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1 | INTRODUCTION

Carrageenan, extracted from red algae such as Chondrks crispus,
Gigartina stdata, and Eucheuma species, is a kind of plant colloid
consisting of native polysaccharides (Rees, 1963; Tobacman, 2001).

Abstract

Previous study has suggested the colonic nontoxicity and obesity inhibition of food-
grade k-carrageenan in obese mice. Further study using transcriptome is important
to provide further understanding on the gene expressions of inflammation and obe-
sity. Here, the obese mice without any treatment (HFD) or with 5% food-grade «-
carrageenan diet intervention (H5%) were used to perform colonic transcriptome
sequencing. The results showed that genes involved in the inflammatory pathways
or tight junction protein encoding were not significantly dysregulated by 5% car-
rageenan. However, the expression of lipid metabolism genes meaningfully changed
as evidenced by the decreased gene levels of adipocytokines, lipogenesis, lipid ab-
sorption and transport, and the increased adipolysis and oxidation. In addition, the
carrageenan metabolism experiments by toluidine blue (TB) staining of colon and high-
performance size exclusion chromatography (HPSEC) of feces supernatant showed
that the food-grade k-carrageenan was not absorbed or significantly degraded in the
digestive tract of obese mice. Hence, the fact that food-grade k-carrageenan was not
significantly metabolized by the organism and did not cause obvious dysregulation of
colonic inflammatory genes provided evidences for its noncolonic toxicity in obese
mice. An anti-obesity potential of food-grade k-carrageenan was probably mediated

by the regulation of lipids metabolism-related genes.
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Carrageenan is composed of sulfated galactose and 3, 6-dehydrated
galactose, which form a carbon backbone and are linked by alternat-
ing a-1,3 and B-1,4 linkages. In general, carrageenan can be mainly di-
vided into k, 1and A subtypes due to the different extracted sources,
the galactose linkages conformation and the degree and position of
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sulfation (Campo et al., 2009; McKim et al., 2019; Tobacman, 2001).
Carrageenan usually has a high molecular weight. The molecular
weight of native carrageenan is up to 1,500 ~ 20,000 kDa, and the
value for food-grade carrageenan is also at least 100 kDa (Cohen
& Ito, 2002; Tobacman, 2001). Carrageenan with high molecular
weight possesses excellent thickening, gelling property and pro-
tein reactivity, and is hence used widely in jelly, low-fat meat prod-
ucts, soft candies, toothpaste, cleaning products, sustained-release
capsules, and cod liver oil. (He et al., 2017; Reinagel, 2015; Shang
et al., 2017). Moreover, carrageenan is reported to have the phys-
iological activities of anticoagulant, antilipidemic, antiviral, and im-
mune regulation (Anderson et al., 1965; Campo et al., 2009; Carlucci
et al., 2004; Chin et al., 2019; Shu et al., 2017). In the pharmacology
and medical researches, carrageenan-induced inflammation models
are utilized to explore the pathogenesis mechanisms of inflamma-
tory response or the effectiveness of anti-inflammatory drugs by
injecting carrageenan solution into the specific location of animals
(Basu et al., 2017; Sadeghi et al., 2011; Solanki et al., 2014).

In the past decades, the edible safety of carrageenan has been
highly disputed when it is used as food and medicine additive or
vehicle, and the content of controversy is majorly focused on the
colitis-induction possibility of carrageenan. At present, the research
conclusions and viewpoints on the intestinal toxicity of carra-
geenan at home and abroad are mainly divided into three kinds: (a)
Carrageenan has a risk of inducing colonic inflammation or tumor
(Bhattacharyya et al., 2007; Borthaku et al., 2007); (b) Carrageenan
is a conditional inflammatory agent and can aggravate the intesti-
nal toxic reaction in body with an inflammatory state, but be safe
in healthy body (Bhattacharyya et al.,, 2017; Wu et al., 2017); (c)
Carrageenan is not toxic to the intestine of host (Weine et al., 2007).
The existence of such a dispute resulted from the numerous factors
affecting the safety of carrageenan, such as the quality and dosage
of carrageenan, and the body state of animal. The different materials
and conditions adopted in different researches can draw completely
different conclusions (Blakemore & Harpell, 2009; McKim, 2014). In
our previous works, a series of experiments have been carried out
to explore the effects of various factors on the pro-inflammatory
properties of carrageenan. The results demonstrated that up to 5%
food-grade x-carrageenan added to the diet did not induce colitis
in both normal and obese mice. Moreover, it was observed that 5%
food-grade «x-carrageenan or native x-carrageenan significantly
slowed down body fat accumulation in obese mice (Chin et al., 2019;
Zhang et al.,, 2021; Zhang et al., 2021).

The results of our previous studies mentioned above have
been confirmed by other studies. For example, Weiner suggested
that 2.5% and 5% k-carrageenan (with an average Mw of 196,000-
257,000) treatment for 90 days could not cause any adverse intesti-
nal effects in rats (Weine et al., 2007). Panlasigui and his co-workers
indicated that carrageenan could reduce blood cholesterol and lipid
levels of human subjects by binding binds bile acids and reducing
lipid absorption in intestine, when it was incorporated into the food
items as a major source of dietary fiber (Panlasigui et al., 2003).

However, these studies have not yet achieved a comprehensive
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and thorough investigation of the mechanism of carrageenan action
through some method. Transcriptome is a high-throughput sequenc-
ing technology that can acquire a rapid access to almost all of the
transcripts and their expression level in a sample, so that wealth
and complex biological information can be obtained in a single pass
(Wilhelm et al., 2010). The application of transcriptomics to explore
the mechanisms behind the colitis-occurrence possibility and lipid-
metabolism regulation induced by carrageenan is scarce. Therefore,
using colonic transcriptome, we aimed to explore the deeper mecha-
nisms of food-grade x-carrageenan activities in the paper.

The dietary components entering into gastrointestinal tract can
be metabolized by the organism itself or microorganism of gut, while
the process will affect the body itself in turn. This interaction be-
tween the organism and the substance leads to the alleged physi-
ological activity or toxicity of one component. The metabolism of
carrageenan in mice hence needs to be studied to find the reason
for its actions. Here, the Toluidine Blue (TB) staining and high-
performance size exclusion chromatography (HPSEC) were used
to trace the metabolic footprint of carrageenan in digestive tract,
which was expected to support our conclusion combined with the
transcriptome data.

Our previous results showed that 0.05 ~ 5% food-grade «-
carrageenan in diet were not colonic toxic in obese mice, but the
highest intervention dosage of 5% had the most significant weight
loss effect (Zhang et al., 2021). Therefore, in this study, the 5%
carrageenan-treated mice were chosen to be the representative to
perform the colonic transcriptome sequencing and carrageenan me-
tabolism experiment to investigate the mechanisms of noncolonic
toxicity and lipid reduction effect of food-grade x-carrageenan (un-
treated obese mice as blank control). Our results were expected to
provide a novel idea for carrageenan safety research.

2 | MATERIALS AND METHODS
2.1 | Materials and reagents

TB dyes were provided by Servicebio Co., Ltd. TLC Silica gel 60 F254
was purchased from Merck KGaA. Trizol reagent was purchased
from Thermo Fisher Scientific Inc. Transcriptome sequencing was

supported by majorbio Co., Ltd.

2.2 | Animal experiment design

Animal experimental procedure has been described in detail previ-
ously. Briefly, male specific pathogen-free (SPF) C57BL/6Cnc obese
mice were sacrificed after 6-weeks’ intervention of 5% food-grade
k-carrageenan (H5%), obese mice without any treatment as blank
control (HFD). Before being taken to death, all mice underwent 12-
hr fasting (Zhang et al., 2021). A total of eight mice (four for each
group) were randomly selected to perform carrageenan metabolism

determination and colonic transcriptome sequencing to explore the
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action mechanism of 5% food-grade k-carrageenan, including its ef-
fect of nontoxicity to colon and inhibition to obesity.

2.3 | Colon tissues collection and preparation
2.3.1 | Colon preparation for transcriptome

Approximately 1 cm of the proximal colons were harvested and
conserved in liquid nitrogen, with all mice having required colons
taken in a comparable site. The colon tissues were then stored in
the -80°C refrigerator for subsequent RNA extraction and transcrip-
tome sequencing.

