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Abstract. κ‑carrageenan (κ‑CGN) is an important food additive 
that has been demonstrated to induce colitis in animal models. 
In the present study, the effects of κ‑CGN were assessed using 
an in vitro co‑culture system that contained intestinal epithe-
lial Caco‑2 cells and activated macrophage‑like THP‑1 cells. 
The results demonstrated that in single cultures of Caco‑2 
and THP‑1 cells treated with κ‑CGN, the cytotoxicity and 
the secretion levels of IL‑1β, IL‑6 and TNF‑α were low. In 
the co‑culture system, however, κ‑CGN treatment resulted 
in apoptosis and reduced the transepithelial electrical resis-
tance of the Caco‑2 cell monolayers. The secretion levels of 
TNF‑α, IL‑1β and IL‑6 from the two cell types were increased 
significantly by κ‑CGN treatment. Furthermore, pretreatment 
of the co‑culture system with anti‑TNF receptor 1 antibody 
suppressed the κ‑CGN‑induced apoptosis and attenuated 
the changes in the levels of IL‑6 and IL‑1β in the Caco‑2 
monolayers. This study indicated that κ‑CGN‑induced TNF‑α 
secretion is the main contributor to cellular damage in Caco‑2 
monolayers exposed to κ‑CGN.

Introduction

Carrageenans (CGNs) are a group of large sulfated polysac-
charides derived from red algae. The most common forms of 
CGNs are κ, ι and λ (1). Of these, κ‑CGN is widely used as 

a thickening, gelling and stabilizing agent in various types 
of food products, such as desserts, sauces, milk, yogurt and 
meats (2).

The safety of food‑grade CGN has been questioned for 
several decades. By reviewing animal studies on the effects 
of CGNs, Tobacman  (3) identified that CGN may cause 
gastrointestinal pathology, including ulcerations and tumors 
of the gastrointestinal tract and, due to this fact, CGNs 
have been widely used to establish inflammation models. 
Therefore, Tobacman claimed that CGN may be harmful to 
the human gastrointestinal tract. However, these claims have 
been disputed by a number of international agents, including 
the U.S. Food and Drug Administration, the European 
Commission's Scientific Committee for Food and the Joint 
FAO/WHO Expert Committee on Food Additives. They 
evaluated Tobacman's study and concluded that ‘there is no 
evidence of any adverse effects in humans from exposure to 
food‑grade carrageenan’ (4‑8). Therefore, there is no absolute 
verdict on whether CGNs are safe for use by the food industry. 

The present study also reviewed previous studies concerning 
the effects of CGNs in animal models and it was identified 
that the animals used were all healthy prior to the commence-
ment of the studies. The conclusions from those studies were 
quite different from each other (1,3‑10). These discrepancies 
may be due to the complexity of the various study systems. 
For example, in long‑term assays, due to different methods of 
handling the animals, harmful bacteria may be increased in 
the gut and neutrophils may be transmigrated to the damaged 
tissues, resulting in varied immune responses to CGNs.

The mucosal surface of the gastrointestinal tract forms 
a barrier to separate the luminal contents from the effector 
immune cells underneath. Disruption of this barrier is critical 
in the initiation of inflammatory bowel diseases (IBDs) (11). 
It has become increasingly clear that intestinal epithelial 
cells are regulated by immune cells beneath the intestinal 
epithelial monolayer via soluble factors. Previous studies have 
suggested that intestinal intraepithelial lymphocytes or macro-
phages respond to stimulation by secreting cytokines (12,13). 
Abnormal activation of these intestinal immune cells is likely 
to cause the overproduction of inflammatory cytokines, which 
may damage intestinal epithelial monolayers and disrupt 
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subsequent mucosal inflammation (14). Previous analyses of 
the intestinal inflammatory effects of CGNs have been mainly 
performed using animal models. However, the detailed regula-
tory mechanism of CGN on the co‑existent system of intestinal 
epithelial cells and macrophages has not been elucidated.

Therefore, in the present study, an in  vitro model was 
established to evaluate the inflammatory effects of κ‑CGN. A 
co‑culture system comprising human intestinal epithelial‑like 
Caco‑2 cells and phorbol myristrate acetate (PMA)‑stimulated 
THP‑1 macrophage cells was used, based on the assumption 
that macrophages transmigrate to become situated underneath 
the intestinal epithelial cells. Cell‑to‑cell interactions between 
Caco‑2 and THP‑1 cells were also investigated using the 
co‑culture system. 

