λ-CGN for 24 hours. Also, when 
stimulating organoid-derived monolayers from CD patients 
with κ-CGN for 48 hours, no significant changes in perme-
ability were observed, regardless of inflammatory state. In 
line, McKim et al. showed no effect on permeability when 
stimulating Caco-2 cells with CGN, at the same concentra-
tion range as our study.16 On gene expression level, we did 
detect slight alterations of tight-junction-related genes after 
stimulating organoid-derived monolayers with κ-CGN. 
The expression of TJP1, better known as ZO1, and OCLN 
were increased, suggesting a strengthening of the barrier. 
Interestingly, in mucosal tissue of IBD patients, an elevated 
expression of CLDN1, one of the barrier-strengthening 
claudins, has been observed.38 Similarly, we observed a higher 
expression of CLDN1 in the inflamed monolayers. It has been 
proposed that the expression of CLDN1 gets upregulated as 
a compensatory mechanism, but that the protein fails to lo-
calize at the tight junctions.38 In the same way, upregulation 
of ZO1 and OCLN expression by κ-CGN could perhaps 
serve as a defense mechanism, without forming functional 
tight junctions, as this did not translate in higher TEER values 
of the monolayers.

In contrast to what we observed, several studies reported an 
increased permeability of epithelial models after a short stim-
ulation with CGN. Choi et al. observed a reduction in TEER 
of HCT-8 epithelial cells, already after 20 minutes of CGN 
stimulation.13 The tight junction protein zonula occludens 1 
(ZO-1) was reduced, explaining the increased permeability. 
Next, Jiang et al. also showed a significant reduction in TEER 
of Caco-2 cells, cocultured with THP-1 macrophage cells, 
after 4 hours of κ-CGN stimulation.14 Here, barrier disruption 

Figure 4. Kappa-carrageenan (κ-CGN) exposure caused upregulation of pro-inflammatory genes in organoid-derived monolayers from patients with 
Crohn’s disease. mRNA expression levels of inflammation-related genes were evaluated with RT-qPCR (n = 8). Expression levels are normalized against 
3 housekeeping genes (ACTB, GPADH, RPLP0) and expressed as log2 fold changes, compared to CTRL. Results of repeated-measures one-way 
ANOVA followed by Šídák’s multiple comparisons test are given (*P < .05, **P < .01, ***P < .001, ns = non-significant). Abbreviations: CTRL, non-
inflamed control; INFL, inflamed control.
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was attributed to the secretion of TNF-α by the THP-1 cells, 
suggesting that CGN not only influences epithelial cells but 
also the underlying immune cells. Indeed, also other studies 
showed that CGN is capable of activating macrophages and 
stimulating the secretion of TNF-α.39 The discrepancy with 
our findings might result from the presence/absence of other 
factors (eg, macrophages) or the use of different intestinal cell 
lines. Particularly, by combining the enterocyte-like Caco-2 
cells with mucus-producing HT29-MTX cells, we ensured the 
presence of a mucus layer in our model.40 Because of this, 
the direct contact between CGN and the epithelial cells might 
have been limited and more resembling the physiological 
situation.

The intestinal epithelium is covered by a semipermeable 
mucus layer, which prevents direct contact between the gut 

microbiota and the epithelial cells. It has been recognized 
that defects in this mucus layer can be part of IBD devel-
opment.41 We observed that the induction of inflammation 
altered the expression of MUC2 and MUC5B, with a sig-
nificant increased and decreased expression, respectively. 
Several dietary emulsifiers, such as polysorbate 80 and 
carboxymethylcellulose, have previously been shown to alter 
mucus layer thickness and structure.31,42,43 Here, we show a 
significantly lower expression of MUC5AC upon κ-CGN 
stimulation in inflamed epithelial monolayers of CD patients. 
MUC5AC was shown to be increased in active UC and to 
have a protective role in DSS-induced colitis.44 A reduction 
in this mucin during inflammation is therefore proposed to 
be detrimental, as MUC5-deficient mice displayed an elevated 
infiltration of neutrophils, and greater disease severity.44