2.3.2 | Toluidine Blue (TB) staining of colon

Another colon section of each mouse (about 1 cm) was fixed in 4%
paraformaldehyde instantly after harvesting. The fixed tissues were
paraffin-embedded and longitudinally cut into 4 pm slices. The TB
staining was then performed. Residue of carrageenan in colonic
lumen and potential absorption by epithelial cells (purple-red) were
observed under electric microscope (NIKON/Ni-E), and 100x images

were collected.

2.4 | Colonic transcriptome assay
2.4.1 | RNA extraction

Total RNA of colon tissues was extracted by Trizol protocol (Mi
et al., 2020). In brief, 1 cm of frozen colon segment weighting about
200 ~ 300 mg was putinto 1 ml Trizol reagent and broken with beads.
After 5 min incubation at room temperature, 0.2 ml chloroform was
added into the homogenate and mixed. The miscible liquids were
then centrifuged at a condition of 4°C and 12,000 rpm/min after
another 10 min room temperature-incubation. The supernatant was
removed and transferred into a new tube, and an equivalent volume
of isopropanol was then added to precipitate nucleic acid. Extracted
RNA after washing can be dissolved in DEPC water. The concen-
tration and purity of the RNA were detected by Nanodrop 2000
(Thermo Fisher), and the integrity was detected by agar-gel electro-
phoresis. The qualified RNA was diluted and for standby application.

2.4.2 | Transcriptome sequencing

All transcriptome sequencing and part of bioinformatics analy-
sis were supported by majorbio Co., Ltd. Briefly, total mRNA after
Oligo dT enrichment and fragmentation screening was transcribed
reversely into cDNA. The cDNA can be sequenced by the Illumina
Novaseq 6,000 (USA) after adaptor connection. Clean Reads of each

sample were then sequence aligned with the specified reference

genome  (source: http://asia.ensembl.org/Mus_musculus/Info/

Index) and performed gene expression analysis.

2.4.3 | Transcriptome bioinformatics analysis

Gene expression difference analysis: Based on the quantitative ex-
pression (Transcripts Per Million reads (TPM) as quantitative index),
gene expression difference between the groups was carried out. The
difference analysis software was DESeq2, and the screening thresh-
old was |log2FC|21 (FC = 2 or FC =< 0.5) & p value < 0.05.

Enrichment analysis: R scripts or Goatool software was used to
carry out KEGG PATHWAY or GO TERM enrichment analysis on
the differential genes, so as to obtain the major KEGG pathways
or GO functions of these genes. Fisher's exact test was applied to
show that there was significant gene enrichment on certain KEGG
PATHWAY or GO TERM when p-adjust < 0.5.

Correlation analysis between genes and phenotypes: Weighted
Gene Co-Expression Network Analysis (WGCNA) function was
used to analyze the correlation between the significant different
phenotypes (body weight and body fat rate, Table S1) and all of
the differential genes between the two groups. Briefly, the genes/
transcripts after background correction and standardization can
be classified and form modules according to their expression pat-
terns. Finally, the constructed modules were identified and the key
modules were obtained through association analysis with pheno-
typic data. Correlation coefficient (Corr) was analyzed by Spearman
method and Corr 2 0.8 & p < 0.05 was considered as a significant

correlation.

2.5 | Feces collection and carrageenan degradation
measurement

2.5.1 | Thin Layer Chromatography (TLC)

The day before sacrifice, feces of mice were collected in sterile
tubes and stored in -80°C immediately. After freeze-drying, the
mixed feces of mice in each group were ground into powder in a
mortar, and 50 ml/g of ultra-pure water was then added to pre-
pare into a suspension. The pH was adjusted to 8 by 1 M NaOH
for protein precipitation and removal. After that, the suspen-
sion was heated in a hot water bath at 70°C for 15 min, and then
centrifuged at 6,000 rmp for 15 min to take the supernatant for
use (Arakawa et al., 1988; Li, 2014; Pittman et al., 1976; Tache
et al., 2000). Carrageenan solution was also prepared for TLC. The
high-efficiency chromatography silica gel plate was cut into an ap-
propriate size and 0.2 ul feces supernatant or carrageenan solution
were sampled on it. The plates were then placed in the unfolding
agent (formic acid: N-butanol: water = 6:4:1) and then blow-dried.
The plates were soaked in the orcinol agent and blow-dried. The
silica gel plates were finally heated in a 120°C drying oven for 3 min

for color development (Li, 2014).
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2.5.2 | High performance size exclusion
chromatography (HPSEC)

The molecular weight and distribution of carrageenan sample and
carrageenan in feces were further detected by HPSEC. The proto-
col was listed as following: the carrageenan sample was diluted to
0.5 mg/ml by mobile phase (0.2 M sodium chloride solution with
0.003 M sodium azide) and filtered through a 0.2 pm membrane. The
prepared sample of 0.8 ml was injected into the gel chromatogra-
phy instrument equipped with multiangle laser scatterometer and
differential refraction detector to be measured, with the velocity
of mobile phase and column temperature of 0.5 ml/min and 30°C,
respectively (Arakawa et al., 1988; Uno et al., 2001). A 0.4 ml of pre-
pared fecal supernatant above was taken and mixed with the mobile
phase (vol/vol 1:1) to determine the degradation of carrageenan in
feces of H5% mice (Tache et al., 2000).

2.6 | Statistical analysis

The amount of gene expression (TPM) was expressed as Mean + SEM
(standard error of mean). The expression difference was analyzed by
DESeq2 and the screening threshold of statistical significance was
|log2FC|21 (FC = 2 or FC < 0.5) & p value < 0.05; The enrichment
analysis was performed by Fisher’ exact test and p-adjust < 0.5 was
considered as significant enrichment; The correlation coefficient

(a)

FIGURE 1 The Residual and
Degradation of 5% Food-grade x-
Carrageenan in Colon and Feces. (a)

TB staining of colon (200x). (b) TLC of
carrageenan sample and fecal supernatant
of mice

between phenotypes and genes were analyzed by Spearman and
Corr 2 0.8 & p < .05 was considered as significant correlation.

3 | RESULTS
3.1 | The metabolism of 5% food-grade «-
carrageenan in gastrointestinal tract of obese mice

TB staining was performed to detect carrageenan residual in colon
lumen as well as potential phagocytosis by epithelial cells. As
Figure 1a shown, there was no visible residue of purple-red material
in the colonic lumen of H5% mice, which suggested that carrageenan
excreted with feces after 12 hr of fasting and little remained in the
colon. Furthermore, as can be seen from the staining figures, there
was little difference in cellular and glandular staining between the
two groups. The goblet cells and mast cells of colon in both groups
were purple-red because of the existence of heparin, histamine, or
other sulfate polysaccharides mucus. However, no heterochromic
purplish-red had been observed in the epithelial cells of colonic mu-
cosa of treated mice, suggesting that carrageenan was not phagocy-
tosed or absorbed by the colon (Agarwal et al., 2010; Weiner, 2014).

The degradation condition of carrageenan in feces of mice was
analyzed by TLC and HPSEC (Figure 1b and Table 1). The results
showed that neither the carrageenan solution (CGN) nor the fecal su-
pernatant of H5% mice (H5%) unfolded on the chromatography plate,

(b)

- . |
CGN HFD HS5% |
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rough indicating that low-molecular fractions were almost absent in
the feces. While the fecal supernatant of mice in blank group (HF

D) showed no color on the baseline due to the absence of carra-
geenan. HPSEC further demonstrated that carra

geenan scarcely degraded when passing the digestive tract
of mice. Compared to the original carrageenan sample, the carra-
geenan in feces of H5% mice had a similar average molecular weight
(300.4 kDa versus 287.2 kDa), with 200 ~ 400 kDa macromolecule
still owing predominant percentage. As Table 1, it could also be elic-
ited that a small amount of 400 ~ 800 kDa carrageenan in feces of

H5% mice is degraded into relatively smaller ones, including 4.7% of

TABLE 1 The Molecular Weight and Distribution of
Carrageenan in Feces of Mice by HPSEC

200 ~ 400 kDa, 0.6% of 100 ~ 200 kDa and 0.4% of 50 ~ 100 kDa
molecules, but no <50 kDa degraded-carrageenan appeared.

Our results demonstrated that food-grade k-carrageenan stayed
in the intestine for only a few hours, after which it directly excreted
with the feces and remained essentially unchanged. Meanwhile,
during the residence time in intestine, carrageenan was not suffi-
ciently phagocytized or degraded. These findings provided evidences
and supports for the conclusion that food-grade k-carrageenan was
not toxic to the colon of obese mice (McKim et al., 2019). Besides,
the production of a small amount of 50 ~ 200 kDa carrageenan could
serve as metabolic substrates for intestinal flora, which may be one

of causes of body weight and fat loss in obese mice.

