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Intake of Fish Oil Specifically Modulates Colonic Muc2
Expression in Middle-Aged Rats by Suppressing the
Glycosylation Process

Yafang Ma, Guanghong Zhou, Yingqiu Li, Yingying Zhu, Xiaobo Yu, Fan Zhao, He Li,
Xinglian Xu, and Chunbao Li*

Scope: Dietary fats have been shown to affect gut microbiota composition
and aging gene expression of middle-aged rats at a normal dose, but little is
known about such an effect on gut barrier. In this study, the changes in
colonic Muc2 expression are investigated and the underlying mechanism is
also proposed.
Methods and results: 36 middle-aged Sprague–Dawley rats are assigned to
one of the diets containing soybean oil, lard, or fish oil (4%). The rats are fed
for 5 weeks and then goblet cells, Muc2 expression, and inflammatory
cytokines in the colon are measured. Proteome analysis is performed.
Compared with the lard and soybean oil diet groups, intake of fish oil
decreases the number of goblet cells, and inhibits Muc2 and TLRs expression
in the colon of middle-aged rats, which would impair mucus barrier. Several
key enzymes involved in glycosylation process, including Agr2, Gale, Gne,
Pmm2, Pdxdc1, Plch1, Pfkp, Cmpk1, and Rexo2, show the lowest abundance
in the fish oil diet group.
Conclusion: Intake of fish oil at a normal dose downregulates colonic Muc2
expression. This negative effect of fish oil may involve the suppression of
mucin glycosylation process.

1. Introduction

Fat is a food component that comprises of essential fatty acids
and phospholipids.[1] Different sources of fats have substantially
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distinct composition of fatty acids. Lard
mainly comprises of saturated fatty acids
(SFAs), while soybean oil is rich in
linolenic acid, a kind of n-6 PUFAs.[2]

Fish oil contains high levels of n-3
highly PUFAs, in particular to eicosapen-
taenoic acid (EPA) and docosahexaenoic
acid (DHA).[3] In recent years, the as-
sociations between fat intake and hu-
man health have been widely concerned.
On one hand, high-fat diet may induce
metabolic disorders, including obesity,
diabetes, and inflammation.[4–7] On the
other hand, different dietary fats have dis-
tinct effects on gut bacteria composition,
liver metabolism, and phenotypes.[8–10]

Such a difference could be mainly at-
tributed to the difference in fatty acid
composition in diets.[11–13] The intake of
SFAs is more likely to impair gut bar-
rier function, and cause adipocyte hyper-
plasia, obesity, and inflammation.[14,15]

The n-3 PUFAs have an antioxidative
activity and may decrease inflammatory

response, however, the oxidation of n-6 PUFAs may induce
DNA oxidative breaks and proinflammation.[16] Due to the spe-
cial fatty acid composition, supplemental and therapeutic uses
of fish oil have been widely concerned. Itariu et al. has indicated
that omega-3 fatty acids in fish oil played a role in preventing
and treating many health conditions,[17] however Duriancik et al.
showed an opposite result.[18] Recent studies indicated that the
impacts of fish oil diet could be tissue-specific. At a normal dose
(4%), the intake of fish oil significantly decreased the level of
fat accumulation, oxidative stress, and inflammatory cytokines
in the liver but increased the abundance of phylum Proteobacte-
ria and genusDesulfovibrio as well as the inflammatory cytokines
in the colon.[9,19]

The gastrointestinal tract is not only an entry for nutrients
from the lumen to different organs, but also a barrier for the
host to prevent pathogenic attack.[20] On the gut tissue, there are
two mucus layers that have different properties and functions.
The outer loose mucus layer is a habitat of bacteria, while the in-
ner firmly attached mucus layer is impervious to bacteria.[21–23]

The major components of mucus are mucins, which are heav-
ily O-glycosylated glycoproteins and have the function to protect
the epithelial surface of the intestine from the attack of luminal
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digestive enzymes, abrasion of food particles, and pathogens.[24]