Materials and methods

Cell culture. Human colon adenocarcinoma Caco‑2 cells 
[China Center for Type Culture Collection (CCTCC), Wuhan, 
China] at passages 30‑60 were cultured in Dulbecco's modi-
fied Eagle's medium/Nutrient Mix  F12 (Sigma‑Aldrich, 
St. Louis, MO, USA) supplemented with 10% fetal bovine 
serum, 100 U/ml penicillin and 100 µg/ml streptomycin at 
37˚C with 5% CO2 and 95% saturated atmospheric humidity. 
For the following assays, the seeding density of cells was 
3‑4x105 cells/ml. For co‑culture, Caco‑2 cells were cultured 
on 0.4‑µm semipermeable support membranes in 24‑well cell 
culture inserts (Millicell culture cell inserts, Millicell‑PCF; 
Millipore Ireland Ltd, Cork, Ireland). The Caco‑2 cells were 
cultured for 15 days to obtain integrated cell monolayers with 
a transepithelial electrical resistance (TER) of >200 Ω.cm2. 
THP‑1 cells obtained from the CCTCC were maintained in 
RPMI‑1640 medium supplemented with 10% fetal bovine 
serum, 2% glutamine, 100 U/ml penicillin and 100 µg/ml 
streptomycin at 37˚C with 5% CO2. The THP‑1 cells used for 
co‑culture were treated with 0.1 µg/ml PMA in 24‑well plates 
to differentiate them into macrophage‑like cells prior to being 
serum‑starved for 12 h.

Cell viabilit y assays. 3‑(4,5‑Dimethylthiazol‑2‑yl)-
2,5‑diphenyltetrazolium bromide (MTT) cytotoxicity assays 
were performed on 2‑day and 15‑day cultured Caco‑2 cells and 
differentiated THP‑1 cells that had been treated with κ‑CGN 
to determine the cellular survival levels (15). Absorbance was 
measured at 492 nm with a Varioskan Flash (Thermo Fisher 
Scientific, Waltham, MA, USA). All experiments were repeated 
three times, and the data are presented as the percentages of 
the experimental viability of the treated cells compared with 
that of the control cells.

Co‑culture. The semipermeable support membrane on which 
the Caco‑2 cells had been cultured for 15 days was placed on 
the macrophage‑like THP‑1 cells in the 24‑well plates. Once 
the co‑culture was started, various concentrations of κ‑CGN 
were administered to the upper Caco‑2 medium for a number 
of time periods.

Determination of cellular damage of Caco‑2 monolayers. 
TER values were measured to assess the tight junction perme-
ability and cellular damage of Caco‑2 cell monolayers. In the 

co‑culture system, κ‑CGN was applied to the upper Caco‑2 
medium. Following treatment, the cell monolayers were 
rinsed with phosphate‑buffered saline (PBS) and TER values 
were measured with a Millicell ERS instrument (Millipore, 
Bedford, MA, USA). An empty millicell insert was used as 
a blank control. Incubation with PBS was set as the negative 
control. The TER value of 15‑day cultured Caco‑2 cell mono-
layers prior to insertion into the 24‑well plates was set as 0 h. 

Hematoxylin and eosin (H&E) staining was performed to 
monitor the cellular damage to the Caco‑2 monolayers. Briefly, 
following κ‑CGN treatment, the membranes were washed with 
PBS and then fixed with 10% formaldehyde in PBS for 20 min, 
prior to being stained with H&E for routine light microscopy. 
The H&E stained areas were analyzed with Image‑Pro Plus, 
version 5.1 (Media Cybernetics, Bethesda, MD, USA). 

Annexin V‑FITC/PI assay. Flow cytometry was performed to 
identify and quantify apoptotic and/or necrotic cells using the 
Annexin V‑FITC/PI Apoptosis Detection kit (BD Biosciences 
Pharmingen, San Jose, CA, USA). The co‑culture system was 
treated with various concentrations of κ‑CGN or with the 
vehicle (ddH2O) for 24 h, with or without pretreatment using 
10 µg/ml anti‑TNF receptor 1 (TNFR1) antibody (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA). The Caco‑2 cells 
were harvested by trypsinization, washed twice with PBS and 
resuspended in binding buffer. The resuspended cells were 
incubated with 5 µl annexin V‑FITC and 5 µl PI for 15 min in 
the dark prior to being analyzed with a FITC/PI FACSCalibur 
flow cytometer (FACSCalibur; BD Biosciences Pharmingen). 
For each plot, annexin V‑FITC‑/PI‑ represents viable cells; 
annexin V‑FITC‑/PI+ represents necrotic cells; annexin 
V‑FITC+/PI‑ represents early apoptotic cells; and annexin 
V‑FITC+/PI+ represents late apoptotic cells.