3.2 | Different expression of the colonic gene after

Group 5% food-grade k-carrageenan treatment
Molecular weight and distribution CGN H5%
<50 kDa 0.0% 0.0% The results of transcriptome sequencing showed that colonic
50 ~ 100 kDa 0.0% 0.4% genes of mice were differently expressed after 5% food-grade «-
100 ~ 200 kDa 0.0% 0.6% carrageenan treatment compared to the blank group. As Figure 2a,
200 ~ 400 kDa 86.0% 90.7% the rigorous screening criteria of p < 0.05 and |log2FC|z1 were
200 ~ 800 kDa 13.3% 71% adopted and the genes meeting this were considered to be differen-
tially expressed compared with the blank group. The red dots repre-
>800 kDa 0.7% 1.2% )
sented up-regulated genes and green for down-regulated ones, with
Average Mw 300.4 kDa 287.2 kDa . . L .
dots near upper left and right having the most significant expression
(a) 14 - (b) 200+ - wp
. e nosig 173 172 Em  down
12 . e un
u down
10 | " 150
2 g
L
R ’ a
P 4
& : © 100+
3 6 - b
& e <
= s i s
4 s
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TABLE 2 The Expression of Genes Involved in the Inflammatory Pathway by Transcriptome Sequencing

Gene

Group/index TLR4 Bcl-10 IKKy

HFD (TPM) 5.6550 +£0.5125  26.3700 + 1.3966

H5% (TPM) 3.6900 + 0.5475  24.1725 + 1.2308

FC (H5%/HFD)  0.727 1.061 0.86

p value 0.0216 0.6039 0.2357

7.6125 + 0.4876
5.8900 + 1.2480

IKKpB lkBo NF-xB
16.4175 £ 1.0971  46.7325 + 2.7261
12.8275 +0.9771  45.4875 + 2.6700
0.868 1.145

0.1545 0.2090

28.3950 + 2.6119
22.6900 + 1.5265
0.909

0.3545

Note: Gene expression represented as mean + SEM, TPM as expression index, n =4, p > .05 or |log2FC|<1.

difference (a larger |log2FC| and -log10 (p-value)). The detailed in-
formation of differently expressed genes, together with their fold
changes and GO annotations were all listed in Table S1-S2. In brief,
after 5% food-grade x-carrageenan intervention, a total of 345 co-
lonic genes were dysregulated and 173/172 were respectively up-
regulated and down-regulated (Figure 2b). Functional annotation of
differential genes by KEGG PATHWAY indicated that 38 signaling
pathways were altered in H5% mice, including the pathways of me-
tabolism, genetic information processing, environmental information
processing, cellular processes, organismal system, and human dis-
eases, but no obvious inflammatory pathways were observed (Data
not shown).

To obtain the primary pathways that differential genes got in-
volved in, the up/down-regulated genes were respectively en-
riched by KEGG analysis and the top 20 signaling pathways were
displayed. As Figure 2c-d shown, plentiful enriched pathways
were concentrated in the glucose, lipid and energy metabolism.
As Figure 2c, the up-regulated genes could be enriched in the
pathways of lipid metabolism (Phospholipase D signaling path-
way, -loglO(p-adjust) = 1.98), lipid digestion and absorption
(-log10(p-adjust) = 1.91) and glucose metabolism (NF-kB signaling
pathway, -log10(p-adjust) = 1.88). Moreover, it was observed that
down-regulated genes were more enriched in lipid metabolism func-
tions, such as fatty acid oxidation (PPAR/AMPK signaling pathway,
-log10(p-adjust) = 2.06/2.31), adipocytokine release (Cytokines
signaling pathway, -log10(p-adjust) = 2.23), lipid catabolism
(Regulation of lipolysis in adipocytes, -log10(p-adjust) = 2.16), and
lipid digestion (Lipid digestion and absorption/Pancreatic secretion,
-log10(p-adjust) = 0.93/1.53), all of which had strong significance
(high bar chart) (Figure 2d). These evidences indicated that 5% food-
grade k-carrageenan had an intense impact on the glucose and lipid
metabolism in obese mice, which was consistent with the results of
our previous experiments (Zhang et al., 2021).

In addition, the figures also showed that some immune-related
pathways were enriched, such as Primary immunodeficiency and B
cell receptor signaling pathway. The obvious immune-regulatory ef-
fect of carrageenan has been proved by many studies (Mallettlan
et al., 1985; Thomson & Fowler, 1981). In conclusion, 5% food-
grade k-carrageenan can lead to differential expression of colonic
genes in obese mice, and these genes are mainly involved in lipid
metabolism and immune regulation, which may provide ideas for
us to find the mechanism of obesity inhibitory effect of food-grade

K- carrageenan.

3.3 | Theinflammatory genes changes in colon after
5% food-grade k-carrageenan treatment

The above annotation analysis of all sequenced genes had shown
that no obvious inflammatory signaling pathways were activated
by 5% carrageenan. We still further analyzed the expression dif-
ferences of colitis-related genes between HFD and H5%, including
pathway genes by which carrageenan may trigger colitis, inflamma-
tory factors, pro-inflammatory chemokines and genes expressing
tight junction protein.

As shown in Table 2, the results of colonic transcriptome demon-
strated that the expression of genes involved in inflammatory path-
ways (TLR4-Bcl10 and ROS), such as Toll-like receptor 4 (TLR4), B-cell
lymphoma/leukemia-10 (Bcl-10), inhibitor of kB kinases (IKKy and
IKKB), inhibitor o of kB (IkBa), and nuclear transcription factor-xB
(NF-xB) were not observed to be significantly differential between
HFD and H5% mice (p > 0.05 or |log2FC|<1). The genes expression
of inflammatory factors in the downstream pathway, including tumor
necrosis factor-a (TNF-a), interleukin-6 (IL-6), interleukin-1p (IL-1p),
interleukin-2 (IL-2), interferon-y (INF-y), interleukin-4 (IL-4), interleu-
kin-10 (IL-10), Th17 cytokine (Th17A), and pro-inflammatory chemo-
kines (Ccl and Cxcl family) were all similar between blank group and
5% carrageenan-treated group (p > 0.05 or |log2FC|<1, Table 3-4).
In addition, the expression of genes encoding tight junction protein
in intestinal epithelial cell was also counted. The data in Table 5 de-
picted that compared to the blank control, the genes expression of
zonula occluden-1 (ZO-1), occludin (Ocln), claudins (Cldn1 and Cldn4),
and junctional adhesion molecules (JAM-2 and JAM-3) were only
lightly up-regulated (1<FC < 2) or downregulated (0.5<FC < 1) by
5% carrageenan, but did not reach the predetermined threshold for
significant difference (|log2FC|21 & p < 0.05). In short, the results of
colonic transcriptome indicated that 5% food-grade x-carrageenan
added into diet could not induce an intense dysregulation of inflam-
matory genes in colon, which was another reason why 5% food-grade

k-carrageenan had no risk of colitis in obese mice.

3.4 | Correlation analysis of physiological
phenotypes and differential genes

As shown in Figure 3a and Table 6, based on the expression pattern
and the correlation with phenotypes (The body weight and fat rate

data of mice presented in Table S2), all differential genes (after data
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TABLE 3 The Genes Expression of Inflammatory Factors in the Downstream Pathway by Transcriptome Sequencing

Gene

INF-y IL-4 1L-10 IL-17A

1L-2

IL-1p

IL-6

TNF-o

Group/index

0.0000 + 0.0000
0.0125 + 0.0108

0.0700 + 0.0297
0.0925 + 0.0114

1.545
0.6070

0.0850 + 0.0736
0.1275 + 0.0756

1.899
0.7206

0.2150 + 0.0611
0.3175 + 0.1207

0.717

0.0700 + 0.0226
0.0375 + 0.0225

0.676

0.5775 £ 0.1045
0.5000 + 0.1155

0.0850 + 0.0293
0.0450 + 0.0266

0.552

0.7500 + 0.2347
0.7225 + 0.2730

1.276
0.6409

HFD (TPM)
H5% (TPM)

1.724
0.8240

0.974
0.9438

FC (H5%/HFD)

p value

0.6033

0.7560

0.6286

Note: Gene expression represented as mean + SEM, TPM as expression index, n = 4, p >.05 or |log2FC|<1.