During biosynthesis, the mucin monomers are dimerized in
the ER via its cysteine-rich C-termini, heavily O-glycosylated in
the Golgi, and polymerized via the N-termini by disulfide bond
trimerization.[25] There are tens of mucins specific for tissues, of
whichMuc2 is themost abundant in human and rat colons.Muc2
is critical for colonic protection and Muc2-deficient mice were
shown to spontaneously develop colitis.[26] Although Muc2 plays
a critical role in the colon, little is known about how it responds
to dietary fats at a normal dose (4%).
This study was to investigate how intake of soybean oil, lard,

and fish oil affected the goblet cells and Muc2 expression in the
colon of middle-aged rats. The overall colonic proteome analysis
was performed by using tandemmass tags (TMT) label proteome
technology to reveal the possible molecular mechanisms.

2. Experimental Section

2.1. Animals and Diets

Thirty-six male Sprague–Dawley rats (12 months old) were
bought from a commercial experimental animal center (Sichuan,
China) and housed individually in a specific pathogen-free ani-
mal center (SYXK<Jiangsu> 2011-0037). All animal experimen-
tal protocols were approved by the Animal Care Committee of
Nanjing Agricultural University. After 7 days acclimatization, the
rats were randomly assigned to one of three different diets groups
(n = 12 per group), i.e., soybean oil, lard, or fish oil. The rats
were subjected to a 12 h light–dark cycle in low-stress conditions
(21 ± 1 °C, 50–60% humidity and low noise) with access to diet
and water ad libitum for 5 weeks. The diet and water were re-
placed every 2 days. Body weight was measured once a week at
fixed time (between 15:00 and 16:00).
Animal diets were formulated by Trophic Animal Feed High-

Tech Co., Ltd (Nantong, China), according to the recommenda-
tion of the American Institute of Nutrition for middle-aged rats
(AIN-93M).[27] Briefly, the formulations comprised of 4% soybean
oil, pork lard, or fish oil, 14.0% protein, 46.6% cornstarch, 15.5%
dextrinized cornstarch, 10.0% sucrose, 5.0% fiber, 3.5% mineral
mix (AIN-93-M), 1.0% vitamin mix (AIN-93-VX), 0.2% L-cystine,
0.3% choline bitartrate, and 0.0008% tert-butylhydroquinone.[9]

Soybean oil was bought from Shanghai Jiali Oil Industry Co.
Ltd (Shanghai, China). Pork lard was obtained from Tianjin
Lihongde Fat Products Inc. (Tianjin, China) and fish oil was
bought from Rongcheng Ayers Ocean Bio-technology Co, Ltd
(Weihai, China). The diets were vacuum packaged, stored at
−20 °C, and allowed to reach room temperature before being
served.

2.2. Sample Collection

All rats were euthanized by cervical dislocation after 5-week feed-
ing. Blood and colon tissue samples were collected. Blood was
centrifuged at 3000 × g for 15 min and the serum was stored at
–20 °C. Colon tissue was either fixed in 4% (w/v) paraformalde-
hyde in PBS or frozen in liquid nitrogen and stored at –80 °C.

Table 1. Primer sequences for Muc2, inflammation cytokines, and TLRs.