Figure 5. Kappa-carrageenan (κ-CGN) induces changes in the apical cytokine release of intestinal epithelial cells from Crohn’s disease (CD) patients. 
The level of pro-inflammatory cytokines was quantified in the apical supernatant after stimulating non-inflamed and inflamed epithelial monolayers from 
CD patients with κ-CGN for 48 hours (n = 8). Results of repeated-measures one-way ANOVA followed by Šídák’s multiple comparisons test are given 
(*P < .05, **P < .01, ***P < .001, ****P < .0001, ns = non-significant). Abbreviations: CTRL, non-inflamed control; INFL, inflamed control.
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It is important to note that this study has some limita-
tions. First, these short stimulations may not sufficient to 
capture the full effect of a food additive that is likely to be 
ingested on a daily basis. Long-term exposure in animals has 
resulted in different outcomes. Weiner et al. observed no ad-
verse effects from 90-day κ-CGN supplementation, while 
Shang et al. found that mice receiving CGN showed inflam-
matory infiltrates in the distal and proximal colon.17,45 Two 
human trials which investigated the effect of CGN supple-
mentation on time to relapse in UC patients obtained con-
flicting results.22,23 In the study of Bhattacharyya et al., 3 out 
of 5 subjects who received CGN daily relapsed after 5 weeks, 
32 weeks, and 42 weeks, while none of 7 patients receiving 
placebo relapsed, concluding that a CGN-free diet can pre-
vent relapse in UC patients.22 In contrast, a cross-over study 
from Laatikainen et al. showed no impact of 7-day CGN 
supplementation.23 It is conceivable that a supplementation 
period of 7 days was not sufficient, which aligns with the fact 
that we only observed subtle changes after CGN exposures. 
When there is a repeated exposure for a long period of time, 
these small alterations might accumulate and eventually 
make the epithelium more prone for barrier disruption and 
inflammation.

Secondly, this study is lacking other relevant factors, be-
sides the epithelial cells, CGN could possibly interact with. 
Indirect effects of CGN, through modulation of the gut mi-
crobiota or interaction with immune cells, could be of impor-
tance. Dietary CGN is not absorbed in the gastrointestinal 
tract, making it available for fermentation by the gut micro-
biota.46 For example, CGN was shown to reduce the abun-
dance of Akkermansia Muciniphila, a bacterial strain which 
was found to have a therapeutic potential in IBD.47 Finally, 
CGN was tested as a single ingredient, which is an oversim-
plification of a real-word diet. In food products, different 
types of CGN are often combined and other additives can be 
present, which might enhance the small effects we observed. 
Possible synergistic effects combining different compounds 
should be explored in further experiments.

In the future, the interaction between CGN and the gut 
microbiota, and how this interaction is influencing epithelial 
barrier function and inflammation, should be further studied. 
In addition, the effects of long-term exposure should be 
evaluated in human trials, with a focus on outcomes related to 
inflammation and intestinal permeability. Fortunately, the first 
trials in this area are already underway (eg, NCT06552156).

In conclusion, we showed that dietary CGN increased the 
expression of pro-inflammatory markers and altered cytokine 
secretion by organoid-derived epithelial monolayers from 
CD patients, without affecting permeability. This indicates 
that dietary CGN is capable of inducing changes in the in-
flammatory profile of intestinal epithelial cells, but that these 
changes might be too small to cause an acute effect. However, 
during long-term exposure to CGN, as happens in daily life, 
these alterations could accumulate and could eventually lead 
to barrier disruption or inflammation. We hypothesize that 
chronic exposure to CGN primes the intestinal epithelium to 
be more prone for barrier disruption and developing inflam-
mation, but that repeated exposure or the presence of an ad-
ditional trigger, such as changes in microbiota composition, is 
needed. In addition, we observed stronger pro-inflammatory 
effects when inflammation was already present, as during ac-
tive IBD, indicating that CGN restriction can be beneficial in 
patients with active disease. Overall, the results of this study 

support the adherence to a diet low in processed foods and 
emulsifiers for patients with IBD, especially during active 
inflammation.

