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ABSTRACT: The effects of ultrasound combined with glycation (UCG) on the allergenicity and human microbial community of β-
Lg during in vitro digestion were studied by ELISA, cell experiments, and 16S rRNA high-throughput sequencing. UCG
modification and subsequent digestion significantly reduced allergenicity. The decrease in the allergenicity of β-Lg depended not
only on the low digestibility of glycated β-Lg, which led to the decrease of some peptides with complete immunogenicity, but also
the masking effect of glycation on allergen epitopes of β-Lg. Meanwhile, UCG modification and subsequent digestion could alter the
structures of intestinal microbiota and the community abundance at phylum, family, and genus levels, such as Bacteroidota,
Fusobacteriota, Enterobacteriaceae, Bacteroidaceae, Ruminococcaceae, Bacteroides, and Faecalibacterium. These results show that
simulated in vitro digestion of modified β-Lg reduces allergenicity and alters human intestinal microbiota, which could provide a
theoretical basis for studying the relationship between intestinal dysbiosis and cow’s milk allergy.

KEYWORDS: Ultrasonic combined with glycation (UCG), β-lactoglobulin, in vitro digestibility, allergenicity, human intestinal microbiota

■ INTRODUCTION
β-lactoglobulin (β-Lg) is the main whey protein in milk and
plays an extremely important role in food manufacturing due
to its incredibly high content of essential amino acids and
versatile functional properties.1 However, β-Lg has been
recognized as an allergenic component of bovine milk.
According to previous research, ninety percent of people
who are allergic to cow’s milk has an allergy to β-Lg.2

Eliminating or reducing the antigenicity of β-Lg through
various processing methods (heat treatment, glycation,
enzymatic hydrolysis, fermentation, etc.) has been a research
hotspot in recent years.3−6 Among them, glycation as a
promising method not only changes the food function of
proteins but also effectively reduces the allergenic potential of
β-Lg.7 A great amount of attention has been paid to glycation,
which produces powerful food-grade protein−carbohydrate
conjugates. However, glycation alone is no longer enough to
decrease allergenic activity to a satisfactory level. Thus, a
number of researchers have pointed out that physical
treatment combined with glycation has a better inhibitory
effect on the allergenic potential of β-Lg as compared to
glycation alone.2,8,9 Our previous research has also shown that
ultrasonic treatment combined with glycation (UCG)
modification can meaningfully reduce the allergenicity of β-
Lg.10 Despite the number of works on UCG modification,
information about the allergenic potential of β-Lg treated by
UCG modification during in vitro digestion is still fragmented.
Some studies have shown that glycated proteins after

gastrointestinal (GI) digestion can affect intestinal microbiota
and thus alter their allergenicity.11,12 Corzo-Martińez et al.13

have studied the effect of glycated casein and β-Lg on human
intestinal microbiota, and the results indicate that glycated

proteins can induce a significant increase in Bifidobacteria,
whereas Lactobacillus−Enterococcus, Clostridium histolyticum,
Atopobium, and Bacteroides have no effect. Caseinomacropep-
tide was treated in Maillard reaction used for in vitro intestinal
microbial fermentation,14 and it was found that glycation
showed bifidogenic activity. Glycoconjugates seemed to be
more difficult to be digested and excreted, leading to
microbiota fermentation in the intestine, which affected the
growth of intestinal microbiota. Dietary carbohydrates, such as
undigested polysaccharides and partially digested starch, can be
consumed by intestinal microbiota, converting them into
digestible compounds such as short-chain fatty acids (including
acetic acid, propionic acid, and butyric acid) and changing the
structure or diversity of the intestinal microbiota.15 Mono-
saccharides or disaccharides can be completely absorbed in the
small intestine, and they have little effect on the intestinal
microbiota.16 Studies have also shown that monosaccharides
can escape the absorption from the small intestine, reach the
colon, and be metabolized by the intestinal microbiota,
affecting the commensal Bacteroides thetaiotaomicron, and
high-monosaccharide diets can reduce the abundance of
commensal Bacteroides thetaiotaomicron.17 Therefore, conduct-
ing research about the influence of dietary glycoproteins on the
intestinal microbiota is necessary. However, the effect of β-Lg
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treated by UCG modification on human intestinal microbiota
remains unknown. Abdel-Gadir et al.18 showed that different
compositions of intestinal microbiota could influence food
allergies. Certain specific bacteria in the intestine can protect
humans from food allergies. Ling et al.19 have shown that the
intestinal microbiota of infants allergic to milk is different from
that of healthy infants, which is primarily manifested in the
decrease of the microbiota diversity in their bodies. Therefore,
exploring the effect of milk protein processed by UCG
modification on human gut microbes after entering the body is
of great importance. In this work, the influences of glycation
combined with ultrasonic pretreatment on the structure,
allergenicity, and human intestinal microbiota of β-Lg during
in vitro digestion were investigated.