ZHANG ET AL.

preprocessing, 130) were mainly classified into two characteristic
modules by WGCNA, blue and turquoise modules. There were 47
gene members in blue module, which showed a positive correlation
with the phenotypes (shown in red). The Correlation between the
blue module and the body weight or body fat rate was 0.667 and
0.571, and the p-values were 0.078 and 0.139 respectively, which
exhibited a passable but not significant correlation (Corr < 0.8 or
p > 0.05). The turquoises module was negatively correlated with the
phenotypes, which was represented by dark blue. The correlation
coefficients with the phenotypes were -0.762 and -0.81 respec-
tively, and the p-values were 0.028 and 0.0148, showing a significant
correlation (Corr 2 0.8 & p < 0.05). Figure 3b displayed the cluster
analysis between genes and phenotypes, which further showed the
correlation between genes in modules and phenotypes. The upper
part of the figure was the hierarchical cluster tree of genes, the mid-
dle part were the modules consisting of genes, and the lower part
showed the heat map of correlation between genes and phenotypes.
In the heat map, red represented positive correlation and green rep-
resented negative correlation, so it could be seen that almost all
gene members in each module were well correlated with the pheno-
types. In other words, genes in the both modules participated in the
process of fat reduction and weight loss.

As Figure 3c, GO enrichment analysis was performed sepa-
rately for the above positively and negatively correlated gene sets
to obtain the main molecular functions played by these genes. The
results showed that the genes positively correlated with the phe-
notypes were mainly concentrated in the immune function of the
body, such as immune response, B cell receptor signaling pathway,
immunoglobulin production and immune response-regulating signal
transduction, suggesting that 5% food-grade x-carrageenan had an
effect on the immune system of obese mice. The change of body
immunity is often accompanied by the change of body fat, such as an
increased IgA level after weight loss (Yang and Park, 2010; Zamarron
et al., 2015). Moreover, it's observed that, some genes significantly
negatively correlated with the phenotypes were focused on the
insulin-like growth factor I and Il (IGFs) binding function, indicat-
ing that 5% food-grade k-carrageenan could restore the obesity-
induced IGFs decline and eased the symptom (Deodati et al., 2013;
Yaylali et al., 2010).

In conclusion, after 5% food-grade x-carrageenan intervention,
the phenotypic changes of mice showed a good correlation with
differential genes, especially a significant negative correlation with
IFGs expression level and functional exertion, suggesting that 5%
food-grade k-carrageenan played the role of anti-obesity by possibly

affecting the level of regulatory factor or immune response.

3.5 | Adysregulation of lipid metabolism-related
genes in colon after 5% food-grade x-carrageenan
intervention

To further investigate the mechanism of reduced body fat ac-

cumulation by 5% food-grade k-carrageenan in obese mice, lipid
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TABLE 4 The Gene Expression of Pro-inflammatory Chemokines by Transcriptome Sequencing

Gene
Group/index Ccl2 Ccl3 Ccl4 Ccl5 Cxcl2 Cxcl10
HFD (TPM) 1.1625 + 0.2629 0.6500 + 0.1344 1.2100 + 0.4125 65.3925 + 8.5078 0.1800 + 0.0840 3.8400 + 0.6388
H5% (TPM) 1.1025 + 0.2988 0.6750 + 0.2993 1.6925 + 0.4116 77.7450 + 17.4486 0.1200 + 0.0813 2.6050 + 0.4507
FC (H5%/HFD) 1.015 1.385 1.730 1.451 0.254 0.754
p value 0.9698 0.5864 0.2602 0.2172 0.8020 0.2421

Note: Gene expression represented as mean + SEM, TPM as expression index, n = 4, p >.05 or |log2FC|<1.

TABLE 5 The Expression of Genes Encoding Tight Junction Protein by Transcriptome Sequencing
Gene
Group/index Z0-1 Ocln Cldn1 Cldn4 JAM-2 JAM-3
HFD (TPM) 17.1050 + 0.9507 37.6200 + 2.3637  0.9250 + 0.1495  33.7875+5.0359  8.4675 + 0.1621 10.5750 + 0.5563
H5% (TPM) 11.4500 +2.1867  27.1800 + 3.6015  0.5125+0.1018  30.9575 + 6.1752 8.2850 + 1.1924  11.3900 + 1.8618
FC (H5%/HFD)  0.675 0.8150 0.611 1.154 1.048 1.180
p value 0.0103 0.0868 0.0519 0.6091 0.7353627 0.2693

Note: Gene expression represented as mean + SEM, TPM as expression index, n =4, p > .05 or |log2FC|<1.

metabolism-related genes that were significantly differentially ex-
pressed between the H5% and blank groups were selected and ana-
lyzed separately. As Figure 4a depicted, the gene expression levels of
leptin (Lep, FC = 0.18) and orosomucoid-1 (Orm1, FC = 0.25) in colon
of mice of H5% group were significantly lower than those of blank
group (p < 0.01, p < 0.001 & FC < 0.5), suggesting that 5% food-grade
k-carrageenan reduced the gene expression and possible protein ex-
cretion of adipocytokines, and thus slowed down the accumulation
of body fat caused by high-fat diet. In addition, it was found that the
expression of stearoyl-CoA desaturase-1 (Scd1) gene was signifi-
cantly decreased (p < 0.05 & FC = 0.31) and colipase (Clps) increased
(p < 0.05 & FC = 3.01) in the H5% group, indicating that 5% food-
grade x-carrageenan inhibited obesity through regulating fat synthe-
sis and hydrolysis (Figure 4b). Interestingly, the significantly increased
expression of insulin like growth factor binding protein 2 (Igfbp2)
(p <0.00001 & FC = 3.88) after 5% carrageenan treatment was highly
consistent with the above-mentioned results that some genes nega-
tively associated with the phenotypes were involved in IGF binding
function. The gene expression of Adrenergic receptor-p3 (Adrb3) in
the colon of H5% mice had a 0.44-fold reduction compared to the
HFD mice (p < 0.05), which also corresponded to the reduced serum
lipid levels in our animal experiment (Figure 4b) (Zhang et al., 2021).
As shown in Figure C, the colonic transcriptome also showed that
the expression of the genes related to lipid transport and absorption
were significantly reduced in the H5% group. Lots of studies have
shown that the reduced expression of these genes is associated with
decreased lipid utilization and increased lipid consumption. It is ob-
served in our results that fatty acid translocase (FAT, Cd36) gene
expression in colon of H5% mice was significantly decreased to an
extent of 0.43-fold that of HFD mice (p < 0.01). The transcriptome
also demonstrated a significant decrease of fat acid binding protein

4 (Fabp4) gene level after 5% carrageenan intervention (FC = 0.47,

p < 0.01). Therefore, the expression decline of the Cd36 and Fabp4
genes suggested that 5% food-grade x-carrageenan inhibited lipids
entrance and subsequent synthesis in cells, thereby suppressing lipid
accumulation in obese mice. Moreover, the gene expression of acyl-
CoA synthases (Acs), including long chain acyl-CoA synthase (Acsl1)
and short chain acyl-CoA synthase (Acss3), were also found to be
significantly decreased in colon of H5% mice compared to the HFD
group, with the respective fold change of 0.42 and 0.31 (p < 0.001,
Figure 4c). Acs plays key roles in the fatty acid metabolism, the de-
creased gene expression of which can increase p-oxidation and de-
crease TG synthesis. The Apolipoprotein (Apod) is also involved in
lipid metabolism and plays a role in the hydrolysis of triglycerides.
Compared with HFD, the colonic Apod gene expression of H5%
mice were significantly increased, and the multiple change was 2.71.
Therefore, the results of our study revealed that 5% carrageenan-
induced decrease in Acs gene levels and increase in Apod might con-
tribute to lipid consumption but impair lipid storage.

The results of our study demonstrated that 5% food-grade -
carrageenan produced obvious impact on the genes expression
involved in lipid metabolism in obese mice. The decreased genes ex-
pression of adipocytokines, decreased expression of genes involved
in lipid transport and synthesis, but increased genes level of lipid
hydrolysis and oxidation may explain the effect of carrageenan on

weight and fat loss.

