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Abstract: Glycation by transglutaminase (TGase)-type could effectively improve the structure and
functional properties of proteins. However, the influence on intestinal inflammation or the underlying
mechanisms has not been investigated. The goal of this research was to compare the bioactivities
between glycated casein generated from the TGase-catalyzed reaction and oligochitosan as well
as casein using a mouse model of dextran sulfate sodium (DSS)-induced intestinal inflammation
to examine the protective effects and the underlying mechanism of glycated casein on intestinal
inflammation. Eight groups of C57BL/6 mice were randomly assigned in this study: Control group:
standard diet for 35 days; Model group: standard diet for 28 days and then colitis induction; Pretreated
groups: different levels (200, 400, 800 mg/kg BW) of casein or glycated casein for 28 days before
colitis induction. The mice were drinking water containing a 3% DSS solution for seven days of
mice to cause colitis. The results indicated that glycated casein and casein at 200–800 mg/kg BW all
relieved DSS-induced weight loss, reduced disease activity index (DAI) score, alleviated colon length
shortening, weakened the destruction of colonic mucosal structure, decreased serum LPS, and MPO,
IL-1β, IL-6 and TNF-α levels in serum and colon, as well as regulated the expression of proteins
involved in the TLR4/NF-κB signaling pathway in a concentration-dependent manner. Glycated
caseinate showed a better protective effect against DSS-induced colitis than casein, highlighting that
the TGase-type glycation of proteins as a potential functional food ingredient might be a helpful
method for gut health.

Keywords: glycated casein; transglutaminase; anti-inflammatory effect; TLR4/NF-kB pathway

1. Introduction

Chronic nonspecific colitis known as ulcerative colitis is characterized by occult hem-
orrhagic diarrhea, cryptic structures degradation, and broad mucosal inflammation [1]. The
complex interaction of genetic and environmental factors including dietary changes or food
contaminants, gut microbiota imbalance, immunological problems, and oxidative stress
all lead to ulcerative colitis [2]. Serious side effects of untreated ulcerative colitis include
peritonitis and colon cancer [3]. Ulcerative colitis causes reduced microbial diversity and
an increased abundance of pathogenic bacteria, which can reflect dysbiosis of the intestinal
flora. Therefore, regulating the balance of the intestinal flora may be an effective way
to modulate the symptoms of ulcerative colitis. Dextran sulfate sodium (DSS) is widely
employed to establish the mouse colitis model, which closely mimics human ulcerative
colitis with symptoms including weight loss, diarrhea, and colonic shortening [4]. Serious
problems include thrombosis, toxic megacolon, as well as colorectal cancer, which can
eventually result from ulcerative colitis [5]. As the prevalence of ulcerative colitis continues
to rise each year, it has become an urgent global public health issue [6].
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Currently, some dietary components (such as protein, polysaccharides, dietary fiber,
phenols, and probiotics) have been used to prevent and alleviate colitis [7]. The oligoman-
nuronate from alginate oligosaccharide improved the symptoms of colitis and ameliorated
the gut barrier function in vivo [8]. Fish skin collagen hydrolysate attenuated barrier dys-
function by TNF-α and improved the clinical signs of colitis by DSS [9]. In recent years,
several modifications of proteins such as the Maillard reaction have been used to enhance
functional properties and bioactivities of proteins [10]. The Maillard reaction products of
ovalbumin ameliorated DSS-induced colitis symptoms and restored intestine integrity [11].
However, the Maillard reaction exhibits many drawbacks; for example, the reaction con-
ditions display high requirements and are easily affected by the external environment.
During the reaction process, side reactions may occur, which affects the efficiency of the
reaction. Moreover, the structure and properties of the products obtained from the reaction
cannot be completely controlled, thereby forming toxic and mutagenic substances and
resulting in unliked colors as well as nutritional disorders [12]. TGase-type glycation
of proteins is another approach that could also bring about functionality and bioactivity
changes. Oligochitosan–glycated ovalbumin by TGase enhances the functional properties
of ovalbumin [13]. Glycated casein via TGase-type increases the immune-promoting ac-
tivity of casein [14]. However, the potential effects of glycated proteins by TGase-type on
DSS-induced colitis have not been studied so far.

Herein, the DSS-induced colitis in mice was established to explore the protective
effects and related mechanisms of glycated caseinate, focusing on alterations in the bio-
chemical markers from serum and colon, and the expression of key proteins involved in
the TLR4/NF-κB signaling pathway. The protective effects of glycated casein and casein
were compared based on the fact that oligochitosan glycation by TGase could impact the
effects of casein. Our results provide evidence for the potential effect of glycated casein as
a functional ingredient for the dietary therapy of ulcerative colitis.

2. Materials and Methods
2.1. Materials and Reagents

Casein (protein content of 984.2 g/kg) was bought from Sigma-Aldrich Co. (St. Louis,
MO, USA). Oligochitosan was purchased from Zhejiang Golden Shell Biochemical Co.
(Hangzhou, China). Transglutaminase (TGase) with the enzyme activity of 147 units (U)/g
was provided by Jiangsu Yiming Fine Chemical Industry CO., Ltd. (Taixing, China). DSS
(Mw 35–50 kDa) was obtained from MP Biomedicals (Santa Ana, CA, USA). ELISA kits of
lipopolysaccharide (LPS), tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6 as well
as myeloperoxidase (MPO) were bought from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Hematoxylin and eosin (H&E) were obtained from Beyotime Co., Ltd.
(Shanghai, China). Primary antibodies (TLR4, NF-κB, IKB-α, MyD88) were purchased from
Abcam PLC (Cambridge, UK). β-Actin was provided by ABclonal Technology Co., Ltd.
(Wuhan, China).