■ MATERIALS AND METHODS
Materials. β-Lg from bovine milk (L3908, ≥90%) was obtained

from Sigma-Aldrich. o-Phthalaldehyde (OPA), acrylamide, sodium
dodecyl sulfate, and other reagents were purchased from Solarbio.
Polyclonal anti-bovine β-Lg antibody was produced in rabbit and was
obtained from Bios (Beijing, China).
We purchased 10 serum samples from patients with milk allergy

from Plasma Lab International (Everett, WA, U.S.A.). The specific
IgE level of milk in the serum ranges from 7.12 to 117.43 kUA/L. A
serum pool made by mixing equal amounts of sera of these 10 patients
was used to study the IgE binding ability of β-Lg.
Sample Preparation. UCG modification of β-Lg using the

method of Shao et al10 Native β-Lg and glycated β-Lg ultrasonicated
at 0 and 120 W/cm2 were named β-Lg, β-Lg-G, and β-Lg-120-G,
respectively. The degree of glycation and molecular weight (MW) of
the glycated proteins were determined.
Degree of Graft. Free amino groups were determined by the

OPA method using the Hitachi U-2910 spectrophotometer (Hitachi,
Ltd, Tokyo, Japan) to measure the absorbance of all samples at 340
nm, as previously reported (Wang et al. 2016).20

HPLC-ESI-QTOF-MS. Ultra-performance liquid chromatography
(LC 30DA), equipped with a column provided by Waters (XBridge
Protein BEH 125 Å SEC, 3.5 μm, 7.8 × 300 mm), was used for
separation to determine the MW of β-Lg, β-Lg-G, and β-Lg-G-120.
Solvents A and B consisted of 0.1% formic acid in water and 0.1%
formic acid in acetonitrile, respectively. A flow rate of 0.3 mL/min was
used to elute the sample, and the gradient conditions were set as
follows: 0−1 min, 2% B; 1−7 min, 2%−90% B; 7−10.5 min, 90% B;
10.5−10.6 min, 90%−2% B; and 10.6−12 min, 2% B (isocratic
elution). Triple TOF 4600 was used for mass spectrometry analysis,
and ESI-QTOF-MS analysis was performed using a time-of-flight
(QTOF) mass detector under the following conditions: analysis time,
12 min; detection method, positive ion mode; precursor ion scan
range, and 105−2500 m/z. PeakView 2.2 (ABI) software was used to
process the MS data.
In Vitro Gastric and Duodenal Digestion. According to the

method of Vassilopoulou et al.,21 the digestion of β-Lg, β-Lg-G, and
β-Lg-G-120 was performed. After 60 min of gastric digestion (GD)
and 120 min of duodenal digestion (DD), samples were taken out and
named as β-Lg-DD, β-Lg-G-DD, and β-Lg-120-G-DD.
Tricine-SDS-PAGE. Tricine-SDS-PAGE analysis was performed

according to a previous description.22

HPLC Determination of MW Distribution. The MW of
hydrolysate was analyzed with an Agilent 1260 HPLC infinity system
(Agilent, Palo Alto, CA).23 Five standards (Cytochrome C, aprotinin,
bacitracin, oxidized glutathione, and L-hydroxyproline) with different
MWs were prepared, and the MW calibration curve on the basis of the
average elution time was obtained.
Intrinsic Fluorescence Emission Spectroscopy. According to

the previous report,24 the Hitachi F-7000 fluorescence spectropho-
tometer (Hitachi, Ltd, Tokyo, Japan) can be used to determine the
intrinsic emission fluorescence intensity of the sample at a
concentration of 1 mg/mL.