Cytokine measurements. Various concentrations of κ‑CGN 
were administered to the upper medium of the co‑culture 
system for 24 h, with or without a pretreatment using 10 µg/ml 
recombinant human anti‑TNFR1 antibody for 2 h. The concen-
trations of cytokines (IL‑8, TNF‑α, IL‑6 and IL‑1β) in each 
collected supernatant were determined using IL‑8, TNF‑α, 
IL‑6 and IL‑1β ELISA kits (R&D Systems, Minneapolis, 
MN, USA) according to the manufacturer's instructions. The 
quantification was achieved by calibration with the standards. 
Cytokine secretions from single‑cultured Caco‑2 or THP‑1 
cells treated with 10 µg/ml κ‑CGN were also determined by 
ELISA assay.

Statistical analyses. All data are presented as the mean ± stan-
dard deviation. Statistical comparisons between treated and 
control samples were performed using the Student's t‑test. 
One‑way analysis of variance followed by Duncan's multiple 
range test was used for analysis of differences among 
experimental groups (SPSS Software, version 16.0, SPSS, Inc., 
Chicago, IL, USA). A difference was considered to be statisti-
cally significant when P<0.05. 

Results

Effects of κ‑CGN on cell survival. The cytotoxic effects of 
κ‑CGN were determined for differentiated (15‑day culture to 
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form monolayers) and undifferentiated (2‑day culture) Caco‑2 
cells. The cells were treated with different concentrations of 
κ‑CGN for 24 h. As shown in Fig. 1, κ‑CGN treatment resulted 
in a mild reduction in the survival of the differentiated and 
undifferentiated Caco‑2 cells in a concentration‑dependent 
manner. However, no evident cytotoxicity was observed. The 
differentiated Caco‑2 cells were more sensitive to κ‑CGN 
than the undifferentiated ones. For example, 10 µg/ml κ‑CGN 
treatment resulted in 10.26% inhibition of the survival of 
differentiated Caco‑2 cells, but had little effect on the survival 
of the undifferentiated cells (Fig. 1). The effect of the incuba-
tion period on κ‑CGN cytotoxicity was also evaluated (Fig. 2). 
Incubation with 10 µg/ml κ‑CGN for 8 h had little effect on 
the survival of the differentiated Caco‑2 cells and the degree 
of inhibition was only 1.54%. Following a 12‑h incubation, a 
more marked inhibitory effect was observed, which persisted 
for the duration of the 24‑h experimental period. The effect of 
κ‑CGN on differentiated THP‑1 cells was also evaluated but 
no cytotoxic effects were detected. At 10 µg/ml κ‑CGN, the 
viability of THP‑1 cells was maintained at 109.45 ± 20.49%.

κ‑CGN‑induces damage to Caco‑2 cell monolayers in the 
co‑culture system. In the co‑culture system, Caco‑2 and 
THP‑1 cells were not in contact with each other; thus, they 
interacted only via soluble factors secreted from each cell line.

Even without κ‑CGN treatment, co‑culture with THP‑1 
cells caused slight damage to the Caco‑2 cells, as demon-
strated by the decreased TER value  (Fig.  3) and H&E 
staining (Fig. 4A). Following κ‑CGN application, the damage 
increased significantly (P<0.01; Fig. 3). Even after only 24 h 
incubation with 1 µg/ml, the TER value was decreased to the 
minimum recorded value, indicating that the monolayers were 
completely damaged.

The κ‑CGN treatment at 10 µg/ml was applied for 24 h to 
investigate the effects of incubation time on the integrity of 
monolayers and this was evaluated by monitoring their TER 
values. Longer periods of κ‑CGN treatment decreased the TER 
values, with the most marked changes occurring in the first 4 h 
(Fig. 5). Consistently, severe damage was observed following 4 h 
of treatment, with 85.42±8.74% of cells having been peeled off 

and not stained by H&E (Fig. 4C). Following 24 h of treatment 
with 5 µg/ml κ‑CGN, 83.04±6.28% of the Caco‑2 monolayer 
was damaged (Fig. 4G). These results clearly demonstrate that 
κ‑CGN severely damaged the intestinal epithelial Caco‑2 cell 
monolayers in the co‑culture system.