2.2. Preparation of Glycated Casein by TGase-Type

The glycated casein by TGase-type was fabricated as previously described [15]. Briefly,
oligochitosan was added to the casein solution (80 g/L) to reach a 1:3 ratio of acyl donor
and oligochitosan acceptor, and then TGase (10 U/g) was mixed with the solutions to carry
out a glycation reaction at 37 ◦C for 3 h. The mixture solution was treated at 85 ◦C for 5 min,
and then rapidly cooled to room temperature; two isoelectric washings were performed,
and then neutralized to pH 7.0 to prepare the glycated casein by TGase-type.

2.3. Animals and Experimental Design

From Beijing Vital River Experimental Animal Technical Co., Ltd. (Beijing, China), Eighty
male C57BL/6 mice were obtained. This experiment was carried out according to the Guide-
lines for the Animal Care and Use Committee of Northeast Agricultural University and
approved by the animal experiments of the Animal Ethics Committee of Northeast Agricul-
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tural University (Approval number: NEAUEC2022031). All of the mice (8 weeks old) were
housed in typical cages with a consistent 12 h dark/light cycle, a humidity of 40–60%, and a
temperature of 22 ± 1 ◦C. The experimental design is displayed in Figure 1. Male mice with
average body weights of 20.57 ± 0.15 g were selected and randomly divided into 8 groups
(n = 10) after 7 days of adaptation. The control group was fed a normal saline solution (0.9%)
of mice for 35 days. In the model group, the mice were given a normal saline solution for
28 days, and then drank water containing 3% DSS for 7 days. In the 6 treatment groups, the
mice were fed different levels (200, 400, 800 mg/kg BW) of casein or glycated casein samples
for 28 days, and the 3% DSS solution was then added to drinking water for 7 days. Finally,
cervical dislocation was used to end the lives of all mice. The blood samples were rapidly
prepared from the eyeballs. In addition, the colon samples in mice were preserved at −80 ◦C
for further experiments after freezing in liquid nitrogen.
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Figure 1. Schematic overview of treatments in DSS-treated mice and untreated mice.

2.4. Determination of Body Weight, Colon Length, and Disease Activity Index

Every day, the mice body weights were checked. The colonic lengths of the mice were
evaluated. Disease activity index (DAI), which is determined as the sum of overall health
status, weight loss, stool consistency, and degree of fecal hemorrhage, was used to assess
the severity of DSS-induced colitis in mice. The DAI of mice was noted daily. The score
standards were as described previously [16].

2.5. Histological Examination

The colonic tissue samples of each animal were histologically observed. The colon
samples in experimental groups were fixed in 4% paraformaldehyde for 24 h, and then were
embedded in paraffin. Tissue examinations were performed in 4 µm sections; hematoxylin
and eosin (H&E) staining and analysis by microscopy were conducted. The histological
score was referred to in a previous report [17]. The score standards were calculated as
the sum of five factors including inflammation, extent, regeneration, crypt damage, and
percent involvement.

2.6. Biochemical Marker Analysis

The colon samples were rinsed in physiological saline and then homogenized with
a buffer solution at 4 ◦C. LPS in serum was evaluated by ELISA kits. The levels of MPO
activity and the inflammation cytokines for IL-1β, IL-6, and TNF-α in serum and colon
were measured by ELISA kits.
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2.7. Western Blot

The colon samples (30 mg) were grinded with liquid nitrogen. According to the
kit’s instructions, the total protein content was obtained, combined with the loading
buffer solution (4:1), and heated in a boiling water bath for 5 min. The same amount
of protein (40 µg) was separated on SDS-PAGE gels, and the target protein obtained by
electrophoresis was transferred to the PVDF membrane. This membrane was then sealed
with a 5% skimmed milk solution for 120 min, rinsed twice with PBST for 5 min, as well
as incubated with the primary antibody working solution at 4 ◦C overnight. The film
was washed three times with PBST, and then the secondary antibody (1:2000 dilution)
was applied. A reagent for enhanced chemiluminescence reagent was used to find the
signals. The detected proteins were TLR4 (1:500 dilution), NF-κB p65 (1:1000 dilution),
IKB-α (1:1000 dilution), and MyD88 (1:1000 dilution), respectively. β-actin (1:2000 dilution)
was as an internal reference.

2.8. Statistical Analysis

Data analysis was performed using GraphPad Prism 7.0 (GraphPad, La Jolla, CA, USA).
All experimental data were presented as the mean ± standard deviations (S.D.). One-way
analysis of variance (ANOVA) and Dunnett’s multiple comparison tests were used for statistical
analysis. Statistical significance was fixed at * p < 0.05.