IgG/IgE Binding Ability. The IgG/IgE-binding ability was
evaluated by the binding ability of samples to the human serum
pool and polyclonal anti-bovine β-Lg antibody, which was determined
by ELISA described by Liu et al. (2018).25

Basophil Histamine Release Test. Based on the method by
Appel et al. (2018),26 the KU812 cells were seeded (5 × 105 cells/
well) in 24-well plates using the RPMI-1640 medium, with 1 × 105

U/L penicillin/streptomycin and 20% fetal bovine serum, and
incubated for 24 h at 37 °C in a humidified 5% CO2 incubator.
Subsequently, 10 μL of human serum pool was added to passively
activate the cells for 24 h and then stimulated with samples (50 μg/
well) for 4 h. The cells treated with PBS served as the negative
control. The method used by Kuehn et al. (2010)27 was used to
determine the release of β-hex, whereas the release of histamine and
IL-6 was evaluated using an ELISA kit.28

In Vitro Fermentation of the Digested Juice in Human
Feces. Fecal samples from three healthy people (one male and two
female healthy donors without any known metabolic or GI disorders;
2−3 years old) were selected as research materials. The three children
had not used probiotics, prebiotics, and antibiotics within 3 months.
Small-scale in vitro fermentation systems were used for the incubation
of 10 mg of β-Lg-DD, β-Lg-G-DD, and β-Lg-G-120-DD at 37 °C. All
operations were completed in an anaerobic incubator.14

Statistical Analysis. All experimental data were analyzed by one-
way ANOVA using SPSS for Windows version 22 (SPSS Inc.,
Chicago, IL). Values were expressed as mean ± SD.

■ RESULTS AND DISCUSSION

Degree of Glycation and MW of Glycated Proteins.
The results of OPA determination of free amino groups in
samples are shown in Table S1 (Supporting Information file
1). Compared with β-Lg and β-Lg-G, the free amino groups of
β-Lg-120-G showed a significant decrease, which indicated that
the amino group of β-Lg reacted with the carbonyl group of
galactose (Gal). Ultrasonic pretreatment promoted the
reduction of free amino groups of β-Lg, and the degree of
glycation of β-Lg and Gal increased.
The MWs of β-Lg, β-Lg-G, and β-Lg-120-G were

determined using QTOF-MS. As shown in Figure S1
((Supporting Information file 1), the MWs of β-Lg-G and β-
Lg-120-G were 19661.3 and 19985.2 Da, respectively, which
were higher than the MW of β-Lg (18364.0 Da). The results
showed that glycation reaction occurred between β-Lg and
Gal, resulting in a large-molecular-weight glycoprotein
complex, and ultrasonic pretreatment promoted more Gal
molecules to combine with β-Lg, thereby producing a product
with a large MW. Ultrasonic pretreatment changed the
structure of β-Lg, thereby promoting the degree of glycation
with Gal, which may change its functional properties to a
certain extent. This result was consistent with the results of the
degree of glycation (Table S1).

Tricine-SDS-PAGE. Tricine-SDS-PAGE was used to obtain
the electrophoretic profiles of each sample, and the results are
shown in Figure 1. After protein staining, high-molecular-mass
bands were observed near the boundary between the stacking
and separating gels, indicating that β-Lg had dimers, and
dimers occurred after glycation reaction. β-Lg-G and β-Lg-120-
G were above 18.4 kDa, and they migrated slower than β-Lg.
The presence of these bands indicated the formation of
covalent linkages between β-Lg and Gal. In addition, no
evident band was observed in β-Lg-DD. Trypsin hydrolyzed β-
Lg into small peptides, and ultralow-molecular-weight peptides
(approximately 3 kDa) were easily leached from the gel,
causing the peptide bands to disappear. These peptide
molecules did not exhibit peptide aggregation, indicating that
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trypsin may prevent the aggregation of peptide molecules after
β-Lg digestion to a certain extent. However, in the electro-
phoretic profiles of β-Lg-G-DD and β-Lg-120-G-DD, a broad

high-molecular-mass band was observed near the boundary
between the stacking and separating gels, and one band was
also observed between 3.3 and 6.5 kDa. This result could be
due to β-Lg glycation, which hindered proteolysis, and steric
hindrance caused by the covalent binding of Gal to the protein
backbone limited the accessibility of the enzyme.