Apoptosis and necrosis of Caco‑2 cells are induced by κ‑CGN. 
Annexin‑V‑FITC and PI staining was used to characterize the 
cellular damage to the Caco‑2 monolayers. In this assay, the 
Caco‑2 cell monolayers in the co‑culture system were incu-
bated with various concentrations of κ‑CGN or with the vehicle 
for 24 h. As shown in Fig. 6, the co‑culture with THP‑1 cells 
alone caused cellular damage, mainly necrosis and apoptosis, 
to the Caco‑2 monolayers. The percentage of cells undergoing 
necrosis (annexin‑V‑FITC‑/PI+ quadrant) was 15.63%, and that 
of cells undergoing apoptosis was 24.11% (Fig. 6A). 

Treatment with κ‑CGN caused more significant levels 
of apoptosis in the Caco‑2 monolayers. Specifically, the 
percentage of double positive cells (late stage of apoptosis) 
was increased from 12.41% to 38.23% when the cells were 
treated with 10 µg/ml κ‑CGN (P<0.01), while the percentage 
of annexin‑V‑FITC+/PI‑ cells (early stage of apoptosis) was 
increased from 11.70% to 22.09% with 10  µg/ml κ‑CGN 

Figure 1. Cytotoxicity of κ‑CGN in differentiated and undifferentiated 
Caco‑2 cells. Two‑day (undifferentiated) and 15‑day (differentiated) cul-
tured Caco‑2 cells were treated with different concentrations of κ‑CGN for 
24 h and cell viability was determined using an MTT assay. Cell survival 
(100%) was assigned to the control without treatment and changes in cell 
viability relative to the control were calculated. The data are presented as the 
mean ± SD (n=3). κ‑CGN, κ‑carrageenan; MTT, 3‑(4,5‑dimethylthiazol‑2‑yl)-
2,5‑diphenyltetrazolium bromide.

Figure 2. Effects of incubation time on the cytotoxicity of κ‑CGN to differ-
entiated Caco‑2 cells. Fifteen‑day (differentiated) cultured Caco‑2 cells were 
treated with 10 µg/ml κ‑CGN for different time periods, and cell viability 
was determined using an MTT assay. The data are presented as means ± SD 
(n=3). κ‑CGN, κ‑carrageenan; MTT, 3‑(4,5‑dimethylthiazol‑2‑yl)-2,5‑diphe-
nyltetrazolium bromide.

Figure 3. Effects of κ‑CGN on the TER values of Caco‑2 monolayers in 
the co‑culture system. Caco‑2 cells were co‑cultured with differentiated 
THP‑1 cells. κ‑CGN was applied to the upper Caco‑2 medium for 24 h and 
the TER values of Caco‑2 cell monolayers were then determined. An empty 
millicell insert was used as a blank control. Incubation with PBS was set 
as a negative control. The TER value of 15‑day cultured Caco‑2 cell mono-
layers prior to being inserted into 24‑well plates was set as 0 h. Each value 
is presented as the mean ± SD (n=3). Statistical significance was deter-
mined by one‑way ANOVA followed by Duncan's multiple comparison 
test. Same lowercase letters in columns indicate there is no statistically 
significant difference (P<0.01), although the different letters indicate that 
they are significantly different from each other. TER, transepithelial elec-
trical resistance; κ‑CGN, κ‑carrageenan; PBS, phosphate‑buffered saline; 
ANOVA, analysis of variance.
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treatment. The necrosis, however, was actually reduced by 
κ‑CGN treatment in a concentration‑dependent manner, indi-
cating that κ‑CGN partially reduces the necrosis of Caco‑2 
cells when co‑cultured with macrophage‑like THP‑1 cells.