3. Results
3.1. Glycated Casein by TGase-Type Improved Colitis Symptoms

The glycated casein by TGase-type had a glucosamine content of approximately
5.73 g/kg protein, indicating that oligochitosan was conjugated covalently into casein
molecules. The body weight of all mice first increased before 28 days, and then remarkably
reduced after DSS induction (Figure 2A). However, glycated casein and casein treatment
could prevent weight loss when exposed to DSS. On Day 35, DAI in mice with DSS
challenges was 2.90. Pretreatments with glycated casein and casein caused a sharp reduction
in DAI, which was 2.47–2.70 and 2.31–2.60, respectively (Figure 2B). In comparison to that
in the DSS treatment group, DAI decreased by 6.90–14.83% and 10.34–20.34% in glycated-
casein- and casein-treated mice, respectively. Compared with the control mice, the colon
length of the DSS treatment group was dramatically reduced. The colon lengths of glycated
casein and casein were 1.13–1.35 and 1.03–1.28 times greater than those of mice in the
model group (p < 0.05) (Figure 2C,D). This result indicated that both glycated casein by
TGase-type and casein could improve colitis symptoms. Interestingly, glycated casein by
TGase-type was more effective against colitis compared to casein.

3.2. Glycated Casein by TGase-Type Alleviated Colon Injury in Mice against DSS-Induced Colitis

Colon damage was measured by H&E staining (Figure 3A). The morphology of colonic
mucosa presented without inflammation in the mice of the control group, which had intact
mucosal, submucosal as well as muscular layers. Moreover, the mucosal layer showed
properly arranged crypts and an amount of goblet cells. Meanwhile, the mice of the DSS
treatment group exhibited the typical symptoms of colitis, including damaged colonic
mucosa, goblet cell exhaustion, crypt disruption, submucosa inflammatory cell infiltration,
as well as muscle layer edema and thickening. However, pretreatment with casein and
glycated casein by TGase-type could alleviate the pathological damage. As shown in
Figure 3B, the score of colon tissue of mice in the control group was only 18% of those in the
DSS treatment group. Moreover, in comparison to that of the DSS group, the colon tissue
injury score in mice treated with casein and glycated casein dose-dependently decreased
by 12.28–34.21% and 20.17–42.99%, respectively. Especially compared with casein, glycated
casein exhibited better protective effects on the colon, specifically in maintaining intact
crypts and decreasing goblet cells loss. Therefore, glycated casein by TGase-type alleviated
the pathological lesion of the colon induced by DSS.
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Figure 3. Effect of glycated casein and casein on the histopathological analysis for colon. (A) H&E
staining of colon tissue samples at 100× and 200× magnification; (B) Histological score of colon
tissue samples. Different lowercase letters above the columns indicate that the mean values differed
(p < 0.05).

3.3. Glycated Casein by TGase-Type Reduced Systemic Inflammation in DSS-Induced Mice

As demonstrated in Figure 4, DSS-challenged mice showed the highest LPS level
in serum (133.69 EU/L), while the levels of mice in glycated-casein by TGase-type and
casein treatment significantly decreased by 12.08–28.67% and 8.55–17.82%, respectively. The
serum levels of MPO of glycated-casein- and casein-treated mice decreased by 12.19–37.16%
and 9.88–30.60%, respectively, in comparison to the DSS group. The serum concentrations
of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) were significantly enhanced in
the model group when compared to the control group. Briefly, the levels of IL-1β, IL-6,
and TNF-α in mice of the glycated casein group significantly decreased by 17.89–39.27%,
19.35–39.11%, and 18.42–41.63%, respectively. The mice in the casein treatment group also
exhibited reduced serum IL-1β, IL-6, and TNF-α levels by 13.09–36.37%, 14.98–33.29%, and
12.32–36.84% in a concentration-dependent manner, respectively. When compared to the
casein treatment group, the glycated casein treatment group presented remarkably inhibited
serum levels of pro-inflammatory cytokines caused by DSS-induced colitis. In summary,
the effects of glycated casein by TGase-type intervention on systemic inflammation may
play an important role in the mitigation of DSS-induced colitis.
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3.4. Glycated Casein Relieved Colonic Inflammation in DSS-Induced Mice

The MPO activity associated with neutrophil infiltration in colon tissue is a key marker
of inflammation. As shown in Figure 5, MPO activity in colon tissues increased after DSS
exposure, whereas glycated casein and casein dramatically reduced their upregulations. Briefly,
the activity of colonic MPO in glycated casein treatment at the dose of 200–800 mg/kg BW
decreased by 15.37–54.89%. Casein treatment could reduce the activity of MPO by 9.59–44.45%.
DSS exposure increased the concentration of IL-1β, IL-6, and TNF-α, while glycated casein and
casein treatment significantly decreased the three pro-inflammatory cytokines (p < 0.05). When
compared to the DSS group, the levels of IL-1β, IL-6, and TNF-α in the casein group reduced by
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21.69–53.01%, 25.53–44.99%, 17.54–52.14%, whereas glycated casein brought about a decline of
25.30–54.22%, 26.70–51.70%, and 26.03–57.75%, respectively. Notably, glycated casein treatment
exhibited a more effective anti-inflammatory effect of DSS-induced colitis. The results revealed
that glycation by TGase can enhance the effect of glycated casein on DSS-induced colitis.
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3.5. Glycated Casein Inhibited TLR4/ MyD88/NF-kB Signaling in Colon