Supplementary data
Supplementary data is available at Inflammatory Bowel 
Diseases online.

Funding
This study was supported by João Sabino’s Senior Clinical 
researcher grant from the Research Foundation Flanders 
(FWO). E.V. was supported by the Research Foundation 
Flanders (FWO), Belgium by a PhD fellowship strategic basic 
research (SB) [1SH1L24N]; and by a Flemish Crohn’s and 
Colitis organization research grant (Crohn & Colitis ulcerosa 
Vereniging vzw, 2023). J.W. was supported by the Research 
Foundation Flanders (FWO), by a PhD Fellowship strategic 
basic research (SB) grant [1S06023N], and a Flemish Crohn’s 
and Ulcerative Colitis organization research grant (2021). 
B.V. is supported by the Clinical Research Fund (KOOR) at 
the University Hospitals Leuven and the Research Council at 
KU Leuven. S.V. holds a BOF-FKO from KU Leuven. K.A. is 
supported by a postdoctoral mandate from KU Leuven. M.F. 
and J.S. are supported by a Senior Clinical researcher grant 
from the Research Foundation Flanders (FWO).

Conflicts of Interest
B.V. receives research support from AbbVie, Biora 
Therapeutics, Landos, Pfizer, Sossei Heptares and Takeda; 
receives speaker’s fees from Abbvie, Biogen, Bristol Myers 
Squibb, Celltrion, Chiesi, Falk, Ferring, Galapagos, Janssen, 
Lily, MSD, Pfizer, R-Biopharm, Sandoz, Takeda, Tillots 
Pharma, Truvion and Viatris; receives consultancy fees 
from Abbvie, Alfasigma, Alimentiv, Applied Strategic, 
Astrazeneca, Atheneum, BenevolentAI, Biora Therapeutics, 
Boxer Capital, Bristol Myers Squibb, Galapagos, Guidepont, 
Landos, Lily, Merck, Mylan, Nxera, Inotrem, Ipsos, Janssen, 
Pfizer, Progenity, Sandoz, Sanofi, Santa Ana Bio, Sapphire 
Therapeutics, Sosei Heptares, Takeda, Tillots Pharma, and 
Viatris; stock options Vagustim. M.F. receives financial sup-
port for research from AbbVie, Biogen, EG, Janssen, Pfizer, 
Takeda, and Viatris; receives speakers’ fees from AbbVie, 
Biogen, Boehringer Ingelheim, Falk, Ferring, Janssen-Cilag, 
MSD, Pfizer, Takeda, Truvion Healthcare, and Viatris; and 
receives consultancy fees from AbbVie, Agomab Therapeutics, 
Boehringer Ingelheim, Celgene, Celltrion, Eli Lilly, Janssen-
Cilag, MRM Health, MSD, Pfizer, Takeda, and Thermo Fisher. 
S.V. receives financial support for research from AbbVie, 
J&J, Pfizer, Takeda, and Galapagos; receives speakers’ and 
consultancy fees from AbbVie, Abivax, AbolerIS Pharma, 
AgomAb, Alimentiv, Arena Pharmaceuticals, AstraZeneca, 
BMS, Boehringer Ingelheim, Celgene, Cytoki Pharma, Dr 
Falk Pharma, Ferring, Galapagos, Genentech-Roche, Gilead, 
GSK, Hospira, Imidomics, Janssen, J&J, Lilly, Materia Prima, 
Mestag Therapeutics, MiroBio, Morphic, MrMHealth, 
Mundipharma, MSD, Pfizer, Prodigest, Progenity, Prometheus, 
Robarts Clinical Trials, Surrozen, Takeda, Theravance, Tillots 
Pharma AG, VectivBio, Ventyx, Zealand Pharma. C.M. 
is chair of the KU Leuven Fund “Nutrition,” a donation-
based fund to stimulate research on nutrition. Recipient of 