HPLC Profiles of the β-Lg Proteolytic Products. The
chromatograms of each sample were analyzed by HPLC
(Figure 2). The MW standard curve equation prepared by five
standards was log (MW) = −0.1251t + 6.1704 (R2 = 0.987).
The peptide ranges of different MWs (18.3−5 kDa, 5−3 kDa,
3−1 kDa, and <1 kDa) corresponded to the chromatograms of
four different regions, namely, F1, F2, F3, and F4, respectively.
The four regions were quantified relative to all peaks (Tot,
Table S2 and Supporting Information file 1). The MWs of β-

Figure 1. Effect of digested UCG-modified β-Lg on the molecular
weight distribution. The molecular weight of the marker (represented
by M) ranges from 3.3 to 20.1 kDa.

Figure 2. Effect of digested UCG-modified β-Lg on the HPLC chromatography.
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Lg, β-Lg-G, and β-Lg-120-G were determined by HPLC. The
peak time of β-Lg-G and β-Lg-120-G shifted to 15.71 and
15.65 min, respectively, which was lower than that of β-Lg at
16.23 min. Therefore, the MW of β-Lg-G and β-Lg-120-G was
higher than that of β-Lg. This result was consistent with the
SDS-PAGE results (Figure 1). After digestion through the GI
tract, β-Lg-DD showed a high level of degradation, with a high
ratio of fraction with a MW of 3−1 kDa (41.9%) and <1 kDa
(46.1%). Many small molecular peptides were produced after
the digestion of β-Lg in the GI tract. Compared with β-Lg-DD,
the degradation levels of β-Lg-G-DD and β-Lg-120-G-DD
were decreased, implying that glycation reaction can gradually
reduce the fraction in the subsequent retention time, such as
F3/F4, whereas F1/F2 increased. This result may be due to
the glycation of β-Lg arginine, lysine, and Gal carbonyl, which
were the site of trypsin hydrolysis, thereby reducing the
enzymatic hydrolysis efficacy.29 Compared with β-Lg-G-DD,
the degradation levels of β-Lg-120-G-DD decreased. β-Lg-120-
G-DD had a high peptide ratio of 18.3−5 kDa (3.3%) and 5−3
kDa (39.4%). However, the percentage of 3−1 kDa (26.6%)
and <1 kDa (30.7%) peptide fractions was low. This result also
indicated that the degree of glycation was high and the
digestibility was poor. Moreover, this result was consistent with
the results presented in Table S1; that is, the degree of
glycation of β-Lg-120-G was higher than that of β-Lg-G.
Intrinsic Fluorescence Emission Spectroscopy. Figure

3 shows the intrinsic fluorescence spectra of each sample. As

shown in Figure 3, when the excitation wavelength was 280
nm, β-Lg had a maximum relative fluorescence intensity of
2200 at 338.2 nm. The intrinsic fluorescence intensity of β-Lg-
G and β-Lg-G-120 decreased to 1881 and 1569, respectively,
indicating that the glycation of β-Lg will affect its conforma-
tional structure. This result might be due to the shielding effect
caused by the changes in the structure around the Trp residues
caused by Gal. Moreover, the digested β-Lg showed an
increase in relative intrinsic fluorescence intensity. The above-
mentioned results were consistent with the expected results. In
general, enzymatic hydrolysis would lead to the exposure of
buried aromatic groups in the solvent, resulting in high
fluorescence intensity.30 λmax was related to the microenviron-
ment of Trp residues. If λmax was >330 nm, then Trp residues
were exposed to the polar environment. If λmax was <330 nm,