The expression of proteins (TLR4, NF-κB p65, IKB-α, and MyD88) was further ana-
lyzed by Western blot assays. The protein expression of TLR4, MyD88, IKB-α, and NF-kB
p65 in the model mice group demonstrated a significant increase when compared to the
control group (p < 0.05), which is shown in Figure 6. The control group was defined
with relative protein expression levels (i.e., 1.00-fold) for four proteins. For the result of
DSS treatment, the mice in the model group were detected with downregulated protein
expression levels for TLR4, MyD88, IKB-α, and NF-kB p65, which corresponded to 1.54-,
2.01-, 2.18-, and 1.54-fold decrease, respectively. Glycated casein intervention significantly
downregulated the expression of TLR4, MyD88, IKB-α, and NF-kB p65, which reached
0.80–1.09-, 0.97–1.29-, 1.21–1.57-, and 0.87–1.24-fold decrease, respectively, while casein
treatment decreased four key protein expressions by 1.21–1.51-, 1.07–1.55-, 1.36–2.05-, and
0.90–1.37-fold, respectively. In summary, these results preliminarily demonstrated that
both casein and glycated casein could significantly decrease the expression of key proteins.
Glycated casein by TGase-type had a beneficial protective effect on DSS-induced colitis.
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4. Discussion

Ulcerative colitis is a type of inflammatory bowel disease which is a chronic nonspe-
cific colorectal inflammation [18]. It has a complicated multifactorial pathogenesis that
includes immune response disorders, genetic susceptibility, environmental variables, as well
as changes in gut microbiota [19,20]. In recent years, ulcerative colitis treatments mainly pay
attention to the anti-inflammatory effects and immunological regulatory activities, while they
frequently have unfavorable side effects. The inflammatory mechanisms of colitis are studied
using a DSS-induced colitis model [21]. Currently, many studies find that food-assisted
therapy has a beneficial effect on the treatment of inflammatory bowel disease, such as
dietary polyphenols, proteins, dietary fiber, prebiotics, etc. [22]. The major fatty acid in royal
jelly, 10-hydroxy-2-decenoic acid, improves the effects of DSS-induced colitis by mediating
the NLRP3 inflammasome-mediated pyroptosis pathway and increasing intestinal barrier
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function [23]. Administration of pectic polysaccharides relieves DSS-induced colitis in allevi-
ating tissue damage and suppressing the production of pro-inflammatory cytokines, as well
as maybe acting as a therapeutic strategy in the management of gut inflammation [24]. Green
tea extract containing piper retrofractum fruit inhibits DSS-induced colonic inflammation by
reducing the expression of miR-21 and NF-κB [25]. Collagen peptide promotes DSS-induced
colitis by disrupting the gut microbiota and controlling macrophage polarization [26]. The
Maillard product of ovalbumin blocks the release of lysine and essential amino acids, as well
as improves the gut microbiota and levels of short-chain fatty acids in vivo [11]. Except for
the Maillard reaction, the enzymatic method can be used for glycated proteins. TGase along
with amino-containing saccharides is another way to obtain glycated proteins because TGase
can conjugate amino-containing saccharides into proteins.

Previously, the glycation of proteins by TGase-type has been extensively studied for
their functional properties. It has been reported that TGase-catalyzed glycation enhanced
the physicochemical properties and functionalities of Lentinus edodes protein fraction [27].
The glycated casein and soybean protein under the action of glucosamine and TGase exhibit
stronger interfacial and rheological properties; however, glycated casein and soybean by
oligochitosan and TGase show better gelation, emulsion stability, as well as water-binding
properties [28,29]. Chitosan oligosaccharides and TGase-induced glycation of glutamine
have the potential to be an effective treatment method to prevent the formation of advanced
glycation end products in fishery products [30]. Glycation via TGase and glucosamine of
β-lactoglobulin can reduce the antigenicity and allergenicity [31]. In our previous work,
the changes in structure caused the different functionalities and bioactivities. It was found
that glycated casein hydrolysate by TGase-type was more effective than casein hydrolysate
in improving the barrier function or relieving the acrylamide-treated barrier dysfunction of
the IEC-6 cells [32]. This indicates that protein glycation by the TGase-type has the potential
to enhance protein bioactivity to maintain intestinal health. However, whether glycated
casein and casein have different efficiencies on colitis and the underlying mechanisms
remains unclear.

In this study, TGase-type glycation was used to obtain glycated casein and assess the
protective effect on DSS-induced colitis. The results demonstrated that both glycated casein
and casein administration significantly attenuated DSS-induced colitis in mice by alleviating
endotoxemia, reducing systematic and colonic inflammation, decreasing neutrophil-derived
MPO activity, as well as regulating the TLR4/NF-kB signaling pathway. Notably, compared
to casein, glycated casein was more effective against colitis. The inflammatory responses are
considered one of the important pathological mechanisms that induce colitis. A stable internal
environment is maintained by the intestinal mucosa, an essential barrier within the intestine
that prevents harmful substances from the intestine, such as bacteria and toxins, from crossing
the intestinal mucosa and entering other tissues, organs, and the bloodstream [18]. In this
study, the colonic tissues were examined using H&E staining. According to our research,
intestinal villi in mice with DSS-induced colitis were scarce and disorganized, and there was
a large infiltration of inflammatory cells, which indicated that DSS severely disrupted the
intestinal structure. Interestingly, glycated casein by TGase-type treatment partly improved
the intestinal injury. MPO is a glycoprotein released by neutrophils upon stimulation [33].
After neutrophils are activated, they are released into extracellular or phagocytic bodies to
accelerate local intestinal inflammation [34]. In this study, we found that the glycated casein by
TGase-type group presented remarkably inhibited levels of pro-inflammatory cytokines and
MPO activity in serum and colon caused by DSS-induced colitis compared to the casein group.
Collectively, the effects of glycated casein by TGase-type intervention on systemic and colonic
inflammation may play a key role in the mitigation of DSS-induced colitis.