Effects of κ‑CGN on the secretion of inflammatory cytokines 
from single‑cultured cells. The secreted cytokines were 
tested to explore why co‑culture rendered Caco‑2 cells highly 
vulnerable to κ‑CGN treatment. To exclude the contributory 
effects of κ‑CGN on the cells, the levels of secreted inflam-
matory cytokines in the single‑cultured cells were measured 
first. As shown in Table I, no significant stimulatory effects 
of κ‑CGN were observed for IL‑1β, IL‑6 and TNF‑α in the 
differentiated or undifferentiated Caco‑2 cells. The secre-
tion of IL‑8 was stimulated by κ‑CGN treatment, but the 
increased amount was too low to induce an effective inflam-
matory response. The levels of TNF‑α, IL‑1β and IL‑8 were 
relatively high for THP‑1 cells as they were treated with 
PMA and were significantly increased by κ‑CGN treatment 
(P<0.05). 

Secretion of inflammatory cytokines in the co‑culture system. 
It has been demonstrated that co‑culture of Caco‑2 cells with 
THP‑1 cells results in the secretion of TNF‑α from THP‑1 cells, 
which causes cellular damage to the Caco‑2 monolayers (16). 
In the present study, substantial increases in the secretion of 
TNF‑α and also IL‑1β, IL‑6 and IL‑8 were detected in the 
medium of the Caco‑2 cells. At the same time, the levels 
of these cytokines were also increased significantly in the 
underlayer medium of the THP‑1 cells (Table II), indicating 
crosstalk between the Caco‑2 and THP‑1 cells via the secre-
tion of these cytokines. Notably, in the Caco‑2 cells without 

Figure 4. H&E staining of Caco‑2 monolayers treated with κ‑CGN. In the co‑culture system, 10 µg/ml κ‑CGN was added to the upper Caco‑2 medium for 
(A) 0 h, (B) 1 h, (C) 4 h or (D) 8 h, or the upper Caco‑2 medium was treated with (E) the vehicle, (F) 1 µg/ml, (G) 5 µg/ml or (H) 10 µg/ml κ‑CGN for 24 h. The 
membranes were washed with PBS and fixed in 10% formaldehyde PBS for 20 min. The membranes were stained with H&E for routine light microscopy. The 
H&E stained areas indicate the existence of cells on the membranes. H&E, hematoxylin and eosin; κ‑CGN, κ‑carrageenan; PBS, phosphate‑buffered saline.

Figure 6. Percentage of apoptotic and/or necrotic cells in Caco‑2 monolayers 
determined by an annexin V‑FITC/PI binding assay. (A) Control, (B) 1 µg/ml, 
(C) 5 µg/ml and (D) 10 µg/ml κ‑CGN. The different concentrations of κ‑CGN 
or the vehicle were administered to the upper medium of the co‑culture 
system for 24  h. The Caco‑2 cells were harvested for flow cytometric 
analysis. For each plot, annexin V‑FITC‑/PI‑ represents viable cells; annexin 
V‑FITC‑/PI+ represents necrotic cells; annexin V‑FITC+/PI‑ represents early 
apoptotic cells; and annexin V‑FITC+/PI+ represents late apoptotic cells. 
Statistical significance was determined by one‑way ANOVA followed by 
Duncan's multiple comparison test. Each value is presented as the mean ± SD 
(n=3). Differences in the number of late apoptotic cells between the control 
and κ‑CGN groups are statistically significant with P<0.01 for all concentra-
tions. κ‑CGN, κ‑carrageenan; ANOVA, analysis of variance.

  A   B   C

  E   F   G   H

  D

  A   B

  C   D

Figure 5. Effects of incubation time on the TER values of Caco‑2 monolayers 
in the co‑culture system treated with κ‑CGN. Caco‑2 cells were co‑cultured 
with differentiated THP‑1 cells. κ‑CGN (10 µg/ml) was applied to the upper 
Caco‑2 medium for different time periods, and the TER values of the Caco‑2 
cell monolayers were determined. Each value is presented as the mean ± SD 
(n=3). TER, transepithelial electrical resistance; κ‑CGN, κ‑carrageenan.
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κ‑CGN treatment, 24.11% apoptosis (including 12.41% late 
stage apoptosis and 11.70% early stage apoptosis) and 15.63% 
necrosis was observed (Fig. 6A). 