Gene Forward Primer Reverse Primer

GAPDH GGCAAGTTCAACGGCACAG CGCCAGTAGACTCCACGACAT

Muc2 CTCCCAAGCACTACTACGA GCACAGAGGGCAGCAT

TLR2 CTCCTGTGAACTCCTGTCCTT AGCTGTCTGGCCAGTCAAC

TLR4 CCCTCATGACATCCCTTATTCA CTGTCAGTACCAAGGTTGAGAGC

MyD88 GGACTGGGAAACTCGTCCAG CTCCTGTGTTCGAGGTCCAC

IL-1β AAAAATGCCTCGTGCTGTCT TCGTTGCTTGTCTCTCCTTG

IL-6 CCAGTTGCCTTCTTGGGACT GGTCTGTTGTGGGTGGTATCC

IL-10 GAGAGCGCTCATCTCGATTT GGGTCTCCCAAGGAAAGGTA

IL-12 ATCAGGGACATCATCAAACCG ACGCACCTTTCTGGTTACACTC

TNF-α TGATCGGTCCCAACAAGGA TGCTTGGTGGTTTGCTACGA

TGF-β AGCCCTGTATTCCGTCTCCT ATTCCTGGCGTTACCTTGG

NF-κB TGATGACATACTCCCACAAG CAATATCCCCAGACCTAAC

2.3. Histological Analysis

After fixation overnight, 0.5 cm cubes of colon were embedded in
paraffin and 5 μm sections were cut. The sections were stained
with Alcian blue-periodic acid-Schiff as previously described.[28]

Mucosal thickness, crypt depth, and goblet cells were measured
by analyzing ten crypts per section and three tissue samples from
each animal.

2.4. Real-Time-Quantitative PCR

Total RNA was isolated from the colonic tissues by using the
MiniBEST Universal RNA Extraction Kit (TaKaRa, Ostu, Japan),
and 1.5 μg RNA was used to prepare cDNA by using the
PrimeScript RT Master Mix (TaKaRa, Ostu, Japan) following
the manufacturer’s protocols. Quantitative real-time PCR (RT-
qPCR) was performed by the SYBR Green probe (QuantStu-
dio 6 Flex, Applied Biosystems, Foster, CA). Each cDNA sam-
ple was added into four wells. The cycling conditions were as
follows: initial denaturation at 95 °C for 2 min, and then 40
amplification cycles of 95 °C for 10 s and 60 °C for 30 s.
Relative gene expression was analyzed with 2−��Ct method.[29]

The mRNA level in the test samples was normalized relative
to GAPDH and calculated as fold (2−��Ct) in which the soy-
bean oil group was set as control. The target primers were listed
in Table 1 (Sangon Biotech).

2.5. Western Blotting

Colon tissue samples were homogenized in RIPA buffer that
contained protease and phosphatase inhibitors (Roche Applied
Science, Penzberg, Germany). After centrifugation at 13000 × g
for 15 min, protein concentration in the supernatant was quan-
tified with the bicinchoninic acid protein assay (Thermo Scien-
tific). Protein samples (45 μg) were loaded on 4–12% SDS-PAGE
gels. Electrophoresis was run at 120 V for 2 h at 4 °C (Bio-Rad
Mini-Protean) and western blotting was performed with primary
antibodies against Muc2 (1:4000; Abcam, Cambridge, UK) and
β-actin (1:3000; Bioworld, Nanjing, China). The intensity of tar-
get protein Muc2 was normalized against β-actin.
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2.6. TMT Label Proteome

Colonic proteins were extracted with lysis buffer I (7 m urea,
2 m thiourea, 4% CHAPS, 40 mm Tris-HCl, pH 8.5) that con-
tained protease and phosphatase inhibitors (Roche Applied Sci-
ence, Penzberg, Germany). The proteins were reduced, alkylated,
and digested by trypsin.[30] Six 6-plex TMT (Thermo St, Los Ange-
les, CA, USA) analyses were performed and the protein samples
were labeled with tags 126, 127, 128, 129, 130, and 131, individu-
ally. In brief, a common reference sample was prepared by pool-
ing protein samples from all three groups, used for independent
labeling with mass 131 and randomly assigned to six replicates.
The colon tissue samples from the soybean oil, pork lard, and fish
oil groups were labeled with tags 126, 127, 128, 129, and 130, re-
spectively. Labeled control and diet-specific samples were equiva-
lently combined before sample fractionation. Combined samples
were analyzed by high-resolution Orbitrap LC–MS/MS to iden-
tify peptides and quantify reporter ions.
Raw data were analyzed by the Proteome Discoverer Soft-

ware (version: 1.4, Thermo Fisher Scientific, Waltham, MA,
USA). Protein identification was performed using Sequest
HT engine against the UniprotKB Rattus norvegicus database
(http://www.uniprot.org/uniprot/, Accessed on 14 Oct 2016).
Pathway analysis was performed by using the OmicsBean
(http://www.omicsbean.cn), which integrated Gene Ontology
(GO) enrichment, Kyoto Encyclopedia of Genes and Genomes
pathway analysis.