then Trp residues were embedded in the nonpolar environ-
ment, which indicated solvent exposure.31 λmax of β-Lg, β-Lg-
G, β-Lg-120-G, β-Lg-DD, β-Lg-G-DD, and β-Lg-120-G-DD
was greater than 330 nm, which indicated that Trp residues
were exposed to the external polar environment of β-Lg.
However, digestion could induce the red-shift of λmax. In β-
Lg-DD, β-Lg-G-DD, and β-Lg-120-G-DD, λmax increased
from 338.2 to 348.2, 347.4, and 347.0 nm, respectively. This
result could indicate that digestion may have an effect on the
structure of β-Lg, which was manifested by the expansion of
Trp residues around β-Lg. The degree of increase of λmax was
decreased by glycation reaction, and λmax of β-Lg-G-DD was
larger than that of β-Lg-120-G-DD, which may be due to the
low digestibility of glycated samples. These results were
consistent with those shown in Table S2. Therefore, digestion
increased the intrinsic fluorescence intensity of β-Lg, and
glycation reduced the degree of digestion, thereby reducing the
intensity and red-shift of intrinsic fluorescence.

IgG/IgE Binding Ability of β-Lg before and after In
Vitro GI Digestion. As shown in Figure 4, ELISA was used to
measure the IgE/IgG-binding ability of each sample. The IC50

value of β-Lg-G was higher than that of β-Lg, indicating that

Figure 3. Effect of digested UCG-modified β-Lg on the intrinsic
fluorescence emission spectra.

Figure 4. Changes of digested UCG-modified β-Lg on the IgG (A)
and IgE (B) binding ability. IC50 is the concentration of inhibitors
that causes a 50% inhibition of antibody binding (μg/mL). Pooled
rabbit anti-β-Lg-sera or human serum pool (50 μL per well) was
incubated separately with 0.625, 2.5, 5.0, 10.0, 20.0, 30.0, and 50.0 μg
mL−1 of β-Lg and β-Lg proteolytic products as inhibitors (50 μL per
well).
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glycation affected the conformational structure of β-Lg and
decreased the binding ability of IgG/IgE. This result was
consistent with our previous studies.10 The IgE/IgG-binding
ability of β-Lg-DD, β-Lg-G-DD, and β-Lg-120-G-DD was
enhanced. The IC50 values of β-Lg-DD, β-Lg-G-DD, and β-Lg-
120-G-DD shifted to 0.873, 4.721, and 9.562 μg/mL,
respectively, which were higher than the IgG-binding abilities
of β-Lg (7.527 μg/mL), β-Lg-G (12.045 μg/mL), and β-Lg-
120-G (17.589 μg/mL), indicating that β-Lg had higher
allergenicity after GI digestion (Figure 4A). A similar trend was
observed in Figure 4B. This result may be due to the
production of a large number of peptides, some of which had a
complete structure and epitope, thereby exposing more allergic
sites and antigen epitopes.32,33 Compared with β-Lg-DD, the
IC50 values of β-Lg-G-DD and β-Lg-120-G-DD were higher,
which may indicate that the glycation sites were consistent
with the trypsin hydrolysis sites, which impaired the hydrolysis
of β-Lg, thereby reducing the allergenic potential of hydro-
lysates. In addition, the complete protein was detected on the
GI digestion products of glycated β-Lg (Figure 1), and some
peptides with complete immunogenicity produced by hydrol-
ysis may be reduced because of poor hydrolysis efficiency. In
addition, galactosylation had a masking effect on β-Lg

allergenic epitopes, which could counteract the negative effect
of digestion on the allergy. The IC50 value of β-Lg-G-DD was
lower than that of β-Lg-120-G-DD, which may be due to the
increase in the glycation degree caused by ultrasonic
pretreatment; the higher the degree of glycation, the lower
the degree of digestion. Meanwhile, the masking effect of β-Lg
allergenic epitopes increased with the increase in the glycation
degree.