When treated with κ‑CGN, the secretion of these four 
cytokines from the two cells lines was markedly increased 
in a concentration‑dependent manner. Specifically, κ‑CGN 
treatment at 10 µg/ml resulted in 1.8, 1.9 and 2.3‑fold higher 
secretion of IL‑6, IL‑1β and TNF‑α, respectively, in the 
upper layer supernatants than in the co‑culture control. In 
the underlayer supernatants, this concentration of κ‑CGN 
resulted in 1.9, 1.3 and 1.7‑fold higher levels of secretion 
for these three cytokines. These results suggest that κ‑CGN 
treatment promotes the communication between Caco‑2 
and THP‑1 cells, resulting in the augmented secretion of 
cytokines. The PMA‑stimulated THP‑1 cells alone gener-
ated high levels of IL‑8; thus, no significant changes were 

observed in IL‑8 secretion levels following κ‑CGN treatment 
(Table II). 

Effects of anti‑TNFR1 antibody against the κ‑CGN‑induced 
cellular damage of Caco‑2 monolayers. κ‑CGN treatment at 
10 µg/ml induced ~6,000 pg/ml of TNF‑α secretion from the 
THP‑1 cells in the co‑culture system (Table II). Therefore, the 
Caco‑2 monolayers in the co‑culture system were incubated 
with 6,000 pg/ml TNF‑α without κ‑CGN treatment to explore 
the role of TNF‑α in κ‑CGN‑induced apoptosis (Fig. 7). As 
shown in Fig. 7B, the exposure of Caco‑2 monolayers to TNF‑α 
significantly increased the percentage of cells undergoing the 
early and late stages of apoptosis (P<0.01), in a similar manner 
to the κ‑CGN treatment at 10  µg/ml. The TNFR1s were 
then blocked using an anti‑TNFR1 antibody to confirm the 
role of TNF‑α, as TNFR1s are the primary type of receptor 

Table I. Inflammatory cytokines secreted from Caco-2 cells and THP-1 cells stimulated with κ-CGN.

	 Cytokine level (pg/ml)
	 ---------------------------------------------------------------------------------------------------------------------------------------------------
		  Undifferentiated	 Differentiated	 Differentiated
Cytokine	 Cells	 Caco-2 cells 	 Caco-2 cells	 THP-1 cells

TNF-α	 Control	 N. D.	 N. D.	 109.0±9.4
	 κ-CGN	 N. D.	 N. D.	 330.3±29.8a

IL-6	 Control	 1.4±0.2	 4.1±0.5	 4.4±1.0
	 κ-CGN	 1.3±0.1	 3.6±0.5	 7.7±0.2
IL-1β	 Control	 N. D.	 N. D.	 109.6±11.0
	 κ-CGN	 1.4±0.2	 N. D.	 256.6±2.1a

IL-8	 Control	 109.7±18.9	 269.1±19.8	 5936.4±122.9
	 κ-CGN	 145.9±14.2	 474.1±21.3a	 14156.5±108.6a

Statistical significance was determined by Student's t-test. aP<0.05, compared with the control group value. Values are presented as the 
mean ± SD κ‑CGN, κ‑carrageenan; N.D. indicates a value below the level of detection.

Table II. Effect of κ-CGN on inflammatory cytokine secretion from the two types of cells in the co-culture system.

	 Cytokine level (pg/ml)
	 -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
		  Monoculture	 Co‑culture	 1 µg/ml	 5 µg/ml	 10 µg/ml
Cytokines	 Cell lines	  control	 control	 κ-CGN	 κ-CGN	 κ-CGN

TNF-α	 Caco-2	 N. D.	 1225.3±23.1	 1480.3±30.7	 2215.7±40.1b	 2775.8±17.2c

	 THP-1	 109.0±9.3	 3400.9±43.6a	 4640.4±14.6b	 5092.7±59.8c	 5772.2±23.8c

IL-6	 Caco-2	 4.1±0.5	 181.0±33.1	 210.1±30.2	 275.9±44.5	 321.25±18.29b

	 THP-1	 4.4±1.2	 404.5±41.8a	 423.6±36.1	 460.3±40.1	 577.47±37.09b

IL-1β	 Caco-2	 N. D.	 298.5±47.0	 404.1±50.0	 496.0±57.3	 572.3±28.5b

	 THP-1	 109.6±11.0	 714.6±23.1a	 756.8±20.6	 763.9±20.1	 941.8±36.9b

IL-8	 Caco-2	 269.1±19.8	 33462.4±59.0a	 35332.2±30.7	 37842.7±40.1	 38904.5±87.2
	 THP-1	 5936.4±104.5	 42763.0±106.4a	 43513.4±80.4	 44133.0±70.7	 44913.4±113.2