2.7. Statistical Analysis

The diet effect was evaluated by the factorial analysis of variance.
Means were compared by the Duncan’s multiple comparison un-
der the SAS system (version 9.2). The significance level was set
smaller than 0.05 for all statistical analyses.

3. Results

3.1. Dietary Fats Affected the Development of Colon Tissue

Alcian blue-periodic acid-Schiff staining showed diet-induced
changes in the colonic morphology (Figure 1). Compared to the
soybean oil diet group, the fish-oil-fed rats had a significant de-
crease in mucosal thickness and crypt depth, and fewer goblet
cells (p < 0.05). The lard diet showed a similar phenomenon but
only the crypt depth was significant (p < 0.05).

3.2. Muc2 Content, Toll-Like Receptors, and Inflammatory
Cytokines in the Colon Varied with Dietary Fats

The RT-qPCR and western blotting revealed the Muc2 difference
among diet groups (Figure 2). The RT-qPCR showed lower abun-
dance of Muc2 mRNA in both lard-fed and fish-oil-fed rats than
those of the soybean-oil-fed rats (p < 0.05, Figure 2A). West-
ern blotting indicated that the fish-oil-fed rats had the lowest
abundance of Muc2 protein (p < 0.05, Figure 2B), but there was

no significant difference between lard-fed and soybean-oil-fed
rats. Taken together, the fish oil exhibited an inhibiting effect on
Muc2 on both transcriptional and translational levels, while lard
showed such an effect only on the transcriptional level.
The RT-qPCR also revealed diet-induced changes of the main

cell-surface toll-like receptors (TLRs), i.e., TLR2, TLR4, and
TLR adaptor protein myeloid differentiation factor (MyD88)
(Figure 3). The TLR2 mRNA level did not differ among the three
groups (p> 0.05, Figure 3A), while TLR4 andMyD88 were down-
regulated in both lard-fed and fish-oil-fed rats as compared to the
soybean oil diet group, with the lowest for the fish-oil-fed rats
(Figure 3B and C). This indicated that both fish oil and lard had
a negative impact on the TLRs in the colon.
Our previous study showed that intake of fish oil for 3 months

induced a higher level of inflammation in the colon.[9] However,
the present study did not show significant differences in IL-1β,
IL-6, IL-10, IL-12, NF-κB, TNF-α, and TGF-β mRNA levels (p >

0.05, Figure 4A–G). It indicated that inflammation is a complex
process of gradually developing pathology.

3.3. Dietary Fats Effect Could be Associated with Glycosylation
Process

As shown above, the intake of fish oil induced a substantial
change in the goblet cell number, Muc2 level, and TLRs abun-
dance in the colon of middle-aged rats. To further explore the un-
derlying molecular mechanisms, TMT label proteome analysis
was performed. A total of 3907 proteins were identified, of which
2438 proteins (62.4%)werematchedwith at least two unique pep-
tides (Supporting Information file 1). Difference was expressed
by fold changes and a p-value cutoff, which addressed the reduc-
tion in quantitative accuracy from precursor interference associ-
ated with TMT labeling.[31,32] The fold change of protein abun-
dance ratio greater than 1.2 and p-value smaller than 0.05 indi-
cated a significant difference.
Fifty-nine proteins were observed different in abundance be-