4 | DISCUSSION

Our previous studies have shown that high molecular-weight car-
rageenan alone has no risk to induce colitis, but can play significant
roles in fat and weight loss in obese organisms (Chin et al., 2019;

Zhang et al., 2021). The researchers who hold that the carrageenan
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was shown

has no intestinal toxicity believe that the carrageenan is neither sig-
nificantly degraded in the intestinal tract nor absorbed by the or-
ganism, but is excreted directly within 24 hr (Weiner, 2014). In his
review, Weiner summarized multiple methods for determining the
absorption condition of carrageenan by the intestine or organism,
including TB staining, Alcian blue staining, radiolabeling, and intes-
tinal permeability measurement. The studies using these methods
showed that carrageenan did not enhance intestinal permeability

TABLE 6 The Statistical Table of Correlation Between Modules
and Phenotypes

Gene p-value (W/
Module number Corr (W/FR) FR)
blue 47 0.667/0.571 0.0708/0.139
turquoise 81 -0.762/-0.81 0.028/0.0148

and did not enter the liver through the intestine (Weiner, 2014). In
our study, TB staining was used to determine the carrageenan ab-
sorption in the intestine, and the results showed that carrageenan
was not phagocytized or absorbed by colonic epithelial cells, but was
excreted with the feces (Agarwal et al., 2010). Although it could be
roughly seen by TB staining that no carrageenan remained in the
intestinal lumen of mice after a 12-hr fast, our experiment failed to
determine the total carrageenan content in the feces, so it could not
absolutely sure that carrageenan had been completely excreted. The
related experiments will be conducted in future studies. The tran-
scriptome showed that, the genes expressing tight junction protein
were not significantly downregulated in the colon of H5% mice, dem-
onstrating that food-grade k-carrageenan did not increase intestinal
permeability and cause inflammation caused by the entry of other
molecules into the intestine (Bernd & Caspary, 1989). In addition,

the degradation of carrageenan in intestine of mice was determined
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by HPSEC, the results of which showed that the average molecular
weight and distribution of carrageenan in feces of H5% mice were
similar to the original carrageenan samples (Arakawa et al., 1988; Uno
et al.,, 2001). Degraded-carrageenan or poligeenan with molecular
weight <50 kDa is considered to be an important cause of intestinal
toxicity. According to the stipulation of international agencies, carra-
geenan used as food or medicine should contain no more than 5% of
<50 kDa fragments (European Commission, 2003; JECFA & WHO,
2007). It was noted that the content of carrageenan fragments with
molecular weight <50 kDa in the feces of H5% mice was 0% in our
study, further indicating that food-grade x-carrageenan was not sig-
nificantly degraded in the intestinal tract, let alone producing intes-
tinal toxicity. Not only that, the colonic transcriptome showed that
5% food-grade x-carrageenan did not induce significant abnormal
regulation of genes involved in the inflammatory pathways (TLR4-
Bcl10-NF-kB and ROS-NF-xB), genes of downstream inflammatory
factors (pro-inflammatory factors, Thil, Th2, and Th17 immune fac-
tors) and proinflammatory chemokines (Ccl and Cxcl families) in the
colon of obese mice. Overall, the mechanism by which food-grade
K-carrageenan is not enterotoxic is that it is neither absorbed nor
significantly degraded by the intestine, nor does it cause significant
abnormal regulation of intestinal inflammatory genes.

The colonic transcriptomic data showed that genes significantly
different between the two groups were not involved in the inflam-
matory response, but were mainly enriched in lipid and energy me-

tabolism pathways. Consistent with this, the differential genes in

Iil I_ i_-.-_ Ii

HFD H5%

H5% mice were well correlated with the phenotype of reduced body
fat. Specially, the negative correlation module reached significant
correlation (corr 2 0.8 & p < 0.05), and its gene members could be
focused on the IGF binding function. Additionally, to further explore
the mechanism by which 5% food-grade k-carrageenan mitigates
body fat accumulation, we analyzed the lipid metabolism genes
that had significant difference between the two groups (Figure 4).
The data showed a meaningful decline of adipocytokines, a signifi-
cant regulation of lipid metabolism-related enzymes and receptors,
and dramatic expression changes of lipid absorption and transport
genes in colon of H5% mice. In a state of obesity, the excessive ac-
cumulation of adipose tissue will release a series of active adipocy-
tokines and lead to chronic inflammation and metabolic disorders
(Jung & Choi, 2014). The expression reduction of Lep and Orm1 in
H5% mice implied the remission of obesity and metabolic syndrome
(Lee et al., 2010). Furthermore, it was possible that 5% carrageenan
promoted lipid hydrolysis but inhibited lipid synthesis as evident by
elevated enzymes expression of Scdl and lowered Clps (Alberto
and Luciano, 2012; Macdonald et al., 2008; Miller et al., 2009).
Moreover, because the IFG secretion and binding were usually in-
hibited with the onset of excessive fat storage, the increased ex-
pression of Igfbp2 and the regulation of IGF binding function by 5%
carrageenan suggested the relieving of obesity (Deodati et al., 2013;
Yaylali et al., 2010). Adrb3 has been reported to be associated with
lipid metabolism disorders, and its gene expression increases with

elevated LDL level and hypertriglyceridemia, but is normal in the
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lean body (Alberto and Luciano, 2012; Krief et al., 1993). The de-
creased gene expression of Adrb3 in H5% mice agreed with their
lean body shape. Crucially, the genes participating in lipids absorp-
tion and transport were analyzed. Cd36 is a fatty acid translocase
widely expressed on the surface of cells that binds long-chain fatty
acids, natural or oxidized lipoproteins and facilitates their entry into
cells. In the proximal intestine, Cd36 mainly ingests FA and causes
it to form chylomicron (Nassir et al., 2007). Fabp4 is a subtype of in-
tracellular fat-binding protein, and also responsible for the binding
and transport of extracellular fatty acids, which can promote lipid
synthesis by its increasing expression in obese body (Kucharski &
Kaczor, 2017; Qiao et al., 2019; Su et al., 2015). Therefore, the re-
sults of significant expression decline of Cd36 and Fabp4 in colon of
H5% mice in our study indicated that 5% food-grade k-carrageenan
suppressed the absorption, utilization and transport synthesis of
lipids, which was consistent with Panlasigui's results to a certain
extent (Panlasigui et al., 2003). As reported, Acsl1 deficiency leads
to enhanced p-oxidation and diminished TG synthesis, while Apod
deficiency results in defects in TG metabolism (Kamilah et al., 2014;
Yan et al., 2015). Hence, it could be the expression decline of Acs
and raise of Apod that contributed to lipid consumption and slowed
lipid storage in H5% mice, which is consistent with the findings of
Chin. Chin et al demonstrated that extracted native k-carrageenan
promoted p-oxidation of lipid by increasing genes expression of
Aco and Adipors in liver and colon (Chin et al., 2019). Altogether,
5% food-grade k-carrageenan might decrease lipid absorption, uti-
lization and transport synthesis, but increase oxidative consump-
tion, which led to retarded body fat accumulation and metabolic
syndrome.

Overall, the dysregulation of lipid metabolism-related genes
mentioned above revealed the mechanism by which 5% food-grade
k-carrageenan alleviated obesity and metabolic syndrome. Although
fat digestion and absorption mainly occur in the small intestine, stud-
ies have shown that there were still 14% of the epithelial cells per-
forming nutrient absorption functions in colon (Wang et al., 2019).
Wang et al. found that the large intestine, especially the colon, is
primarily responsible for the transport and absorption of small mol-
ecules, such as metal ions, nucleotides or nucleotide sugars, ketone
bodies, and aldehydes (Wang et al., 2019). A partially hydrolyzed lip-
ids can also be absorbed by colonic epithelial cells and form chylomi-
cron, especially in the ascending colon. Henceforth, the expression
changes of lipid metabolism-related genes in colon could also explain
to some extent the weight loss effect of food-grade k-carrageenan.
Nonetheless, it remains to be further explored whether the expres-
sion of these genes in small intestinal epithelial cells, adipocytes or
liver cells is consistent or synergistic with that in the colon. On the
other hand, Chin et al. showed that after the intervention of carra-
geenan in obese mice, the fecal flora and SCFA composition changed
significantly (Chin et al., 2019). It has long been proven that short-
chain fatty acids, such as lactate and acetate, could regulate lipid me-
tabolism (Arau’jo et al., 2020). Our molecular weight determination
of fecal carrageenan indicated that although carrageenan was not

significantly degraded in the gastrointestinal tract, the production of

a small amount of 50 ~ 200 kDa carrageenan might be used as sub-
strate for fecal bacteria to synthesize SCFAs. However, the changes
of fecal flora and SCFAs after food-grade k-carrageenan interven-
tion, and whether these changes are related to the production of
50~200 kDa carrageenan, all need to be further verified by subse-
quent experiments.