The possible molecular mechanisms were further analyzed based on these findings.
Many studies have confirmed various signaling pathways related to inflammatory
responses [35]. The TLR4/NF-kB signaling pathway is one of the important regulatory
mechanisms for inflammation [36]. It has been well established that TLR4 and the
downstream binding protein of MyD88 facilitate DSS-induced colitis by activating NF-
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kB to promote the transcription of inflammation genes [37]. In a DSS mouse model,
over-expression of TLR4 has been found to enhance inflammatory responses to mucosal
injury and promote colitis-induced tumorigenesis [38]. In this study, the results from
Western blot assays suggested that higher levels of TLR4, NF-κB p65, IKB-α and MyD88
were detected in the DSS-induced colitis compared to the control group. Glycated
casein down-regulated the expression of the key proteins (TLR4, NF-κB p65, IKB-α and
MyD88). Therefore, glycated casein by TGase-type potentially inhibited the activation of
the TLR4/NF-κB signaling pathway and mitigated the release of inflammatory cytokines
(Figure 7). The chemical structure and compositions of glycated protein and protein
are different, and these differences in chemical properties have certain impacts on
their activity [31,39]. In our previous study, we used LC-MS/MS analysis to identify
oligochitosan binding sites at the Gln residues of αS1-casein and αS2-casein [40]. The
LC-MS/MS analysis results are also directly supported by the chemical modification
mechanism of the glycation by TGase-type. The oligochitosan bound in casein may
partially or completely contribute to the change in biological activity.
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Figure 7. The protective mechanism of glycated casein by TGase-type against DSS-induced colitis.

The need for high-quality protein components in the food industry is rising as the
world’s population and health consciousness rise. In the food industry, casein, a well-
known component of milk proteins, has long been used. The bioactivities and functionali-
ties of proteins may be improved using TGase-mediated oligochitosan glycation of proteins
as a promising technique. These findings in the current study offer new insights into the
protective mechanisms of action of bioactive compounds from casein and oligochitosan
against colitis. This study also highlighted the possible application of the TGase-type
glycation of proteins in the food industry and demonstrated the advantages of glycated
protein via TGase-type for health. Glycated casein may be used as a functional protein
ingredient or food supplement with increased health benefits for the body, particularly in
alleviating intestinal inflammation.
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5. Conclusions

In summary, the present study first found that glycated casein by TGase-type alleviated
DSS-induced colitis in mice. The results showed that glycated casein by TGase-type and
casein could both slow DSS-induced weight loss, decrease DAI score, increase colon length,
alleviate the destruction of the colonic structure, as well as decrease serum LPS, and MPO,
IL-1b, IL-6, and TNF-a levels in serum and colon. In addition, the administration of glycated
casein by TGase-type and casein regulated the expression of key proteins (TLR4, NF-κB
p65, IKB-α, and MyD88) in a concentration-dependent manner. Moreover, glycated casein
by TGase-type and casein inhibited the activation of the TLR4/NF-κB signaling pathway
as a protective mechanism against DSS-induced colitis. Compared with casein samples,
glycated casein by TGase-type exhibited more effectiveness with significantly improved
indices against DSS-induced colitis. Our work provided clear evidence of the biological
activity of glycated casein by TGase-type, which could be a potential functional food
ingredient for gut health.

Author Contributions: Conceptualization, W.Z. and J.S.; Methodology, C.Z. and T.Y.; Data curation,
H.C.; Writing—original draft, H.C.; Investigation, W.L. and C.Z.; Data curation, W.L.; Formal analysis,
T.Y.; Funding acquisition, J.S.; Supervision, J.S.; Writing—review and editing, J.S. and W.Z.; Resources,
W.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Academic Research Program of Northeast Agricultural
University (20YJXG12), China Postdoctoral Science Foundation (2021M690581), Heilongjiang Post-
doctoral Foundation (LBH-Z21006), and the Open Research Fund for Key Laboratory of Dairy Science
(Northeast Agricultural University) (2020-KLDS-OF-005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oshi, M.A.; Lee, J.; Naeem, M.; Hasan, N.; Kim, J.; Kim, H.J.; Lee, E.H.; Jung, Y.; Yoo, J.W. Curcumin nanocrystal/pH-responsive

polyelectrolyte multilayer core-shell nanoparticles for inflammation-targeted alleviation of ulcerative colitis. Biomacromolecules
2020, 21, 3571–3581. [CrossRef]

2. Ramos, L.; Teo-Loy, J.; Acosta, M.B.D. Disease clearance in ulcerative colitis: Setting the therapeutic goals for future in the
treatment of ulcerative colitis. Front. Med. 2023, 9, 1102420. [CrossRef] [PubMed]

3. Li, X.; Mo, K.B.; Tian, G.; Zhou, J.X.; Gong, J.Z.; Li, L.; Huang, X.H. Shikimic acid regulates the NF-kB/MAPK signaling pathway
and gut microbiota to ameliorate DSS-induced ulcerative colitis. J. Agric. Food Chem. 2023, 71, 8906–8914. [CrossRef] [PubMed]

4. Eichele, D.D.; Kharbanda, K.K. Dextran sodium sulfate colitis murine model: An indispensable tool for advancing our under-
standing of inflammatory bowel diseases pathogenesis. World J. Gastroenterol. 2017, 23, 6016–6029. [CrossRef] [PubMed]