tween the lard and fish oil groups, of which 25 proteins were
highly abundant in the fish oil group and 34 proteins were highly
expressed in the lard group (Supporting Information file 2).
Twenty-eight proteins showed different abundances between the
soybean oil and fish oil groups, with 13 proteins highly abundant
in the fish oil group and 15 proteins higher in the soybean oil
group (Figure 5A, B; Supporting Information file 3).
Kyoto Encyclopedia of Genes and Genomes analysis of dif-

ferentially expressed proteins revealed 13 differentially enriched
pathways, of which fructose/mannose metabolism and amino
sugar/nucleotide sugar metabolism were thought to be closely
related to glycosylation (Figure 5C). The Muc2 abundance was
observed the lowest in the fish-oil-fed rats (Figure 5D), which was
consistent with the western blotting result. The fish oil group
had the lowest abundance of Agr2, Gale, Gne, Pmm2, Pdxdc1,
Plch1, Pfkp, Cmpk1, and Rexo2, which are the key enzymes in-
volved in glycosylation process. And thus, fish oil diet decreased
colonic Muc2 expression probably by limiting the glycosylation
process. In addition, the other differentially abundant proteins,
i.e., Apoa1, Apoa4, and Cpt1a, were mainly involved in lipid
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Figure 1. Effect of dietary fats on colonic histology. A) Alcian blue-periodic acid-Schiff staining images (magnification, ×200); B) mucosal thickness
(mt); C) crypt depth (cd); and D) goblet cells. a, b, means with different letters differed significantly (p < 0.05). Error bars indicated the SDs. For each
biological tissue, the parameters were averaged by three sections and ten crypts per section. Biological replicates n = 12 for each group.

Figure 2. Effect of dietary fats on Muc2 expression in rat colon. A) Muc2 mRNA level that was quantified by RT-qPCR, normalized to the housekeeping
gene GAPDH and calculated as fold changes (2−��Ct) in which the soybean oil group was set as control. B) Relative abundance of Muc2 protein that
was quantified by western blotting and normalized to β-actin. a, b, means with different letters differed significantly (p < 0.05). Error bars indicate the
SDs. Biological replicates n = 12 for each group.

metabolism. However, the associations between these proteins
and Muc2 are still unknown.

3.4. Feed Intake and Body Weight of Middle-Aged Rats Varied
with Dietary Fats

Feed intake and body weight of middle-aged rats were also mea-
sured (Table 2). No significant difference was observed in body
weight between any two groups on day 0. After 5-week feeding,
fish-oil-fed rats showed the highest daily feed intake and the low-
est body weight gain. This indicated that fish oil did work well

Table 2. Feed intake and body weight of middle-aged rats after feeding for
5 weeks.

Items Soybean oil Lard Fish oil

Initial body weight (g) 631.17 ± 41.31a) 628.92 ± 39.30a) 628.08 ± 38.35a)

Average daily feed
intake (g)

26.25 ± 2.39b) 27.56 ± 2.55a),b) 30.72 ± 4.79a)

Body weight gain (g) 90.25 ± 29.22a),b) 103.63 ± 18.49a) 80.23 ± 25.20b)

The numerical values were the means and the SDs.
a,b) means with different superscripts differed significantly (p < 0.05). Biological
replicates n = 12 for each group.
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Figure 3. Effect of dietary fats on TLRs expression in rat colon. A) TLR2 mRNA level; B) TLR4 mRNA level; and C) MyD88 mRNA level. The mRNA
levels of target genes were quantified by RT-qPCR, normalized to the housekeeping gene GAPDH, and calculated as fold changes (2−��Ct) in which the
soybean oil group was set as control. a, b, c, means with different letters differed significantly (p < 0.05). Error bars indicate SDs. Biological replicates
n = 12 for each group.

to reduce body weight to a certain degree. The lard-fed rats had
higher body weight gain and lower feed intake than the fish-oil-
fed rats (p < 0.05), but showed no significant difference with
soybean-oil-fed rats (p > 0.05).