In conclusion, our results suggested that 5% food-grade x-
carrageenan could neither be absorbed nor be significantly degraded
by the intestine, nor could it cause obvious dysregulation of colonic
inflammatory genes, which provided evidences for the absence of
colonic toxicity of carrageenan in obese mice. The mechanism of
anti-obesity effect of food-grade x-carrageenan was probably medi-
ated by the expression change of intestinal genes participating lipid
metabolism, such as the reduced lipids availability and synthesis and
raised hydrolysis and consumption. Our study provided a mechanis-
tic explanation for the carrageenan activities, including its intestinal
nontoxicity and obesity inhibition, which contributed to a clearer
understanding of the edible safety of carrageenan for people, and
subsequently a better application of carrageenan.

ACKNOWLEDGEMENT
The authors acknowledge Professor Tang, the tutor of a Ph.D. stu-
dent at the Ocean University of China, for her valuable comments

and supports.

CONFLICT OF INTEREST

The authors declare that they do not have any conflict of interest.

ETHICAL STATEMENTS

This study was approved by the Ethical Committee of Ocean
University of China (Approved protocol ID SPXY2019042001) and
complied with the Guide for the Care and Use of Laboratory Animals
(NIH, 8th Edition). Informed Consent: Written informed consent was

obtained from all study participants.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available in the
supplementary material of this article. Table S1, Detailed informa-
tion of up-regulated genes in H5% mice; Table S2, Detailed informa-
tion of down-regulated genes in H5% mice; Table S3, The original

data of body weight and fat rate of mice in both groups.

ORCID
Hui Zhang https://orcid.org/0000-0002-3990-1792
REFERENCES

Agarwal, S., Benard, C., Cultrone, A., Michel, C., Rosales, C., Segain,
J. P, Lahaye, M., Galmiche, J. P., Cherbut, C., & Blottiere, H. M.
(2010). Degraded carrageenan causing colitis in rats induces TNF
secretion and ICAM-1 upregulation in monocytes through NF-xB
activation. PLoS One, 5(1), €8666. https://doi.org/10.1371/journ
al.pone.0008666

Alberto, B., & Manara, L. (2012). In vitro inhibition of intestinal mo-
tility by phenylethanolaminotetralines: Evidence of atypical


https://orcid.org/0000-0002-3990-1792
https://orcid.org/0000-0002-3990-1792
https://doi.org/10.1371/journal.pone.0008666
https://doi.org/10.1371/journal.pone.0008666

ZHANG ET AL.

B-adrenoceptors in rat colon. British Journal of Pharmacology, 100,
831-839. https://doi.org/10.1111/j.1476-5381.1990.tb14100.x

Ali, K., Abo-Ali, E. M., Kabir, M. D., Riggins, B., Nguy, S., Li, L., Srivastava,
U., & Thinn, S. M. M. (2014). A Western-fed diet increases plasma
HDL and LDL-cholesterol levels in ApoD-/- mice. PLoS One, 9,
e115744. https://doi.org/10.1371/journal.pone.0115744

Anderson, W., Duncan, J. G. C., & Harthill, J. E. (1965). The anticoagulant
activity of carrageenan. Journal of Pharmacy and Pharmacology, 17,
641-654. https://doi.org/10.1111/j.2042-7158.1965.tb07577.x

Arakawa, S., Ito, M., & Tejima, S. (1988). Promoter function of car-
rageenan on development of colonic tumors induced by
1,2-dimethylhydrazine in rats. Journal of Nutritional Ence &
Vitaminology, 34(6), 577. https://doi.org/10.3177/jnsv.34.577

Araujo, J. R., Tazi, A., Burlen-Defranoux, O., Vichier-Guerre, S., Nigro, G.,
Licandro, H., Demignot, S., & Sansonetti, P. J. (2020). Fermentation
products of commensal bacteria alter enterocyte lipid metabo-
lism. Cell Host & Microbe, 27, 358-375. https://doi.org/10.1016/j.
chom.2020.01.028

Basu, A., Das, A. S., Sharma, M., Pathak, M. P., Chattopadhyay, P., Biswas,
K., & Mukhopadhyay, R. (2017). STAT3 and NF-xB are common tar-
gets for kaempferol-mediated attenuation of COX-2 expression in
IL-6-induced macrophages and carrageenan-induced mouse paw
edema. Biochemistry and Biophysics Reports, 12, 54-61. https://doi.
org/10.1016/j.bbrep.2017.08.005

Bernd, E., & Caspary, W. F. (1989). Differential changes in the urinary
excretion of two orally administered polyethylene glycol markers
(PEG 900 and PEG 4000) in rats after feeding various carbohydrate
gelling agents. Journal of Nutrition, 119(3):380-387, https://doi.
org/10.1016/j.matpur.2010.02.001

Bhattacharyya, S., Borthakur, A., Dudeja, P. K., Dudeja, P. K., & Tobacman,
J. K. (2007). Carrageenan reduces bone morphogenetic protein-4
(BMP4) and activates the Wnt/beta-catenin pathway in normal
human colonocytes. Digestive Diseases & Sciences, 52, 2766-2774.
https://doi.org/10.1007/s10620-006-9531-4

Bhattacharyya, S., Shumard, T., Xie, H., Dodda, A., Varady, K. A,
Feferman, L., Halline, A. G., Goldstein, J. L., Hanauer, S. B., &
Tobacman, J. K. (2017). A randomized trial of the effects of the no-
carrageenan diet on ulcerative colitis disease activity. Nutrition and
Healthy Aging, 4, 181-192. https://doi.org/10.3233/NHA-170023

Blakemore, W. R. & Harpell, A. R. (2009). Carrageenan. In IMESON A.
(Ed.), Food Stabilisers, Thickeners and Gelling Agents. Blackwell
Publishing Ltd.

Borthakur, A., Bhattacharyya, S., Dudeja, P. K., & Tobacman, J. K.
(2007). Carrageenan induces interleukin-8 production through dis-
tinct Bcl10 pathway in normal human colonic epithelial cells. AJP
Gastrointestinal and Liver Physiology, 292, G829-838. https://doi.
org/10.1152/ajpgi.00380.2006

Campo, V. L., Kawano, D. F, Silva, D. B. D., & Carvalho, 1. (2009).
Carrageenans: Biological properties, chemical modifications and
structural analysis—A review. Carbohydrate Polymers, 77(2), 167-
180. https://doi.org/10.1016/j.carbpol.2009.01.020

Carlucci, M., Scolaro, L., Noseda, M., Cerezo, A., & Damonte, E. (2004).
Protective effect of a natural carrageenan on genital herpes sim-
plex virus infection in mice. Antiviral Research, 64(2), 137-141.
https://doi.org/10.1016/j.antiviral.2004.07.001

Chin, Y. X., Mi, Y. E,, Cao, W. X,, Lim, P. E., Xue, C. H., & Tang, Q. J. (2019).
A pilot study on anti-obesity mechanisms of Kappaphycus Alvarezii:
The role of native x-carrageenan and the leftover sans-carrageenan
fraction. Nutrients, 11(5), 1-20. https://doi.org/10.3390/nu11051133

Cohen, S. M., & Ito, N. (2002). A critical review of the toxicological ef-
fects of carrageenan and processed Eucheuma seaweed on the
gastrointestinal tract. Critical Reviews in Toxicology, 32(5), 413-444.
https://doi.org/10.1080/20024091064282

European Commission (2003). Health & Consumer Protection Directorate-
General, Opinion of the Scientific Committee on Food on Carrageenan.

CWILEY-L-2%

http://ec.europa.eu/food/fs/sc/scf/outlé64_en.pdf. Accessed April
21, 2020.

