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METHODS
Cell Culture
Three human intestinal cell lines were used in this study. The HT-29 (ATCC HTB-38) cell
line is a colon epithelial cell derived from a colorectal adenocarcinoma. Cells were cultured
in McCoy’s Modified 5A media supplemented with 10% FBS (v/v). The HCT-8 cell line
(ATCC CCL-244) was derived from a human ileocecal colorectal adenocarcinoma. These
cells were cultured in RPMI-1640 media supplemented with 10% (v/v) horse serum. The
Caco-2 (ATCC HTB-37) cells were also derived from a human colorectal adenocarcinoma.
The cells were cultured in low glucose Minimum Essential Medium (MEM) supplemented
with 1 mM Pyruvate and 20% FBS (v/v). The human hepatoma cell line (HepG2, ATCC
CRL-8065) was cultured in Eagles Minimum Essential Medium (MEM) with or without 10%
FBS (v/v).

Effects of CGN on cytotoxicity (ATP) in intestinal and hepatic cell lines
HT-29 or HCT-8 cells were seeded into 96-well culture plates at a density of 15,000 cells in
0.1 mL complete media. The cells were allowed to equilibrate and grow to confluency plus
one day prior to exposing them to CGN. Stock solutions (1 mg/mL) of ʎ-, κ-, and ι-CGN
were prepared in PBS warmed to 37oC with vortexing. The stock solution was used to
prepare exposure concentrations of 0.1, 1.0, and 10 µg/mL. The negative control was
vehicle (PBS) plus media. The positive control for induction of proinflammatory cytokines
via Toll-Like Receptor 4 (TLR4) was LPS at exposure concentrations of 1, 5, 50, 100, 500,
and 1000 ng/mL in complete media. The positive control for induction of proinflammatory
cytokines via Tumor Necrosis Factor Receptor 1 (TNFR1) was TNF-α at exposure
concentrations of 1, 5, 10, and 100 ng/mL in complete media. The positive control for
down-stream signaling of TLR4 was IL-1β, which shares the TLR4 pathway. Cellular ATP
was measured with the ATP-Lite™ luminescence assay system. Lysis buffer (100 µL) was
added to the cells of each plate following the removal of the exposure media. The samples
were then processed according to the manufacturer’s instructions. Luminescence was
measured with a BioTek Synergy™ H4 microplate reader (BioTek).
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Carrageenan (CGN) is a polysaccharide isolated from several species of red seaweed in the
family Rhodophyceae. This unique hydrocolloid consists of alternating galactose and 3,6-
anhydrogalactose sugars linked by alternating α-1,3 and β-1,4 glycosidic linkages.
Interspersed throughout the linear molecule are sulfate groups. The three commercial forms
of CGN are lambda (ʎ), kappa (κ), and iota (ι) and it is the number and placement of the
sulfate groups that determines the form and function of CGN (Blakemore and Harpell, 2010).
Safety studies conducted over the last 15-20 years in which CGN was administered to test
animals in the diet have not revealed any adverse effects. In recent years there has been a
significant number of in vitro studies in which CGN has been reported to activate
inflammatory signaling pathways resulting in an induction of proinflammatory cytokines
(Bhattacharyya et al., 2013; Bhattacharyya et al., 2010a; Bhattacharyya et al., 2010b;
Bhattacharyya et al., 2008a; Bhattacharyya et al., 2008b; Borthakur et al., 2007). These
studies have been done primarily with a normal human intestinal epithelial cell line
(NCM460, InCell Corp., San Antonio, TX), but studies have also been reported by this group
using two other cell lines; a human colorectal adenocarcinoma (HT-29) cell line and a
human line (HCT-8) derived from an ileocecal colorectal adenocarcinoma. These studies
reported that CGN induced IL-8 as well as other proinflammatory cytokines in all of these
cell types (Borthakur et al., 2012; Bhattacharyya et al., 2011). The authors posited two
pathways by which CGN can induce inflammation; 1) direct binding to and activation of the
Toll-Like-Receptor 4 (TLR4)-Bcl10 pathway and 2) induction of oxidative stress via an
increase in H2O2. Choi et al (2012) reported that exposure of HCT-8 cells to CGN increased
IL-8 expression and activated NF-kB. However, this study did not elucidate upstream
initiation events for activation of the signaling pathways leading to the increased expression
of proinflammatory cytokines. Therefore, the purpose of this study was to carefully evaluate
CGN in several cell-lines in order to understand reported in vitro effects.