4. Discussion

Dietary fat has been widely concerned because its composition
has more or less associations with health. Fish oil is rich in
the omega-3 fatty acids, including EPA and DHA, and known
to have several biological functions.[33] Intake of lard is usually
associated with the risk to overweight, obesity, diabetes, dyslipi-
demia, and other chronic diseases.[34,35] However, recent stud-
ies have mainly concerned the association between high-fat diet
and gut microbiota andmetabolic disorders,[4,6,36] but few studies
focused on the normal intake of dietary fats. A previous study
indicated that, at a normal dose (4%), the fish oil diet group in-
duced higher abundances of Desulfovibrionaceae and Bilophila in
the colon, which could impair intestinal barrier function and fi-
nally increase the risk of inflammation.[9] This study further con-
firmed the potential negative effect of fish oil on gut barrier.
The intestinal mucus layer has functions to lubricate the ep-

ithelial surface, to protect from potential luminal insults, and to
participate in nutrient transport. In the colon, the main compo-
nent of mucus layer is Muc2. Colonic Muc2 is mainly produced
and secreted by the goblet cells that are derived from multipo-

tent stem cells. In the colon, the majority of multipotent stem
cells exist at the bottom of the crypts and the remainder are scat-
tered through the intestinal crypt.[37] And thus the reduction in
crypt length in the fish oil diet group may indicate fewer mul-
tipotent stem cells existing in the colon, and in consequence
with a smaller number of goblet cells. In addition, the goblet
cells and the secretion of mucins were suggested to be modu-
lated by the gut microbiota, and innate and adaptive immunity
to keep a state of dynamic balance.[38] Mucins could be packaged
into granules prior to secretion. The mucins would be secreted
if goblet cells received a stimulus. The breakdown of intestinal
Muc2 can be associated with an increased permeability in rats.[39]

Muc2 knockout mice had a diminished mucus barrier, and
increased the risk to inflammation, diarrhea, bleeding, and rec-
tal prolapse, which would further induce tumor development at
elderly ages.[40] Therefore, the changes in colonic crypt and gob-
let cells may have a critical impact on Muc2 production, and the
Muc2 abundance indirectly reflect the diet effect on colonic bar-
rier. As compared to the soybean-oil-fed rats, the fish-oil-fed rats
showed lower abundance of Muc2 expression at both transcrip-
tional and translational levels, reduced crypt depth, and smaller
number of goblet cells, which indicated that intake of fish oil
could have an adverse effect on the colonic barrier. Duriancik
et al. also showed that dietary fish oil caused colon inflammation
and impaired mucus layer integrity.[18]

Colonic goblet cells have TLRs that are known as key signal-
ing pathways for mucosal homeostasis.[41–45] TLRs signaling in
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Figure 4. mRNA levels of inflammatory factors in rat colon. A) IL-1β, B) IL-6, C) IL-10, D) IL-12, E) NF-κB, F) TNF-α, and G) TGF-β mRNA data were
quantified by RT-qPCR, normalized to the housekeeping gene GAPDH, and calculated as fold changes (2−��Ct) in which the soybean oil group was set
as control. Error bars indicated the standard deviations. Biological replicates n = 12 for each group.

the colonic epithelium regulates the normal differentiation of the
epithelium and is required for goblet cell proliferation and Muc2
secretion. Birchenough et al. found that the Muc2 secretion was
reduced in colonic explants from Tlr2−/−, Tlr4−/−, MyD88−/−,
Trif −/−, and Rag1−/− mice when compared to wild-type mice,
and colonic goblet cells exposed to high concentrations of TLRs
(mainly TLR2, TLR4, TLR5, and MyD88) stimulated Muc2 secre-
tion ex vivo.[44] In the present study, intake of fish oil significantly
weakened TLRs signaling pathway with a significant decrease in
TLR4 and MyD88 abundances. This could be a compensatory
mechanism in fish-oil-fed mice with reduced mucus barriers to
maintain homeostasis and reduce inflammatory response to mi-
crobiome.
Proteome analysis showed the lowest abundance of Agr2 and