Statistical significance was determined by Student's t-test. aP<0.01, compared with the value of the control groups with cells cultured on 
their own. bP<0.05 and cP<0.01, compared with the value of the co-culture control groups. Values are presented as the mean ± SD κ‑CGN, 
κ‑carrageenan; N.D. indicates a value below the level of detection.
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mediating the TNF‑α‑induced signaling pathways (17). As 
shown in Fig. 7C‑F, the anti‑TNFR1 antibody neutralized 
the THP‑1‑induced apoptosis and necrosis of Caco‑2 cells 
(P<0.01). The proportion of apoptotic cells was reduced by 
~57% in the 10 µg/ml κ‑CGN‑treated group compared with 
the group of 10 µg/ml κ‑CGN treated alone shown in Fig. 6D. 
This result strengthened the theory that TNF‑α secreted by 
the THP‑1 cells was the major factor that caused the damage 
associated with κ‑CGN treatment.

Effects of anti‑TNFR1 antibody on the secretion of 
κ‑CGN‑induced inflammatory cytokines. To evaluate the 
capability of TNF‑α to act as a messenger in regulating the 
response of other inflammatory cytokines induced by κ‑CGN 
in the co‑culture system, TNFR1s on the Caco‑2 cells were 
blocked and the production of IL‑6 and IL‑1β was examined. 
The production of IL‑6 was partially attenuated by the addition 
of the anti‑TNFR1 antibody (Fig. 8A). This was particularly 
evident in the group treated with 10 µg/ml κ‑CGN, where the 
anti‑TNFR1 antibody significantly suppressed IL‑6 production 
(P<0.05) by 33.0%. The anti‑TNFR1 antibody demonstrated 
clear effects on IL‑1β secretion (P<0.01). In the cells treated 
with 5 and 10 µg/ml κ‑CGN, increases in IL‑1β production 
were partially blocked by the anti‑TNFR1 antibody (Fig. 8B).

Discussion

The safety of using CGN as food additive has attracted a 
notable amount of attention. Using human colonic epithelial 
cell lines, Tobacman et al investigated the effects of CGN and 
reported the unexpected activation of innate immune responses 
through canonical and non‑canonical NF‑κB pathways (18‑22). 
However, abnormalities in colonic epithelial cells are only part 
of the complex developmental process of IBDs. It has also 

been demonstrated that intestinal epithelial cells interact with 
and are regulated by the immune cells beneath the intestinal 
epithelial monolayer via soluble factors (16). In IBD patients, 
intestinal epithelial cells and macrophages secrete large 

Figure 8. Effects of anti‑TNFR1 antibody on the κ‑CGN‑induced secretion 
of inflammatory cytokines. The upper medium of the co‑culture system was 
treated with different concentrations of κ‑CGN for 24 h, or pre‑treated with 
10 µg/ml anti‑TNFR 1 antibody for 2 h prior to κ‑CGN being applied. The 
secretion of (A) IL‑6 and (B) IL‑1β from the upper medium was determined 
by an ELISA assay. Statistical differences between anti‑TNFR 1 antibody 
pretreated groups and unpretreated groups were analyzed by Student's t‑test. 
*P<0.05 and **P<0.01. Each value is presented as the mean ± SD (n=3). 
κ‑CGN, κ‑carrageenan; TNFR 1, TNF receptor 1.

Figure 7. Role of TNF‑α in the κ‑CGN‑induced apoptosis and necrosis of Caco‑2 monolayers. The upper medium of the co‑culture system was treated 
with (A) vehicle or (B) 6,000 pg/ml TNF‑α, or pretreated with 10 µg/ml anti‑TNFR 1 antibody for 2 h, prior to (C) the vehicle, (D) 1 µg/ml, (E) 5 µg/ml or 
(F) 10 µg/ml κ‑CGN being applied for 24 h. The percentage of cells undergoing apoptosis and/or necrosis was determined by an Annexin V‑FITC/PI binding 
assay. Statistical significance was determined by one‑way ANOVA followed by Duncan's multiple comparison test. Differences in the number of apoptotic 
cells (including early stage and late stage) between (A) and (B) are statistically significant with P<0.01. Differences of apoptotic cells (including early stage 
and late stage) between (B) and (C‑F) are statistically significant with P<0.01. κ‑CGN, κ‑carrageenan; TNFR 1, TNF receptor 1; ANOVA, analysis of variance.