1402 Dietary Carrageenan Amplifies the Inflammatory Profile

travel/accommodation expenses and small participation fee 
(< 100€/meeting) as a member of working groups of the 
Belgian Superior Health Council and Belgian Federal Agency 
of the Safety of the Food Chain. Recipient of travel/accom-
modation expenses as member of the scientific advisory body 
of the EU Joint Programme Initiative Healthy Diet, Healthy 
Life, as co-chair ILSI Europe Task Force Dietary Intake and 
Exposure, as member ILSI Europe Task Force Nutrient Intake 
Optimisation. Recipient of honoraria (< 500€/year) as an ac-
tive member of the advisory board of NutriNews (Belgian 
Nutrition Information Center). Recipient of honoraria as 
jury-member of nutrition-related awards and reviewing 
EU-grants. Recipient of royalties form a textbook (Handboek 
Voeding, ACCO). Honoraria are used to support research 
of PhD Students. J.S. receives financial support for research 
from Galapagos and Viatris; receives speakers’ fees from 
Abbvie, Falk, Takeda, Pfizer, Galapagos, Ferring, Janssen, 
and Fresenius; and does consultancy for Janssen, Ferring, 
Fresenius, Abbvie, Galapagos, Celltrion, Pharmacosmos, and 
Pharmanovia. All other authors have nothing to disclose.

References
1.	 Younes M, Aggett P, Aguilar F, Crebelli R, Filipic M, et al.; [EFSA]. 

Re-evaluation of carrageenan (E 407) and processed Eucheuma 
seaweed (E 407a) as food additives. EFSA J. 2018;16(4):5238. 
doi:10.2903/j.efsa.2018.5238

2.	 Tahiri M, Johnsrud C, Steffensen IL. Evidence and 
hypotheses on adverse effects of the food additives carra-
geenan (E 407)/processed Eucheuma seaweed (E 407a) and 
carboxymethylcellulose (E 466) on the intestines: a scoping re-
view. Crit Rev Toxicol. 2023;53(9):521-571. doi:10.1080/104
08444.2023.2270574

3.	 Winter CA, Risley EA, Nuss GW. Carrageenin-induced edema in 
hind paw of the rat as an assay for antiinflammatory drugs. Exp 
Biol Med. 1962;111(3):544-547. doi:10.3181/00379727-111-
27849

4.	 Watt J, Marcus R. Experimental ulcerative disease of the colon in 
animals. Gut. 1973;14(6):506-510. doi:10.1136/gut.14.6.506

5.	 Weiner ML. Food additive carrageenan: Part II: a critical re-
view of carrageenan in vivo safety studies. Crit Rev Toxicol. 
2014;44(3):244-269. doi:10.3109/10408444.2013.861798

6.	 Bancil AS, Sandall AM, Rossi M, Chassaing B, Lindsay JO, Whelan 
K. Food additive emulsifiers and their impact on gut microbiome, 
permeability, and inflammation: mechanistic insights in inflam-
matory bowel disease. J Crohns Colitis. 2021;15(6):1068-1079. 
doi:10.1093/ecco-jcc/jjaa254

7.	 Liu F, Hou P, Zhang H, Tang Q, Xue C, Li RW. Food‐grade 
carrageenans and their implications in health and disease. Compr 
Rev Food Sci Food Saf. 2021;20(4):3918-3936. doi:10.1111/1541-
4337.12790

8.	 Narula N, Wong ECL, Dehghan M, et al. Association of ultra-
processed food intake with risk of inflammatory bowel dis-
ease: prospective cohort study. BMJ. 2021;374(8300):n1554. 
doi:10.1136/bmj.n1554

9.	 Monteiro CA, Cannon G, Levy RB, et al. Ultra-processed foods: 
what they are and how to identify them. Public Health Nutr. 
2019;22(5):936-941. doi:10.1017/S1368980018003762

10.	 Roberts CL, Rushworth SL, Richman E, Rhodes JM. Hypoth-
esis: increased consumption of emulsifiers as an explanation 
for the rising incidence of Crohn’s disease. J Crohns Colitis. 
2013;7(4):338-341. doi:10.1016/j.crohns.2013.01.004