5. Yang, R.; Wang, Y.Y.; Mehmood, S.; Zhao, M.; Yang, X.X.; Li, Y.; Wang, W.; Chen, J.W.; Jia, Q. Polysaccharides from Armillariella
tabescens mycelia mitigate DSS-induced ulcerative colitis via modulating intestinal microbiota in mice. Int. J. Biol. Macromol.
2023, 245, 125538. [CrossRef]

6. Jiang, Q.H.; Jiang, C.K.; Lu, H.L.; Zhou, T.Y.; Hu, W.J.; Tan, C.P.; Feng, Y.C.; Shen, G.X.; Xiang, X.W.; Chen, L. Camellia oil alleviates
DSS-induced colitis in mice by regulating the abundance of intestinal flora and suppressing the NF-κB signaling pathway. J.
Funct. Foods 2023, 108, 105777. [CrossRef]

7. Wu, Q.L.; Chen, T.T.; El-Nezami, H.; Savidge, T.C. Food ingredients in human health: Ecological and metabolic perspectives
implicating gut microbiota function. Trends Food Sci. Technol. 2020, 100, 103–117. [CrossRef]

8. Lu, S.; Na, K.; Wei, J.N.; Tao, T.; Zhang, L.; Fang, Y.; Li, X.Y.; Guo, X.H. Alginate oligosaccharide structures differentially affect
DSS-induced colitis in mice by modulating gut microbiota. Carbohyd. Polym. 2023, 312, 120806. [CrossRef]

9. Sivaraman, K.; Shanthi, C. Purified fish skin collagen hydrolysate attenuates TNF-a induced barrier dysfunction in-vitro and DSS
induced colitis in-vivo model. Int. J. Biol. Macromol. 2022, 222, 448–461. [CrossRef]

10. Zhang, S.X.; Wang, K.; Qin, Y.T.; Zhu, S.Y.; Gao, Q.K.; Liu, D.R. The synthesis, biological activities and applications of protein-
polysaccharide conjugates in food system: A review. Food Qual. Saf. 2023, 7, fyad006. [CrossRef]

11. Yang, Q.; Li, T.; Lyu, S.W.; Ge, H.F.; Yang, M.; Liu, X.T.; Liu, J.B.; Yu, Y.D.; Zhang, T. Ovalbumin and its Maillard reaction products
ameliorate dextran sulfate sodium-induced colitis by mitigating the imbalance of gut microbiota and metabolites. Int. J. Biol.
Macromol. 2022, 222, 715–724. [CrossRef]

https://doi.org/10.1021/acs.biomac.0c00589
https://doi.org/10.3389/fmed.2022.1102420
https://www.ncbi.nlm.nih.gov/pubmed/36698823
https://doi.org/10.1021/acs.jafc.3c00283
https://www.ncbi.nlm.nih.gov/pubmed/37257042
https://doi.org/10.3748/wjg.v23.i33.6016
https://www.ncbi.nlm.nih.gov/pubmed/28970718
https://doi.org/10.1016/j.ijbiomac.2023.125538
https://doi.org/10.1016/j.jff.2023.105777
https://doi.org/10.1016/j.tifs.2020.04.007
https://doi.org/10.1016/j.carbpol.2023.120806
https://doi.org/10.1016/j.ijbiomac.2022.09.122
https://doi.org/10.1093/fqsafe/fyad006
https://doi.org/10.1016/j.ijbiomac.2022.09.224


Foods 2023, 12, 3431 13 of 14

12. Phung-Nguyen, K.; McNeill, B.A.; Aston-Mourney, K. Advanced glycation end-products and their effects on gut health. Nutrients
2023, 15, 405. [CrossRef] [PubMed]

13. Hu, X.; Hu, W.X.; Lu, H.Y.; Liu, S.; Rao, S.Q.; Yang, Z.Q.; Jiao, X.A. Glycosylated cross-linked ovalbumin by transglutaminase
in the presence of oligochitosan: Effect of enzyme action time and enhanced functional properties. Food Hydrocolloid. 2023,
138, 108462. [CrossRef]

14. Shi, J.; Zhang, Q.; Zhao, X.H.; Wang, L. The impact of caseinate oligochitosan-glycation by transglutaminase on amino acid
compositions and immune-promoting activity in BALB/c mice of the tryptic caseinate hydrolysate. Food Chem. 2021, 350, 129302.
[CrossRef] [PubMed]

15. Shi, J.; Zhao, X.H. Effect of caseinate with oligochitosan and transglutaminase on the intestinal barrier function of the tryptic
caseinate digest in IEC-6 cells. Food Funct. 2019, 10, 652–664. [CrossRef]

16. Ghia, J.E.; Blennerhassett, P.; Kumar-Ondiveeran, H.; Verdu, E.F.; Collins, S.M. The vagus nerve: A tonic inhibitory influence
associated with inflammatory bowel disease in a murine model. Gastroenterology 2006, 131, 1122–1130. [CrossRef]

17. Dieleman, L.A.; Palmen, M.J.; Akol, H.; Bloemena, E.; Pena, A.S.; Meuwissen, S.G.; Van Rees, E.P. Chronic experimental colitis
induced by dextran sulfate sodium (DSS) is characterized by Th1 and Th2 cytokines. Clin. Exp. Immunol. 1998, 114, 385–391.
[CrossRef]