Impact of β-Lg after In Vitro GI Digestion on IgE-
Sensitized KU812 Cells. Samples were used to verify the
effect of degranulation on KU812 cells and understand the
allergenicity of the digested UCG-modified β-Lg at the cellular
level (Figure 5). We found that glycation reduced the
degranulation of KU812 cells, and this result was consistent
with our previous study using rat basophil RBL-2H3 cells.10

Similarly, the degranulation of the cells before and after
digestion was significantly different (Figure 5). After digestion,
cell degranulation significantly increased compared with the
predigested sample, which was reflected in the increase of β-
hex release (Figure 5A), indicating that digestion affected the
release of the mediators linked to allergic symptoms. Similar
trends are found in Figure 5B,C. Digestion produced a large
number of peptides, which exposed the allergenic epitopes

Figure 5. Effects of digested UCG-modified β-Lg in IgE-mediated allergic responses in KU812 cells sensitized with sera from patients allergic to
milk. Different letters (a−e) in the bars mean significantly different (p < 0.05).
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Figure 6. Effect of digested UCG-modified β-Lg on the relative abundance columnar of microbial on the phylum-level (A), family level (B), and
genus level (C).
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originally buried in β-Lg, which made binding with IgE on the
surface of sensitized mast cells or basophils easier, resulting in
the increase of mediator release.34 This result was consistent
with the result shown in Figure 4. Compared with β-Lg-DD,
the release rates of β-Lg-G-DD and β-Lg-120-G-DD were
significantly reduced, which indicated the poor digestibility of
β-Lg-G-DD and β-Lg-120-G-DD, resulting in less exposure of
allergenicity loci and antigen epitopes. In particular, the degree
of degranulation of KU812 cells exposed to β-Lg-120-G-DD
decreased compared with that exposed to β-Lg-G-DD.
Moreover, the digested UCG-modified β-Lg may have a
lower allergenic potential than glycation, and these changes can
be confirmed by the reduced IgE/IgG-binding ability (Figure
4) and decreased cell degranulation at the cellular level (Figure
5).
Microbial Community Structure Analysis. After GI

digestion, β-Lg is covalently linked with Gal to produce high-
molecular-weight glycopeptide fragments, which may reach the
distal colon region and be utilized by intestinal microbiota.
Based on the species level of bacterial phylogeny, results at the
threshold of nucleotide sequence identity over 97% operational
classification units were obtained. The total microbial
composition in fermented juice was compared with the
phylum, family, and genus levels (Figure 6). The results
showed that the microbial community was dominated by
Firmicutes and Bacteroidota, followed by Proteobacteria,
Actinobacteriota, Fusobacteriota, Synergistota, and others.
Compared with the control group, the β-Lg group showed a
decrease in the relative abundance of Bacteroidota and an
increase in the Fusobacteriota. β-Lg-G and β-Lg-120-G
showed an opposite trend, that is, the relative abundance of
Bacteroidota improved significantly, whereas Fusobacteriota
decreased, which had similar colony composition and relative
abundance to the control group. Low Bacteroidota/Firmicutes
ratios were observed in the β-Lg group compared with the
control group, including β-Lg-G and β-Lg-120-G (Table S3).
Therefore, β-Lg greatly affected the stability of the microbial
community structure, which can be alleviated by glycation of β-
Lg. Previous studies have shown that Bacteroidota in allergic
infants is significantly reduced.19 As shown in Figure 6, a total
of 13 families were identified in fermented juice at the family
level. Bacteroidaceae, Veillonellaceae, Lachnospiraceae, Enter-
obacteriaceae, Acidaminococcaceae, Tannerellaceae, Sutterel-
laceae, Bifidobacteriaceae, Fusobacteriaceae, and Ruminococ-
caceae were the dominant families. Under the ratio of
Enterobacteriaceae to Bacteroidaceae (E/B ratio), the β-Lg
group was higher than the control group, whereas the relative
abundance of Ruminococcaceae was lower. The E/B ratio of
the β-Lg-G and β-Lg-120-G groups decreased, and Rumino-
coccaceae increased, reversing the impact of β-Lg on the
community structure (Table S3). Azad et al.12 found that the
increase of E/B ratio and low abundance of Ruminococcaceae
were associated with food allergy in infants with low intestinal
microbiota abundance, and each quartile increase in the E/B
ratio doubled the risk of allergenicity. As shown in Figure 6,
the fermented juice contained 15 genera, among which
Bacteroides, Megasphaera, Escherichia−Shigella, Phascolarctobac-
terium, Lachnoclostridium, Parabacteroides, Blautia, Parasutter-
ella, Bifidobacterium, Fusobacterium, Lachnospiraceae_UCG-004,
Faecalitalea, Sellimonas, Faecalibacterium, and Pyramidobacter.
Notably, Bacteroides and Faecalibacterium in the β-Lg group
decreased significantly. In the β-Lg-G and β-Lg-120-G groups,
the proportion of Bacteroides and Faecalibacterium was

relatively high. As recently shown, the gut microbiota rich in
Bacteroides played a positive role in preventing milk allergy.35