Deodati, A., Inzaghi, E., Liguori, A., Puglianiello, A., & Cian Fa Rani, S.
et al (2013). IGF2 Methylation Is associated with lipid profile in
obese children. Hormone Research in Paediatrics, 79, 361-367.
https://doi.org/10.1159/000351707

Fidan Yaylali, G., Akin, F., Turgut, S., & Kursunluoglu, R. (2010). IGF-1
gene polymorphism in obese patients with insulin resistance.
Molecular Biology Reports, 37, 529-533. https://doi.org/10.1007/
s11033-009-9729-6

He,H.,Ye,J.,Zhang, X.,Huang, Y., Li, X., & Xiao, M. (2017). xk-Carrageenan/
locust bean gum as hard capsule gelling agents. Carbohydrate
Polymers, 175, 417. https://doi.org/10.1016/j.carbpol.2017.07.049

JECFA & WHO (2007). Evaluation of certain food additives and con-
taminants: Sixty-eighth report of the Joint FAO/WHO ex-
pert committee on food additives. World Health Organization
Technical Report, 930, 884. https://doi.org/10.1080/19440
049.2010.542184

Jung, U., & Choi, M. S. (2014). Obesity and its metabolic complications:
The role of adipokines and the relationship between obesity, in-
flammation, insulin resistance, dyslipidemia and nonalcoholic fatty
liver disease. International Journal of Molecular Sciences, 15, 6184-
6223. https://doi.org/10.3390/ijms15046184

Krief, S., Ltnnqvist, F., Raimbault, S., Baude, B., Van Spronsen, A., Arner,
P., Strosberg, A. D., Ricquier, D., & Emorine, L. J. (1993). Tissue dis-
tribution of p3-adrenergic receptor mRNA in man. Journal of Clinical
Investigation, 91(1), 344-349. https://doi.org/10.1172/JCI1116191

Kucharski, M., & Kaczor, U. (2017). Fatty acid binding protein 4 (FABP4)
and the body lipid balance. Folia Biologica, 65(4), 181-186. https://
doi.org/10.3409/fb65_4.181

Lee, Y. S., Choi, J. W., Hwang, I., Lee, J. W, Lee, J. H,, Kim, A. Y., Huh,
J. Y, Koh, Y. J., Koh, G. Y., Son, H. J,, Masuzaki, H., Hotta, K.,
Alfadda, A. A., & Kim, J. B. (2010). Adipocytokine Orosomucoid
integrates inflammatory and metabolic signals to preserve energy
homeostasis by resolving immoderate inflammation. The Journal of
Biological Chemistry, 285, 22174-22185. https://doi.org/10.1074/
jbc.M109.085464

Li, M. (2014). The Degradation and Utilization Study of Agarose, «k-
Carrageenan and their Oligosaccharides by Human Gut Microbiota. (in
Chinese with English abstract). Doctoral dissertation. Ocean uni-
versity of China.

MacDonald, M. L. E., Singaraja, R. R., Bissada, N., Ruddle, P., Watts, R,
Karasinska, J. M., Gibson, W. T., Fievet, C., Vance, J. E., Staels, B., &
Hayden, M. R. (2008). Absence of stearoyl-CoA desaturase-1 ame-
liorates features of the metabolic syndrome in LDLR-deficient mice.
Journal of Lipid Research, 49(1), 217-229. https://doi.org/10.1194/
jlrrM700478-JLR200

Mallett, A. K., Rowland, I. R, Bearne, C. A., & Nicklin, S. (1985). Influence
of dietary carrageenans on microbial biotransformation activities in
the cecum of rodents and on gastrointestinal immune status in the
rat. Toxicology & Applied Pharmacology, 78(3), 377-385. https://doi.
org/10.1016/0041-008X(85)90243-1

McKim, J. M. (2014). Food additive carrageenan: Part I: A critical review
of carrageenan in vitro studies, potential pitfalls, and implications
for human health and safety. Critical Reviews in Toxicology, 44, 211-
243. https://doi.org/10.3109/10408444.2013.861797

McKim, J. M., Willoughby, J. A. Sr, Blakemore, W. R., & Weiner, M. L.
(2019). Clarifying the confusion between poligeenan, degraded
carrageenan, and carrageenan: A review of the chemistry, nomen-
clature, and in vivo toxicology by the oral route. Critical Reviews
in Food Science and Nutrition, 59(19), 3054-3073. https://doi.
org/10.1080/10408398.2018.1481822

Mi, Y., Chin, Y. X., Cao, W. X,, Chang, Y. G,, Lim, P. E., Xue, C. H., & Tang,
Q. J. (2020). Native kappa-carrageenan induced-colitis is related
to host intestinal microecology. International Journal of Biological


https://doi.org/10.1111/j.1476-5381.1990.tb14100.x
https://doi.org/10.1371/journal.pone.0115744
https://doi.org/10.1111/j.2042-7158.1965.tb07577.x
https://doi.org/10.3177/jnsv.34.577
https://doi.org/10.1016/j.chom.2020.01.028
https://doi.org/10.1016/j.chom.2020.01.028
https://doi.org/10.1016/j.bbrep.2017.08.005
https://doi.org/10.1016/j.bbrep.2017.08.005
https://doi.org/10.1016/j.matpur.2010.02.001
https://doi.org/10.1016/j.matpur.2010.02.001
https://doi.org/10.1007/s10620-006-9531-4
https://doi.org/10.3233/NHA-170023
https://doi.org/10.1152/ajpgi.00380.2006
https://doi.org/10.1152/ajpgi.00380.2006
https://doi.org/10.1016/j.carbpol.2009.01.020
https://doi.org/10.1016/j.antiviral.2004.07.001
https://doi.org/10.3390/nu11051133
https://doi.org/10.1080/20024091064282
http://ec.europa.eu/food/fs/sc/scf/out164_en.pdf
https://doi.org/10.1159/000351707
https://doi.org/10.1007/s11033-009-9729-6
https://doi.org/10.1007/s11033-009-9729-6
https://doi.org/10.1016/j.carbpol.2017.07.049
https://doi.org/10.1080/19440049.2010.542184
https://doi.org/10.1080/19440049.2010.542184
https://doi.org/10.3390/ijms15046184
https://doi.org/10.1172/JCI116191
https://doi.org/10.3409/fb65_4.181
https://doi.org/10.3409/fb65_4.181
https://doi.org/10.1074/jbc.M109.085464
https://doi.org/10.1074/jbc.M109.085464
https://doi.org/10.1194/jlr.M700478-JLR200
https://doi.org/10.1194/jlr.M700478-JLR200
https://doi.org/10.1016/0041-008X(85)90243-1
https://doi.org/10.1016/0041-008X(85)90243-1
https://doi.org/10.3109/10408444.2013.861797
https://doi.org/10.1080/10408398.2018.1481822
https://doi.org/10.1080/10408398.2018.1481822

ZHANG ET AL.

244
24 | \WiLEY-

Macromolecules, 147, 284-294. https://doi.org/10.1016/j.ijbio
mac.2020.01.072

Miller, R., D'Agostino, D., Erlanson-Albertsson, C., & Lowe, M. E. (2009).
Enterostatin deficiency increases serum cholesterol but does
not influence growth and food intake in mice. American Journal
of Physiology-Endocrinology and Metabolism, 297(4), E856-E865.
https://doi.org/10.1152/ajpendo.91008.2008

Nassir, F., Wilson, B., Han, X., Gross, R. W., & Abumrad, N. A. (2007).
CD36 Is important for fatty acid and cholesterol uptake by the
proximal but not distal intestine. Journal of Biological Chemistry,
282(27), 19493-19501. https://doi.org/10.1074/jbc.M703330200

Panlasigui, L. N., Baello, O. Q., Dimatangal, J. M., & Dumelod, B. D.
(2003). Blood cholesterol and lipid-lowering effects of carrageenan
on human volunteers. Asia Pacific Journal of Clinical Nutrition, 12,
209-214.