11.	 Katsoudas N, Tavakoli P, Wu N, et al. Dietary emulsifier expo-
sure in people with inflammatory bowel disease compared with 
healthy controls: is there a cause for concern? Inflamm Bowel Dis. 
2024;30(8):1241-1250. doi:10.1093/ibd/izad318

12.	 Borthakur A, Bhattacharyya S, Dudeja PK, Tobacman JK. Car-
rageenan induces interleukin-8 production through distinct 
Bcl10 pathway in normal human colonic epithelial cells. Am J 
Physiol Gastrointest Liver Physiol. 2007;292(3):G829-G838. 
doi:10.1152/ajpgi.00380.2006

13.	 Choi HJ, Kim J, Park SH, Do KH, Yang H, Moon Y. Pro-
inflammatory NF-kappaB and early growth response gene 1 reg-
ulate epithelial barrier disruption by food additive carrageenan in 
human intestinal epithelial cells. Toxicol Lett. 2012;211(3):289-
295. doi:10.1016/j.toxlet.2012.04.012

14.	 Jiang HY, Wang F, Chen HM, Yan XJ. kappa-carrageenan induces 
the disruption of intestinal epithelial Caco-2 monolayers by 
promoting the interaction between intestinal epithelial cells and 
immune cells. Mol Med Rep. 2013;8(6):1635-1642. doi:10.3892/
mmr.2013.1726

15.	 Wu W, Wang F, Gao X, et al. Synergistic effect of kappa-
carrageenan on oxazolone-induced inflammation in BALB/c mice. 
BMC Gastroenterol. 2016;16(1):41. doi:10.1186/s12876-016-
0459-7

16.	 McKim JM, Baas H, Rice GP, Willoughby JA, Weiner ML, 
Blakemore W. Effects of carrageenan on cell permeability, cy-
totoxicity, and cytokine gene expression in human intestinal 
and hepatic cell lines. Food Chem Toxicol. 2016;96(1):1-10. 
doi:10.1016/j.fct.2016.07.006

17.	 Shang QS, Sun WX, Shan XD, et al. Carrageenan-induced colitis 
is associated with decreased population of anti-inflammatory 
bacterium, Akkermansia muciniphila, in the gut microbiota of 
C57BL/6J mice. Toxicol Lett. 2017;279(1):87-95. doi:10.1016/j.
toxlet.2017.07.904

18.	 Wu W, Zhou J, Xuan R, et al. Dietary kappa-carrageenan 
facilitates gut microbiota-mediated intestinal inflamma-
tion. Carbohydr Polym. 2022;277(1):118830. doi:10.1016/j.
carbpol.2021.118830

19.	 Zhang S, Sun Y, Nie Q, et al. Effects of four food hydrocolloids on 
colitis and their regulatory effect on gut microbiota. Carbohydr 
Polym. 2024;323(1):121368. doi:10.1016/j.carbpol.2023.121368

20.	 Shang Q, Jiang H, Cai C, Hao J, Li G, Yu G. Gut microbiota fer-
mentation of marine polysaccharides and its effects on intestinal 
ecology: an overview. Carbohydr Polym. 2018;179(1):173-185. 
doi:10.1016/j.carbpol.2017.09.059

21.	 Yin Y, Li M, Gu W, et al. Carrageenan oligosaccharides and asso-
ciated carrageenan-degrading bacteria induce intestinal inflamma-
tion in germ-free mice. J Genet Genomics. 2021;48(9):815-824. 
doi:10.1016/j.jgg.2021.08.001

22.	 Bhattacharyya S, Shumard T, Xie H, et al. A randomized trial of 
the effects of the no-carrageenan diet on ulcerative colitis disease 
activity. Nutr Healthy Aging. 2017;4(2):181-192. doi:10.3233/
NHA-170023