Faecalibacterium may be beneficial in achieving tolerance to
food allergens or alleviating symptoms of food allergy.
Therefore, UCG modification and subsequent digestion
could alter the structures of the microbial community and
may affect allergic reactions, but the correlation between the
two must be further determined.

Analysis of Reduction in Allergenicity and Altered
Human Intestinal Microbiota. After food allergens were
ingested, the allergenic proteins were hydrolyzed in the GI
tract. The peptide with allergenic epitopes will interact with
immune cells and cause allergic reaction after reaching the GI
mucosa.36 On the contrary, it will change the intestinal
microenvironment and microbial structure, thereby affecting
food allergy.37 Our previous research results showed that UCG
modification can reduce the allergenicity of β-Lg by changing
linear or conformational epitopes of β-Lg, but the allergenicity
changes and effect on the intestinal microbiota structure of
UCG-modified β-Lg after digestion were not clear.
After digestion of allergenic proteins, many peptides with a

complete structure and epitope were produced, resulting in
great exposure of allergenic sites and antigen epitopes, which
increased allergenicity.21 In this study, after UCG modification,
the digestibility of β-Lg decreased, resulting in the production
of intact proteins with a spatial structure or peptides with
higher MWs but not completely exposed to the allergenic sites
and antigen epitopes of β-Lg (Figures 1 and 2), which made
the binding of digested UCG-modified β-Lg to IgG and IgE
antibodies difficult. In addition, Gal on these glycopeptide
fragments had a masking effect on the antigen epitopes of β-Lg,
resulting in a high IC50 value (Figure 4). As shown in Figure 5,
the release of β-hex, histamine, and IL-6 in KU812 cells
exposed to digested UCG-modified β-Lg decreased, which
indicated that the allergenicity of the digested UCG-modified
β-Lg peptide was related to its peptide MW. A recent study by
Prodic et al.38 reported that the allergenic potential of the
peptide of the food allergen is related to its peptide MW.
Meanwhile, the structure of UCG-modified β-Lg changed
significantly after digestion, which was reflected in the increase
of intrinsic fluorescence intensity and the red-shift of λmax
(Figure 3). Therefore, the changes in structure and MW were
related to the allergenic potential of digested β-Lg by UCG
modification.
Studies have shown that the occurrence of allergenicity is

closely related to the structure of intestinal microorgan-
isms.39,40 Given the antiprotease activity of β-Lg in the
intestinal digestion and absorption, its peptide reached the
intestinal cavity, which was fermented and utilized by intestinal
microorganisms, resulting in the change in intestinal micro-
organisms. As shown in Figure 6, in particular, compared with
the control group, the relative abundance of Bacteroides in the
β-Lg group was significantly decreased, whereas that of
Fusobacteriota was significantly increased. Similarly, the E/B
ratio in the β-Lg group was significantly increased, whereas
Ruminococcaceae was significantly decreased. Significant
changes were observed in intestinal microbiota, and these
specific genera/species were associated with food allergy.41

Compared with β-Lg, the glycation site of β-Lg-120-G was the
same as that of trypsin, which resulted in low digestibility of β-
Lg-120-G. These glycopeptides may reach the distal colon
region and be used by the intestinal microbiota, resulting in
changes in the structure of intestinal flora and varying degrees
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of influence on the abundance of communities at the phylum,
family, and genus levels, thereby increasing the relative
abundance of Fusobacteriota and the E/B ratio, whereas
Ruminococcaceae, Bacteroides, and Faecalibacterium decreased
significantly (Figure 6). The results showed that UCG
modification and subsequent digestion altered the structure
of β-Lg, reduced the allergenicity of β-Lg, and affected the
composition of the human intestinal microbial community.
These results could provide a theoretical basis for studying the
relationship between intestinal dysbiosis and cow’s milk
allergy.
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