18. Shah, S.C.; Itzkowitz, S.H. Colorectal cancer in inflammatory bowel disease: Mechanisms and management. Gastroenterology 2022,
162, 715. [CrossRef]

19. Kobayashi, T.; Siegmund, B.; Le Berre, C.; Wei, S.C.; Ferrante, M.; Shen, B. Ulcerative colitis. Nat. Rev. Dis. Primers 2020, 6, 74.
[CrossRef]

20. Schlegel, N.; Boerner, K.; Waschke, J. Targeting desmosomal adhesion and signaling for intestinal barrier stabilization in
inflammatory bowel diseases-lessons from experimental models and patients. Acta Physiol. 2021, 231, 13492. [CrossRef]

21. Xu, A.A.; Zhao, Y.L.; Shi, Y.X.; Zuo, X.X.; Yang, Y.J.; Wang, Y.F.; Xu, P. Effects of oxidation-based tea processing on the characteristics
of the derived polysaccharide conjugates and their regulation of intestinal homeostasis in DSS-induced colitis mice. Int. J. Biol.
Macromol. 2022, 214, 402–413. [CrossRef] [PubMed]

22. Zhou, J.; Li, M.Y.; Chen, Q.F.; Li, X.J.; Chen, L.F.; Dong, Z.L.; Zhu, W.J.; Yang, Y.; Liu, Z.; Chen, Q. Programmable probiotics
modulate inflammation and gut microbiota for inflammatory bowel disease treatment after effective oral delivery. Nat. Commun.
2022, 13, 3432. [CrossRef] [PubMed]

23. Huang, S.S.; Tao, R.R.; Zhou, J.F.; Qian, L.X.; Wu, J. Trans-10-hydroxy-decenoic acid alleviates dextran sulfate sodium-induced
colitis in mice via regulating the inflammasome-mediated pyroptotic pathway and enhancing colonic barrier function. Mol. Nutr.
Food Res. 2022, 66, 2100821. [CrossRef] [PubMed]

24. Wu, D.M.; Chen, S.G.; Ye, X.Q.; Ahmadi, S.; Hu, W.W.; Yu, C.X.; Zhu, K.; Cheng, H.; Linhardt, R.J.; He, Q.J. Protective effects of six
different pectic polysaccharides on DSS-induced IBD in mice. Food Hydrocolloid. 2022, 127, 107209. [CrossRef]

25. Lee, M.S.; Lee, J.; Kim, Y. Green tea extract containing piper retrofractum fruit ameliorates DSS-induced colitis via modulating
microRNA-21 expression and NF-kB activity. Nutrients 2022, 14, 2684. [CrossRef]

26. Li, X.X.; Cui, L.W.; Feng, G.L.; Yu, S.N.; Shao, G.L.; He, N.N.; Li, S.Y. Collagen peptide promotes DSS-induced colitis by disturbing
gut microbiota and regulation of macrophage polarization. Front. Nutr. 2022, 9, 957391. [CrossRef]

27. Wu, S.S.; Han, W.; Cheng, Y.F.; Yun, S.J.; Chang, M.C.; Cheng, F.E.; Cao, J.L.; Feng, C.P. Transglutaminase-catalyzed glycosylation
improved physicochemical and functional properties of lentinus edodes protein fraction. Foods 2023, 12, 1849. [CrossRef]

28. Song, C.L.; Zhao, X.H. Rheological, gelling, and emulsifying properties of a glycosylated and cross-linked casein generated by
transglutaminase. Int. J. Food Sci. Technol. 2013, 48, 2595–2602. [CrossRef]

29. Song, C.L.; Zhao, X.H. Structure and property modification of oligochitosan-glycosylated and crosslinked soybean protein
generated by microbial transglutaminase. Food Chem. 2014, 163, 114–119. [CrossRef]

30. Wang, J.; Zou, L.; Yuan, F.Z.; Lv, L.T.; Tian, S.L.; Li, Z.X.; Lin, H. Inhibition of advanced glycation endproducts during fish sausage
preparation by transglutaminase and chitosan oligosaccharides induced enzymatic glycosylation. Food Funct. 2018, 9, 253–262.
[CrossRef]

31. Yuan, F.Z.; Ahmed, I.; Lv, L.T.; Li, Z.J.; Li, Z.X.; Lin, H.; Lin, H.; Zhao, J.X.; Tian, S.L.; Ma, J.J. Impacts of glycation and
transglutaminase-catalyzed glycosylation with glucosamine on the conformational structure and allergenicity of bovine b-
lactoglobulin. Food Funct. 2018, 9, 3944–3955. [CrossRef] [PubMed]

32. Shi, J.; Zhao, X.H. Chemical features of the oligochitosan-glycated caseinate digest and its enhanced protection on barrier function
of the acrylamide-injured IEC-6 cells. Food Chem. 2019, 290, 246–254. [CrossRef] [PubMed]

33. Erarlan, A.S.; Ozmerdivenli, R.; Sirinyidiz, F.; Cevik, O.; Gumus, E.; Cesur, G. Therapeutic and prophylactic role of vitamin D and
curcumin in acetic acid-induced acute ulcerative colitis model. Toxicol. Mech. Methods 2023, 33, 480–489. [CrossRef] [PubMed]