23.	 Laatikainen R, Lehto M, Makela-Salmi N, Hillila M, Groop PH, 
Salmenkari H. Randomized controlled pilot study: effect of carra-
geenan emulsifier on inflammation and gastrointestinal symptoms 
in quiescent ulcerative colitis. Food Nutr Res. 2023;67(1):9575. 
doi:10.29219/fnr.v67.9575

24.	 Halmos EP, Godny L, Vanderstappen J, Sarbagili-Shabat C, Svolos 
V. Role of diet in prevention versus treatment of Crohn’s disease 
and ulcerative colitis. Frontline Gastroenterol. 2024;15(3):247-
257. doi:10.1136/flgastro-2023-102417

25.	 Vanhove W, Nys K, Arijs I, et al. Biopsy-derived intestinal epithe-
lial cell cultures for pathway-based stratification of patients with 
inflammatory bowel disease. J Crohns Colitis. 2018;12(2):178-
187. doi:10.1093/ecco-jcc/jjx122

26.	 Arnauts K, Verstockt B, Ramalho AS, Vermeire S, Verfaillie C, 
Ferrante M. Ex vivo mimicking of inflammation in organoids 
derived from patients with ulcerative colitis. Gastroenterology. 
2020;159(4):1564-1567. doi:10.1053/j.gastro.2020.05.064

27.	 Vancamelbeke M, Laeremans T, Vanhove W, et al. Butyrate 
does not protect against inflammation-induced loss of epithe-
lial barrier function and cytokine production in primary cell 

https://doi.org/10.2903/j.efsa.2018.5238
https://doi.org/10.1080/10408444.2023.2270574
https://doi.org/10.1080/10408444.2023.2270574
https://doi.org/10.3181/00379727-111-27849
https://doi.org/10.3181/00379727-111-27849
https://doi.org/10.1136/gut.14.6.506
https://doi.org/10.3109/10408444.2013.861798
https://doi.org/10.1093/ecco-jcc/jjaa254
https://doi.org/10.1111/1541-4337.12790
https://doi.org/10.1111/1541-4337.12790
https://doi.org/10.1136/bmj.n1554
https://doi.org/10.1017/S1368980018003762
https://doi.org/10.1016/j.crohns.2013.01.004
https://doi.org/10.1093/ibd/izad318
https://doi.org/10.1152/ajpgi.00380.2006
https://doi.org/10.1016/j.toxlet.2012.04.012
https://doi.org/10.3892/mmr.2013.1726
https://doi.org/10.3892/mmr.2013.1726
https://doi.org/10.1186/s12876-016-0459-7
https://doi.org/10.1186/s12876-016-0459-7
https://doi.org/10.1016/j.fct.2016.07.006
https://doi.org/10.1016/j.toxlet.2017.07.904
https://doi.org/10.1016/j.toxlet.2017.07.904
https://doi.org/10.1016/j.carbpol.2021.118830
https://doi.org/10.1016/j.carbpol.2021.118830
https://doi.org/10.1016/j.carbpol.2023.121368
https://doi.org/10.1016/j.carbpol.2017.09.059
https://doi.org/10.1016/j.jgg.2021.08.001
https://doi.org/10.3233/NHA-170023
https://doi.org/10.3233/NHA-170023
https://doi.org/10.29219/fnr.v67.9575
https://doi.org/10.1136/flgastro-2023-102417
https://doi.org/10.1093/ecco-jcc/jjx122
https://doi.org/10.1053/j.gastro.2020.05.064


Vissers et al 1403

monolayers from patients with ulcerative colitis. J Crohns Colitis. 
2019;13(10):1351-1361. doi:10.1093/ecco-jcc/jjz064

28.	 Bhattacharyya S, Gill R, Chen ML, et al. Toll-like receptor 4 mediates 
induction of the Bcl10-NFkappaB-interleukin-8 inflammatory 
pathway by carrageenan in human intestinal epithelial cells. J Biol 
Chem. 2008;283(16):10550-10558. doi:10.1074/jbc.M708833200