Pdxdc1, Pfkp, Plch1, Gale, Gne, Cmpk1, Pmm2, and Rexo2 in
the fish oil diet group, which can be involved in the glycosyla-
tion process. Mucins are high-molecular-weight glycoproteins
characterized by serine, threonine, and proline-rich domains,
which are the sites of glycosylation with oligosaccharides.[37]

N-glycosylation and C-terminal dimerization occur in the ER,
while O-glycosylation and N-terminal multimerization of the
dimmers occur in the Golgi. Agr2 is one family member of
protein disulfide isomerases and exists in the ER of intesti-
nal secretory epithelial cells. A cysteine residue within the

Agr2 thioredoxin-like domain can react with Muc2 to form
disulfide bonds, and the Agr2-deficient mice were found to
lack intestinal mucus and Muc2, indicating a critical role of
Agr2 in colonic Muc2 formation.[46] The oligosaccharide side
chains of Muc2 are formed by five sugars: fucose, galactose
(Gal), N-acetylgalactosamine (GalNAc), N-acetylglucosamine,
and sialic acid (SA).[25,37] The cellular levels of UDP, CDP,
and GDP-activated sugar substrates and the expression lev-
els of glycosyl-transferases determine the heterogeneity of
glycosylation.[47] Therefore, the involved enzymes and proteins
play an important role in the production and secretion of
Muc2. UDP-glucose 4-epimerase (Gale) catalyzes the reversible
epimerization of UDP-glucose to UDP- galactose and UDP-
N-acetylglucosamine to UDP-GalNAc. It contributes to the
catabolism of dietary galactose and enables the endogenous
biosynthesis of both UDP- galactose and UDP-GalNAc, which
would be coupled with the hydroxyl groups of serine or thre-
onine in the Muc2.[48] UDP-N-acetylglucosamine 2-epimerase
(Gne) is a kinase that regulates and initiates biosynthesis of
N-acetylneuraminic acid, a precursor of SA. SA is not only
the sugar to form the oligosaccharide side chains of Muc2,
but also critical for bacteria binding and masking bac-
terial binding sites.[49] Phosphomannomutase 2 (Pmm2)
is involved in the synthesis of the GDP-mannose and
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Figure 5. Diet-induced change of colonic proteome. A) A heatmap of differentially expressed proteins in colonic tissues of soybean-oil-fed and fish-oil-fed
middle-aged rats. B) A heatmap of differentially expressed proteins in colonic tissues of lard-fed and fish-oil-fed middle-aged rats. C) A protein–protein
interaction of differentially expressed proteins involved in glycosylation. D) Comparisons of Muc2, Agr2, Rexo2, Plch1, Gale, Gne, Cmpk1, Pmm2,
Pdxdc1, and Pfkp expression among three groups. a, b, means with different letters differed significantly (p < 0.05). Error bars indicated the SDs.
Biological replicates n = 10 for each group.
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dolichol-phosphate-mannose, playing an important role
in protein glycosylation. The most common disorder of
glycosylation is caused by mutations in Pmm2 that lim-
its availability of mannose precursors required for pro-
tein glycosylation.[50] Pyridoxal-dependent decarboxylase
domain-containing protein (Pdxdc1) is involved in the catal-
ysis of the nonhydrolytic addition or removal of a carboxyl
group to or from a compound. The free carboxyl group of
aspartic acid or glutamate is a cross point to form the glycosidic
bond and the glycopeptide bond. Braun et al. also mentioned
that such enzyme could promote mucin expression.[51] Phos-
phoinositide phospholipase C (Plch1) is an enzyme that cleaves
phosphatidylinositol 4,5-bisphosphate to generate inositol
1,4,5-trisphosphate and diacylglycerol. The hydrophilic segment
of inositol 1,4,5-trisphosphate includes two consensus sites for
glycosylation.[52] The ATP-dependent 6-phosphofructokinase
(Pfkp) catalyzes the phosphorylation of d-fructose 6-phosphate
to fructose 1,6-bisphosphate, which is the first limiting step of
glycolysis. UMP-CMP kinase (Cmpk1) catalyzes the phosphory-
lation of pyrimidine nucleoside monophosphates at the expense
of ATP. The 3’–5’ exoribonuclease (Rexo2) is specific for small
oligoribonucleotides. Pmm2, Pfkp, Cmpk1, and Rexo2 are the
key enzymes of glycolysis, in which glucose is initially converted
to glucose-6-phosphate and a portion of the glucose-6-phosphate
is then metabolized via the pentose phosphate pathway. This
leads to production of nucleotides, including uridine triphos-
phate, guanosine triphosphate, and cytidine triphosphate, which
are structural components of diverse nucleotide sugars, such as
UDP-N-acetylglucosamine and UDP-GalNAc.[53] Taken together,
these enzymes (Gale, Gne, Pmm2, Pdxdc1, Plch1, Pfkp, Cmpk1,
and Rexo2) play a positive role in the production and secretion of
Muc2 via regulating the biosynthesis of five sugars to form the
oligosaccharide side chains. As a result, the changes of Arg2 and
the above enzymes may directly affect the Muc2 production. In
the present study, intake of fish oil downregulated the expression
of Arg2 and those enzymes involved in Muc2 glycosylation, and
consequently Muc2 was the least abundant in the fish-oil-diet-fed
rats. However, no significant difference was observed between
the lard and soybean oil diet groups. The reduced level of
enzymes could be attributed to the fewer goblet cells.
The fish-oil-fed rats had higher daily feed intake but lower