34. Matuszyk, A.; Ceranowicz, P.; Warzecha, Z.; Cieszkowski, J.; Ceranowicz, D.; Galazka, K.; Bonior, J.; Jaworek, J.; Bartus, K.; Gil,
K.; et al. Exogenous ghrelin accelerates the healing of acetic acid-induced colitis in rats. Int. J. Mol. Sci. 2016, 17, 1455. [CrossRef]
[PubMed]

35. Theofillis, P.; Sagris, M.; Olikonomou, E.; Antonopoulos, A.S.; Siasos, G.; Tsioufis, C.; Tousoulis, D. Inflammatory mechanisms
contributing to endothelial dysfunction. Biomedicines 2021, 9, 781. [CrossRef] [PubMed]

36. Raka, R.N.; Xiao, J.S.; Wu, H.; Lv, W.W.; Ding, Z.Q.; Cao, Y.P.; Li, X.K.; Sun, J.L.; Luan, K. Pingyin rose essential oil restores
intestinal barrier integrity in DSS-induced mice colitis model. Food Res. Int. 2023, 164, 112362. [CrossRef]

https://doi.org/10.3390/nu15020405
https://www.ncbi.nlm.nih.gov/pubmed/36678276
https://doi.org/10.1016/j.foodhyd.2023.108462
https://doi.org/10.1016/j.foodchem.2021.129302
https://www.ncbi.nlm.nih.gov/pubmed/33618089
https://doi.org/10.1039/C8FO01785A
https://doi.org/10.1053/j.gastro.2006.08.016
https://doi.org/10.1046/j.1365-2249.1998.00728.x
https://doi.org/10.1053/j.gastro.2021.10.035
https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.1111/apha.13492
https://doi.org/10.1016/j.ijbiomac.2022.06.115
https://www.ncbi.nlm.nih.gov/pubmed/35738342
https://doi.org/10.1038/s41467-022-31171-0
https://www.ncbi.nlm.nih.gov/pubmed/35701435
https://doi.org/10.1002/mnfr.202100821
https://www.ncbi.nlm.nih.gov/pubmed/35373915
https://doi.org/10.1016/j.foodhyd.2021.107209
https://doi.org/10.3390/nu14132684
https://doi.org/10.3389/fnut.2022.957391
https://doi.org/10.3390/foods12091849
https://doi.org/10.1111/ijfs.12255
https://doi.org/10.1016/j.foodchem.2014.04.089
https://doi.org/10.1039/C7FO01092C
https://doi.org/10.1039/C8FO00909K
https://www.ncbi.nlm.nih.gov/pubmed/29974110
https://doi.org/10.1016/j.foodchem.2019.04.004
https://www.ncbi.nlm.nih.gov/pubmed/31000044
https://doi.org/10.1080/15376516.2023.2187729
https://www.ncbi.nlm.nih.gov/pubmed/36872571
https://doi.org/10.3390/ijms17091455
https://www.ncbi.nlm.nih.gov/pubmed/27598133
https://doi.org/10.3390/biomedicines9070781
https://www.ncbi.nlm.nih.gov/pubmed/34356845
https://doi.org/10.1016/j.foodres.2022.112362


Foods 2023, 12, 3431 14 of 14

37. Xia, X.X.; Lin, H.; Luo, F.J.; Wu, X.X.; Zhu, L.F.; Chen, S.L.; Luo, H.; Ye, F.; Peng, X.; Zhang, Y.; et al. Oryzanol ameliorates
DSS-stimulated gut barrier damage via targeting the gut microbiota accompanied by the TLR4/NF-κB/NLRP3 cascade response
in vivo. J. Agric. Food Chem. 2022, 70, 15747–15762. [CrossRef]

38. Yu, C.Y.; Wang, D.; Yang, Z.B.; Wang, T. Pharmacological effects of polyphenol phytochemicals on the intestinal inflammation via
targeting TLR4/NF-κB signaling pathway. Int. J. Mol. Sci. 2022, 23, 6939. [CrossRef]

39. Hong, P.K.; Ndagijimana, M.; Betti, M. Glucosamine-induced glycation of hydrolysed meat proteins in the presence or absence of
transglutaminase: Chemical modifications and taste-enhancing activity. Food Chem. 2016, 197, 1143–1152. [CrossRef]

40. Shi, J.; Zhao, X.H.; Fu, Y.; Lametsch, R. Transglutaminase-mediated caseinate oligochitosan glycation enhances the effect of
caseinate hydrolysate to ameliorate the LPS-induced damage on the intestinal barrier function in IEC-6 cells. J. Agric. Food Chem.
2021, 69, 8787–8796. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.jafc.2c04354
https://doi.org/10.3390/ijms23136939
https://doi.org/10.1016/j.foodchem.2015.11.096
https://doi.org/10.1021/acs.jafc.1c02858

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Preparation of Glycated Casein by TGase-Type 
	Animals and Experimental Design 
	Determination of Body Weight, Colon Length, and Disease Activity Index 
	Histological Examination 
	Biochemical Marker Analysis 
	Western Blot 
	Statistical Analysis 

	Results 
	Glycated Casein by TGase-Type Improved Colitis Symptoms 
	Glycated Casein by TGase-Type Alleviated Colon Injury in Mice against DSS-Induced Colitis 
	Glycated Casein by TGase-Type Reduced Systemic Inflammation in DSS-Induced Mice 
	Glycated Casein Relieved Colonic Inflammation in DSS-Induced Mice 
	Glycated Casein Inhibited TLR4/ MyD88/NF-kB Signaling in Colon 

	Discussion 
	Conclusions 
	References