Pittman, K. A., Golberg, L., & Coulston, F. (1976). Carrageenan: The effect
of molecular weight and polymer type on its uptake, excretion and
degradation in animals. Food and Cosmetics Toxicology, 14(2), 85-93.
https://doi.org/10.1016/S0015-6264(76)80249-0

Qiao, Y., Liu, L., Yin, L., Xu, L., Tang, Z., Qi, Y., Mao, Z., Zhao, Y., Ma, X., &
Peng, J. (2019). FABP4 contributes to renal interstitial fibrosis via
mediating inflammation and lipid metabolism. Cell Death & Disease,
10, 382. https://doi.org/10.1038/s41419-019-1610-5

Rees, D. A.(1963). The carrageenan system of polysaccharides. Part|. The
relation between the k- and A-components. Journal of the Chemical
Society, 1(2), 1792-1801. https://doi.org/10.1210/jc.2012-1067

Reinagel, D. M. (2015). The carrageenan controversy. Journal of Applied
Phycology, 29(5), 2201-2207. https://doi.org/10.1007/s1081
1-017-1132-4

Sadeghi, H., Hajhashemi, V., Minaiyan, M., Movahedian, A., & Talebi, A.
(2011). A study on the mechanisms involving the anti-inflammatory
effect of amitriptyline in carrageenan-induced paw edema in
rats. European Journal of Pharmacology, 667, 396-401. https://doi.
org/10.1016/j.ejphar.2011.05.053

Shang, Q., Sun, W., Shan, X., Jiang, H., Cai, C., Hao, J, Li, G., & Yu, G.
(2017). Carrageenan-induced colitis is associated with decreased
population of anti-inflammatory bacterium, Akkermansia muciniph-
ila, in the gut microbiota of C57BL/6J mice. Toxicology Letters, 279,
87-95. https://doi.org/10.1016/j.toxlet.2017.07.904

Shu, Y., Liu, X. B., Ma, X. H., Gao, J., He, W., Cao, X. Y., & Chen, J. (2017).
Immune response mechanism of mouse monocytes/macrophages
treated with kappa-carrageenan polysaccharide. Environmental
Toxicology & Pharmacology, 53, 191-198. https://doi.org/10.1016/j.
etap.2017.06.010

Solanki, H.K.,Shah, D. A.,Maheriya, P. M., & Patel, C. A. (2014). Evaluation
of anti-inflammatory activity of probiotic on carrageenan-induced
paw edema in Wistar rats. International Journal of Biological
Macromolecules, 72, 1277-1282. https://doi.org/10.1016/j.ijbio
mac.2014.09.059

Su, X., Yan, H., Huang, Y., Yun, H., Zeng, B., Wang, E., Liu, Y. U., Zhang,
Y., Liu, F.,, Che, Y., Zhang, Z., & Yang, R. (2015). Expression of
FABP4, adipsin and adiponectin in paneth cells is modulated by gut
Lactobacillus. Scientific Reports, 5, 18588. https://doi.org/10.1038/
srep18588

Tache, S., Peiffer, G., Millet, A.-S., & Corpet, D. E. (2000). Carrageenan
gel and aberrant crypt foci in the colon of conventional and human
flora-associated rats. Nutrition and Cancer, 37, 193-198. https://doi.
org/10.1207/515327914NC372_12

Thomson, A. W., & Fowler, E. F. (1981). Carrageenan: A review of its ef-
fects on the immune system. Agents and Actions, 11(3), 265-273.
https://doi.org/10.1007/BF01967625

Tobacman, J. K. (2001). Review of harmful gastrointestinal effects of car-
rageenan in animal experiments. Environmental Health Perspectives,
109(10), 983-994. https://doi.org/10.2307/3454951

Uno, Y., Omoto, T., & Goto, Y. (2001). Molecular weight and fecal ex-
creted quantity of carrageenan administered to rats in blended
feed. Japan Journal of Food Chemistry, 8, 83-93.

Wang, Y., Song, W., Wang, J., Wang, T., Xiong, X., Qi, Z., Fu, W., Yang, X.,
& Chen, Y. G. (2019). Single-cell transcriptome analysis reveals dif-
ferential nutrient absorption functions in human intestine. Journal
of Experimental Medicine, 217(2), 1-15. https://doi.org/10.1084/
jem.20191130

Weiner, M. L. (2014). Food additive carrageenan: Part II: A critical review
of carrageenan in vivo safety studies. Critical Reviews in Toxicology,
44(3), 244-269. https://doi.org/10.3109/10408444.2013.861798

Weiner, M. L., Nuber, D., Blakemore, W. R., Harriman, J. F., & Cohen, S. M.
(2007). A 90-day dietary study on kappa carrageenan with empha-
sis on the gastrointestinal tract. Food and Chemical Toxicology, 45(1),
98-106. https://doi.org/10.1016/j.fct.2006.07.033

Wilhelm, B. T., Marguerat, S., Goodhead, I., & Bahler, J. (2010). Defining
transcribed regions using RNA-seq. Nature Protocol, 5, 255-266.
https://doi.org/10.1038/nprot.2009.229

Wu, W., Zhen, Z., Niu, T., Zhu, X., Gao, Y., Yan, J.,, Chen, Y., Yan, X., &
Chen, H. (2017). 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 of Inflammation, 2017(1-4),
8634865. https://doi.org/10.1155/2017/8634865

Yan, S., Yang, X. F,, Liu, H. L., Fu, N., Ouyang, Y., & Qing, K. (2015). Long-
chain acyl-CoA synthetase in fatty acid metabolism involved in liver
and other diseases: An update. World Journal of Gastroenterology,
12, 3492-3498. https://doi.org/10.3748/wjg.v21.i12.3492

Yang, S. H., & Park, H. S. (2010). Effects of weight loss on immune func-
tion and inflammatory cytokines in judo players. Journal of Sport
and Leisure Studies, 42(2), 873-889. https://doi.org/10.51979/
KSSLS.2010.11.42.873

Zamarron, B., Mergian, T., Martinezsantibanez, G., & Lumeng, C. (2015).
Impact of weight loss on obese adipose tissue immune cell function
(CAM1P.154). The Journal of Immunology, 194, 11.

Zhang, H., Liu, F,, Yang, R. L., & Tang, Q. j. (2021). Up to 5% food-grade
k-carrageenan has no colitis risk for body (in Chinese with English
abstract). Modern Food Science & Technology, 37, 28-35. https://doi.
org/10.13982/j.mfst.1673-9078.2021.2.0786

Zhang, H., Yang, R. L., Liu, F.,, Zhou, S. N., Lu, N., & Tang, Q. J. (2021).
Effect of food-grade k-carrageenan on risk of colitis and accumu-
lation of body fat in obese mice (in Chinese with English abstract).
Food Science, 42(15), 121-128. https://doi.org/10.7506/spkx1002-
6630-20200729-365

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-

sion of the article at the publisher’s website.

How to cite this article: Zhang, H., Cao, W.,, Liu, F.,, Gao, Y.,
Chang, Y., Xue, C., & Tang, Q. (2021). The mechanism
exploration of the non-colonic toxicity and obesity inhibition of
food-grade k-carrageenan by transcriptome. Food Science &
Nutrition, 9, 6232-6244. https://doi.org/10.1002/fsn3.2581



https://doi.org/10.1016/j.ijbiomac.2020.01.072
https://doi.org/10.1016/j.ijbiomac.2020.01.072
https://doi.org/10.1152/ajpendo.91008.2008
https://doi.org/10.1074/jbc.M703330200
https://doi.org/10.1016/S0015-6264(76)80249-0
https://doi.org/10.1038/s41419-019-1610-5
https://doi.org/10.1210/jc.2012-1067
https://doi.org/10.1007/s10811-017-1132-4
https://doi.org/10.1007/s10811-017-1132-4
https://doi.org/10.1016/j.ejphar.2011.05.053
https://doi.org/10.1016/j.ejphar.2011.05.053
https://doi.org/10.1016/j.toxlet.2017.07.904
https://doi.org/10.1016/j.etap.2017.06.010
https://doi.org/10.1016/j.etap.2017.06.010
https://doi.org/10.1016/j.ijbiomac.2014.09.059
https://doi.org/10.1016/j.ijbiomac.2014.09.059
https://doi.org/10.1038/srep18588
https://doi.org/10.1038/srep18588
https://doi.org/10.1207/S15327914NC372_12
https://doi.org/10.1207/S15327914NC372_12
https://doi.org/10.1007/BF01967625
https://doi.org/10.2307/3454951
https://doi.org/10.1084/jem.20191130
https://doi.org/10.1084/jem.20191130
https://doi.org/10.3109/10408444.2013.861798
https://doi.org/10.1016/j.fct.2006.07.033
https://doi.org/10.1038/nprot.2009.229
https://doi.org/10.1155/2017/8634865
https://doi.org/10.3748/wjg.v21.i12.3492
https://doi.org/10.51979/KSSLS.2010.11.42.873
https://doi.org/10.51979/KSSLS.2010.11.42.873
https://doi.org/10.13982/j.mfst.1673-9078.2021.2.0786
https://doi.org/10.13982/j.mfst.1673-9078.2021.2.0786
https://doi.org/10.7506/spkx1002-6630-20200729-365
https://doi.org/10.7506/spkx1002-6630-20200729-365
https://doi.org/10.1002/fsn3.2581