body weight gain as compared to the soybean oil diet group. In
our previous study, soybean oil was observed to have high levels
of n-6 PUFAs (53.67%) but fish oil had high levels of n-3 PU-
FAs (15.79% in EPA and 12.28% in DHA), while lard is largely
composed of SFAs and MUFAs (43.59% and 39.99%).[19] Intake
of long-chain SFAs may increase lipid deposition, while MU-
FAs or PUFAs would inhibit lipid deposition.[19] Such an effect
could be dependent upon the fatty acid β-oxidation, mRNA fatty
acid synthase, and sterol regulatory element binding protein-1c
expression.[54] Although the changes in body weight gain and
feed intake, no significant difference was observed in inflamma-
tory cytokines in the present study. However, our previous data
showed that a 3-month feeding of the same diets did induce sig-
nificant changes in inflammatory cytokines, and the fish-oil-diet-
fed rats had the highest values.[9] This could be because inflam-
mation is a complex process of gradually developing pathology.
Although lard has been widely discouraged because it is rich

in SFAs,[4,6,36] the present study indicated that few variables were

significantly different between the soybean oil and lard diet
group. And thus, lard was not as bad as we imaged at a normal
dose.
The interaction between gutmicrobiota and gut barrier should

also be considered, as the bacteria can use glycans as nutrient
sources and attachment sites.[37] Our previous study showed that
the gut microbiota structure in the fish oil group was substan-
tially different from those of the soybean oil and lard groups
in both in vitro and in vivo studies. The fish oil group had the
highest relative abundances of phylum Proteobacteria and genus
Desulfovibrio in the colonic contents.[9] The metabolites of these
gut microbiota may break the metabolic balance and cause endo-
toxemia, which would increase pathogen adhesion to intestinal
wall, impair intestinal barrier function, and finally increase the
risk to inflammation.[37]

In conclusion, the intake of fish oil at a normal dose (4% fat
in diet) induced distinct changes in Muc2 expression, goblet cell
number, and TLRs expression in the colon of middle-aged rats,
which reflected the change in colonic mucus barrier. This nega-
tive effect of fish oil could be associated with the suppression of
Muc2 glycosylation process. Further studies are needed on cell
model and gene knockout mice to confirm the consequences of
diet-induced changes in colonic mucosal barrier.
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