29.	 Ananthakrishnan AN. Impact of diet on risk of IBD. Crohns Co-
litis 360. 2020;2(1):otz054. doi:10.1093/crocol/otz054

30.	 Chen J, Wellens J, Kalla R, et al. Intake of ultra-processed foods 
is associated with an increased risk of Crohn’s disease: a cross-
sectional and prospective analysis of 187 154 participants in the 
UK biobank. J Crohns Colitis. 2023;17(4):535-552. doi:10.1093/
ecco-jcc/jjac167

31.	 Chassaing B, Koren O, Goodrich JK, et al. Dietary emulsifiers 
impact the mouse gut microbiota promoting colitis and meta-
bolic syndrome. Nature. 2015;519(7541):92-96. doi:10.1038/na-
ture14232

32.	 Roberts CL, Keita AV, Duncan SH, et al. Translocation of Crohn’s 
disease Escherichia coli across M-cells: contrasting effects of sol-
uble plant fibres and emulsifiers. Gut. 2010;59(10):1331-1339. 
doi:10.1136/gut.2009.195370

33.	 Okumura R, Takeda K. Roles of intestinal epithelial cells in the 
maintenance of gut homeostasis. Exp Mol Med. 2017;49(5):e338. 
doi:10.1038/emm.2017.20

34.	 Turpin W, Lee S-H, Raygoza Garay JA, et al.; Crohn’s and Co-
litis Canada Genetic Environmental Microbial Project Research 
Consortium. Increased intestinal permeability is associated 
with later development of Crohn’s disease. Gastroenterology. 
2020;159(6):2092-2100.e5. doi:10.1053/j.gastro.2020.08.005

35.	 Poletti M, Arnauts K, Ferrante M, Korcsmaros T. Organoid-based 
models to study the role of host-microbiota interactions in IBD. 
J Crohns Colitis. 2021;15(7):1222-1235. doi:10.1093/ecco-jcc/
jjaa257

36.	 Dotti I, Salas A. Potential use of human stem cell-derived intes-
tinal organoids to study inflammatory bowel diseases. Inflamm 
Bowel Dis. 2018;24(12):2501-2509. doi:10.1093/ibd/izy275

37.	 Wu W, Zhen Z, Niu T, et al. kappa-carrageenan enhances 
lipopolysaccharide-induced interleukin-8 secretion by stimulating 
the Bcl10-NF-kappaB pathway in HT-29 cells and aggravates 

C. freundii-induced inflammation in mice. Mediators Inflamm. 
2017;2017(1):8634865. doi:10.1155/2017/8634865

38.	 Poritz LS, Harris LR, Kelly AA, Koltun WA. Increase in the tight 
junction protein claudin-1 in intestinal inflammation. Dig Dis Sci. 
2011;56(10):2802-2809. doi:10.1007/s10620-011-1688-9

39.	 Shu Y, Liu X-B, Ma X-H, et al. Immune response mechanism of 
mouse monocytes/macrophages treated with κ-carrageenan pol-
ysaccharide. Environ Toxicol Pharmacol. 2017;53(1):191-198. 
doi:10.1016/j.etap.2017.06.010

40.	 Mahler GJ, Shuler ML, Glahn RP. Characterization of Caco-2 
and HT29-MTX cocultures in an in vitro digestion/cell cul-
ture model used to predict iron bioavailability. J Nutr Biochem. 
2009;20(7):494-502. doi:10.1016/j.jnutbio.2008.05.006

41.	 Johansson ME. Mucus layers in inflammatory bowel disease. 
Inflamm Bowel Dis. 2014;20(11):2124-2131. doi:10.1097/
MIB.0000000000000117

42.	 Lock JY, Carlson TL, Wang CM, Chen A, Carrier RL. Acute ex-
posure to commonly ingested emulsifiers alters intestinal mucus 
structure and transport properties. Sci Rep. 2018;8(1):10008. 
doi:10.1038/s41598-018-27957-2