  A   B   C
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  A

  B
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amounts of chemokines and pro‑inflammatory cytokines (23). 
The molecular mechanisms beneath this, however, have not 
been clearly addressed. Previous studies have developed an 
artificial co‑culture system to assess the interaction between 
intestinal epithelial cells and immune cells, in which intestinal 
epithelial cells are placed on the apical side and macrophage 
cells on the basolateral side in transwells  (16,23). In the 
present study, this in vitro model consisting of Caco‑2 cells 
and PMA‑activated macrophage‑like THP‑1 cells was used to 
investigate the effects of κ‑CGN on gut inflammation. 

CGNs have been demonstrated to induce the production of 
IL‑8 (18), but the immune response was observed to be signif-
icantly weaker than the effects of lipopolysaccharide (LPS) 
on intestinal epithelial cells (24). Even studies using animal 
models have not clearly demonstrated whether CGNs harm 
the gastrointestinal tract or immune system. In the present 
study, it was hypothesized that carrageenans are potential 
conditional inflammatory agents. When the intestinal tract 
is ‘unhealthy’, CGNs may induce signal communication 
between immune and epithelial cells, resulting in damage 
to the intestinal tract. Using the co‑culture system, the 
disruption of Caco‑2 cell monolayers was observed, along 
with the increased secretion of TNF‑α, which is consistent 
with a previous study  (16). Furthermore, treatment with 
anti‑TNFR1 antibody blocked the increase in secretion of 
IL‑6 and IL‑1β and partially attenuated the damage to the 
Caco‑2 monolayers, demonstrating that TNF‑α is the initial 
factor responsible for this damage. These results also indi-
cated that the co‑culture system employed in the present 
study was suitable for the assessment of the effects of κ‑CGN 
on the intestinal tract.

TNF‑α is a special pleiotropic cytokine that medi-
ates inflammation and cell death, including apoptosis and 
necrosis  (25,26). In the present study, increased secretion 
of TNF‑α was observed following κ‑CGN treatment in the 
co‑culture system, which is consistent with the increased 
apoptosis. This result is also consistent with the study by 
Ogata et al (27), which demonstrated that carrageenan induces 
TNF‑α secretion in leukocytes. Notably, in the present study 
the levels of necrosis were reduced by κ‑CGN treatment. 
Furthermore, the anti‑TNFR1 antibody effectively neutral-
ized κ‑CGN‑induced apoptosis, confirming the critical role 
of TNF‑α in this process. This is contradictory to a previous 
study which demonstrated that exposure to CGN induced 
TNF‑α‑stimulated inflammation but not apoptosis (22). This 
discrepancy may be explained by the differences in the cell 
lines and the carrageenan used in these two studies. However, 
in the previous study it was demonstrated that combined expo-
sure to a CGN and TNF‑α led to increased activation of the 
non‑canonical pathway of NF‑κB activation, and eventually 
to marked increases in IL‑8 secretion (22). This is similar to 
the result observed in the present study, with the exception that 
the TNF‑α used in the previous study was artificially added 
to the cell medium. In the co‑culture system of the present 
study, TNF‑α production from THP‑1 cells was stimulated 
by κ‑CGN, which then acted on the Caco‑2 monolayers to 
increase the production of IL‑8.

Significantly magnified secretion levels of inflammatory 
cytokines by κ‑CGN were observed in the co‑culture system 
used in the present study, which may induce an excessive 

inflammatory response (28). The significantly increased secre-
tion of TNF‑α may also modulate the production of IL‑1β and 
IL‑6 from immune cells to activate the inflammatory reaction 
or to regulate immune responsiveness. When the binding of 
TNF‑α to its receptor was blocked, the production of IL‑6 and 
IL‑1β from the Caco‑2 monolayers was attenuated. 

In conclusion, in the present study an in vitro co‑culture 
system utilizing Caco‑2 cells and PMA‑stimulated THP‑1 
cells was designed, and κ‑CGN was demonstrated to promote 
the interactions between human colonic epithelial cells and 
immune cells through soluble factors, particularly TNF‑α. 
κ‑CGN substantially induced the secretion of TNF‑α from 
macrophage‑like THP‑1 cells, leading to a cascade of 
increased chemokines and pro‑inf lammatory cytokine 
production that caused the disruption of the Caco‑2 mono-
layers , implying that κ‑CGN as a food additive may be a 
safety concern.
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