Effects of CGN on oxidative stress
HT-29 cells were seeded into opaque 96-well culture plates at a density of 25,000 cells in
0.1 mL complete media. The cells were equilibrated for 18-24 hours. Following equilibration
the media was removed and 20 µM CM-H2DCFDA in PBS was added to the cells. To
ensure that the molecular probe (CM-H2DCFDA) entered the cells, the plates were
incubated at 37˚C and 5% CO2 for 30 minutes. A stock solution (1 mg/mL) of κ-CGN was
prepared in complete HT-29 media (media + serum). The stock solution was used to
prepare exposure concentrations of 0.1, 1.0, and 10 µg/mL in complete media. The positive
control for oxidative stress was H2O2 and was prepared in complete media at exposure
concentrations of 50, 100, and 200 µM.

Preparation of RNA and qRT-PCR for expression of proinflammatory cytokines
Plates for determining the effects of CGN, LPS, IL-1β and TNF-α on the expression of
Interleukin-8 (IL-8), Interleukin 6 (IL-6), Monocyte Chemoattractant Protein-1 (MCP-
1/CCL2), Toll-Like Receptor 4 (TLR4), and Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) gene expression were setup as described above for cytotoxicity. Following the
exposure period, the media was removed by aspiration and total RNA prepared using the
RNeasy plus Micro kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions.
Proteinase K and DNase incubations were included to improve RNA quality. Cell lysates
from two wells were combined resulting in three RNA replicates for each concentration and
test compound. Following isolation, total RNA purity and quantity (260nm/280nm) were
determined with a NanoDrop 2000 UV/visible spectrophotometer (Thermal Scientific,
Waltham, MA). In all instances the 260/280nm ratios exceeded 1.8. RNA integrity
(degradation) was measured with an Agilant BioAnalyzer. RNA integrity numbers (RIN)
were 10 indicating high integrity RNA. The RNA was then diluted to a final concentration of
10 ng/µL in a total volume of 25 µL.

A high capacity cDNA Reverse Transcription kit (Life Technologies,Carlsbad, CA ) was used
to synthesize cDNA according to the manufacturer’s instructions with the following
exception: The final reaction mixture contained 10.5 µL RNase free water, 5.0 µL of 10X
buffer, 2.0 µL of 25 x dNTPs, 5.0 µL of 10x random primers, 2.5 µL of the reverse
transcriptase making the final volume 25 µL. The final mixture in a 96-well plate is sealed
and placed into a Stratagene Mx3005p thermocycler. The resultant cDNA was stored at -
80oC until needed. qRT-PCR was carried out using Taqman Univerversal Master Mix II, with
UNG (Life Technologies, Carlsbad, CA). Ct data was analyzed with RealTime Statminer
version 5.0 (Integromics, Granada, Spain). Primers used are shown in Table 1.

HT-29 and HCT8 Cells were treated with CGN at the concentrations indicated for 24 hr.
Cell health was assessed by measuring intracellular changes in ATP as described
under Methods. Values represent the mean +SEM of 4 replicate wells. Statistical
changes were determined by one-way ANOVA p < 0.05. CGN had no effect on cell
viability.

Effects of κ-CGN on cellular oxidative stress was determined using CM-H2DCFDA in HT-29 cells as described in
the Methods section. After loading the cells with CM-H2DCFDA (20 µM) the cells were treated with either κ-CGN at
0.1, 1.0, or 10 µg/mL (solid circles) or with H2O2 (µM) (solid squares) as the positive control. Values represent the
mean +SEM of three experiments with each concentration in triplicate wells. Background levels were set at 100%.
CGN had no effect on cellular oxidative stress.

Three common forms of CGN were tested in HT-29 cells for their effects on proinflammatory gene expression.
HT-29 cells were cultured to confluency plus one day and then treated with CGN at 0.1, 1.0, and 10.0 µg/mL for
24 hr. IL-1β, which shares common signaling pathways with TLR4, was used as a positive control at 10 and 50
ng/mL. LPS was used as a positive control for TLR4 mediated induction at 100 ng/mL, and TNF-α was used
to evaluate induction via pathways outside of the TLR4 pathways. HT-29 cells were hyporesponsive to LPS
showing only a 3.5 fold induction, while IL-1β, and TNF-α showed potent induction of IL-8 (>20 fold). Note that
for TNF-α only CCL2 and IL-8 were measured and for IL-1β only IL-8 was measured as an indicator of pathway
activation. For CGN all three genes were measured. Exposure to CGN did not cause statistically significant
changes in the expression of the proinflammatory genes monitored.