43.	 Chassaing B, Compher C, Bonhomme B, et al. 
Randomized controlled-feeding study of dietary emulsifier 
carboxymethylcellulose reveals detrimental impacts on the gut 
microbiota and metabolome. Gastroenterology. 2022;162(3):743-
756. doi:10.1053/j.gastro.2021.11.006

44.	 Olli KE, Rapp C, O’Connell L, et al. Muc5ac expression protects 
the colonic barrier in experimental colitis. Inflamm Bowel Dis. 
2020;26(9):1353-1367. doi:10.1093/ibd/izaa064

45.	 Weiner ML, Nuber D, Blakemore WR, Harriman JF, Cohen SM. A 
90-day dietary study on kappa carrageenan with emphasis on the 
gastrointestinal tract. Food Chem Toxicol. 2007;45(1):98-106. 
doi:10.1016/j.fct.2006.07.033

46.	 Guo JJ, Shang XK, Chen PL, Huang XZ. How does carrageenan 
cause colitis? A review. Carbohydr Polym. 2023;302(1):120374. 
doi:10.1016/j.carbpol.2022.120374

47.	 Wang B, Chen X, Chen Z, et al. Stable colonization of Akkermansia 
muciniphila educates host intestinal microecology and immunity 
to battle against inflammatory intestinal diseases. Exp Mol Med. 
2023;55(1):55-68. doi:10.1038/s12276-022-00911-z

https://doi.org/10.1093/ecco-jcc/jjz064
https://doi.org/10.1074/jbc.M708833200
https://doi.org/10.1093/crocol/otz054
https://doi.org/10.1093/ecco-jcc/jjac167
https://doi.org/10.1093/ecco-jcc/jjac167
https://doi.org/10.1038/nature14232
https://doi.org/10.1038/nature14232
https://doi.org/10.1136/gut.2009.195370
https://doi.org/10.1038/emm.2017.20
https://doi.org/10.1053/j.gastro.2020.08.005
https://doi.org/10.1093/ecco-jcc/jjaa257
https://doi.org/10.1093/ecco-jcc/jjaa257
https://doi.org/10.1093/ibd/izy275
https://doi.org/10.1155/2017/8634865
https://doi.org/10.1007/s10620-011-1688-9
https://doi.org/10.1016/j.etap.2017.06.010
https://doi.org/10.1016/j.jnutbio.2008.05.006
https://doi.org/10.1097/MIB.0000000000000117
https://doi.org/10.1097/MIB.0000000000000117
https://doi.org/10.1038/s41598-018-27957-2
https://doi.org/10.1053/j.gastro.2021.11.006
https://doi.org/10.1093/ibd/izaa064
https://doi.org/10.1016/j.fct.2006.07.033
https://doi.org/10.1016/j.carbpol.2022.120374
https://doi.org/10.1038/s12276-022-00911-z

	Dietary Carrageenan Amplifies the Inflammatory Profile, but not Permeability, of Intestinal Epithelial Cells from Patients With Crohn’s Disease
	Introduction
	Materials and Methods
	Cell Culture
	Coculture of Caco-2 and HT29-MTX Cells on Transwell Inserts
	Human Biopsy Collection
	Intestinal Crypt Isolation and Organoid Culture
	Intestinal Organoid-Derived Monolayers
	Induction of Inflammation
	Carrageenan Exposure
	Transepithelial Electrical Resistance Measurements
	RNA Extraction
	Gene Expression Analysis by Quantitative Reverse-Transcription PCR (RT-qPCR)
	Cytokine Measurements
	Statistics

	Results
	Carrageenan Does Not Affect the Permeability of Caco-2/HT29-MTX Cocultures
	κ-CGN Does Not Directly Affect the Permeability of Organoid-Derived Epithelial Monolayers from Patients with CD
	κ-CGN Induces Minor Changes in the Expression of Barrier-Related Genes
	κ-CGN Exposure Causes Upregulation of Pro-Inflammatory Genes in Intestinal Epithelial Cells from CD Patients
	κ-CGN Alters Cytokine Release of Intestinal Epithelial Cells from Patients with CD

	Discussion
	Supplementary data
	References