Exposure to three forms of CGN in vitro did not cause cell death. 

Exposure of HT-29 cells to CGN did not increase oxidative stress.

CGN did not induce an inflammatory response in HT-29 or HCT-8 Cell Lines.

This work was supported in part by a collaboration with Marinalg a subgroup of the 
International Food Additives Committee (IFAC).

The food additive carrageenan (CGN) is a high molecular weight (200,000 to 800,000
Da) sulfated polysaccharide consisting of repeating galactose and 3,6 anhydrogalactose
units linked by alternating α-1,3 and β-1,4 glycosidic linkages. CGN is considered to be
safe in animals and humans. Recently, several in vitro studies using human intestinal
cell lines, including HT-29 and HCT-8, have reported that CGN increases ROS, binds to
TLR4 and induces inflammation. These findings are inconsistent with animal safety
studies and are intriguing because CGN is a large molecule that binds tightly to protein,
rendering it unavailable for cell interaction. In addition, human intestinal cell lines have
extremely low expression of TLR4 and low sensitivity to lipopolysaccharide (LPS) a
primary TLR4 agonist. Therefore, the aim of this study was to investigate whether well
characterized CGN can activate TLR4 signaling pathways in HT-29 and HCT-8 human
intestinal cell lines. Cells were grown under recommended culture conditions with 10%
serum. Cells were seeded into 96-well culture plates at 15,000 cells/well and cultured
until they were confluent. CGN (lambda, kappa, and iota) was tested at 0.1, 1, and 10
µg/mL. LPS (500 and 1000 ng/mL) was used as a positive control and all exposures
were for 24 hr. Cellular ATP was used to assess cell viability. Chloromethyl 2′, 7′-
dichlorodihydrofluorescein diacetate (CM-DCFDA) was used to measure ROS. Changes
in IL-8, TNF-α, IL-6, and CCL2 mRNA was measured by qRT-PCR. In HT-29 cells,
exposure to CGN did not induce any of the gene markers. In HCT-8 cells, a similar gene
response was observed with no statistically significant changes detected. LPS induced
IL-8 by 2-4 fold and this could be inhibited by the TLR4 inhibitor TAK242. At 0.1 and 1.0
µg/mL CGN reduced oxidative stress while at the 10 µg/mL concentration production of
ROS was equivalent to control values. No cytotoxicity was observed for any of the test
agents. In conclusion, CGN does not activate TLR4 signaling or cause oxidative stress
in HT-29 or HCT-8 cell lines and these findings are consistent with published animal
safety studies.

Statistical Analyses
For each treatment group the mean + SEM were reported. Changes in the expression of target
genes or cell viability were evaluated for statistical significance using one-way analysis of
variance (ANOVA). Statistical significance occurred when the p was <0.05. In this instance,
Tukeys posthoc test was applied.

Three common forms of CGN were tested in HCT-8 cells for their effects on
proinflammatory gene expression. HCT-8 cells were cultured to confluency plus one day
and then treated with CGN at 0.1, 1.0, and 10.0 µg/mL for 24 hr. IL-1β, which shares
common signaling pathways with TLR4, was used as a positive control at 10 and 50
ng/mL. LPS was used as a positive control for TLR4 mediated induction at 100 ng/mL, and
TNR-α was used to evaluate induction via pathways outside of the TLR4 pathways. HCT-8
cells were non-responsive to LPS. In addition they had no detectable TLR4 constitutive
gene expression (data not shown). IL-1β, and TNF-α showed potent induction of IL-8 (>10
fold). Note for TNF-α, CCL2 and IL-6 were also measured and were induced. For IL-1β
only IL-8 was measured as an indicator of pathway activation. For CGN all three genes
were measured. Exposure to CGN did not cause statistically significant changes in the
expression of the proinflammatory genes monitored. Statistical comparisons were made
using a one-way ANOVA at p < 0.05.
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CGN is a large sulfated polysaccharide that has been shown to be safe in several
animal studies. Despite repeated attempts using multiple cell lines we were unable to
demonstrate that CGN has any ability to induce proinflammatory genes. TLR4
responsiveness was low in the cell lines used in this study and this combined with
the negative data strongly indicates that CGN does not bind to TLR4 and does not
induce proinflammatory genes.
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