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ABSTRACT: The present study aims to investigate the structure of covalent conjugates of bovine f-lactoglobulin (BLG) and
flavonoids (luteolin, myricetin, and hyperoside), and their effect on the allergenicity and human intestinal microbiota. Covalent
modification of amino acids in BLG by flavonoids was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and o-phthaldialdehyde assay. The secondary and conformational structures of BLG were changed by the covalent
modification, which were determined by the circular dichroism, Fourier transform infrared spectroscopy, fluorescence spectroscopy,
and UV spectroscopy. The enzyme-linked immunosorbent assay (ELISA) and cell experiments indicated that BLG covalent
conjugates could reduce IgE/IgG binding capacities and suppress the allergy reactivity of RBL-2H3 cells, suggesting that the covalent
modification modulated the balance of T cells. Meanwhile, covalent modification of BLG with these flavonoids can alter the diversity
of human intestinal microbiota and the community abundance at phylum, family, and genus levels. The results revealed that covalent
modification of BLG with flavonoids alters human intestinal microbiota, might result in the reduction of allergenicity, which could
provide information for confirming the relationship between food allergy and the intestinal microbial ecosystem.
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B INTRODUCTION It was reported that flavonoids are considered functional

Bovine f-lactoglobulin (BLG) is the major whey protein in dietary ingredients, * and milk protein can serve as vehicles for

bovine milk and has a molecular weight of 18.3 kDa.! BLG has flavonoids."® Van et al. found that the tea catechin—milk
many food functional characteristics, such as excellent heat-set protein complex improves the bioavailability of the catechins.'”
gelation characteristics, foamability, and high solubility.2_4 Bohin et al. reported that off-tastes of flavonoids could be

. .20 . .
However, BLG is one of the nutrition allergens in infant counteracted by the use of milk proteins.” Previous studies
formulas,” which has resulted in the limited use of BLG. indicated that the flavonoid—microbiota interaction can
Therefore, it is important to reduce the allergenicity of BLG. modulate the intestinal microbiota composition and flavonoids

At present, there is growing interest in different methods for play a role in the issue using models of cytokine-induced
reducing the allergenicity of BLG, such as enzymatic intestinal inflammation to address inflammation. We suspected
hydrolysis, nonthermal processing technology,6 covalent that the addition of flavonoids to milk protein could be used as
interaction,”® and combination therapies.”'® Among the an effective method to develop functional foods by targeted
mentioned approaches, covalent interaction presents a very delivery of flavonoids to the gut. Furthermore, as an important
good application for reducing the allergenicity of BLG. For modulator of metabolism, the intestinal microbiota plays an
example, glycation can change conformational structures of important role in human health and disease. Some researchers
BLG to reduce allergenicity.'' The allergen—IgE antibody have found that food allergy is related to the composition of
recognition of BLG was reduced by covalent conjugation with intestinal microbiota.”! Corzo-Martinez et al.”? reported that

bioactive compounds.” Bioactive compounds include flavo-
noids, phenolic acid, terpenoids, and so on. Luteolin (Lut),
myﬁcetm (Myrf),da}nd hy{):rosu‘ie. (H}’Ii) arﬁ tyilcal ﬂe;lvonmds reported the fecal microbiota of infants with cow’s milk allergy
with a range of diverse 1oact1.v1tles. .ut as been shown t.0 in early life changed and the microbiota diversity in their
exert a large number of beneficial functions, for example, anti- bodi 23 .

) o : 12.13 odies decreased.™ However, the effect of covalent inter-
inflammatory, antioxidative, and antitumor effects.

"7 Myris a . .
naturally occurring flavonoid that possesses multiple biological actions between flavonoids (Lut, Myr, and Hyp) and BLG on

functions."”'> Hyp, an important flavonoid glycoside com-
pound, is beneficial for regulating inflammatory reactions.
Although various literature reported that covalent interactions
with some reducing sugar and polyphenols can affect the
allergic reaction of the allergen, the effect of covalent
interactions with Lut, Myr, and Hyp on the allergenic capacity
of BLG is unknown.

the glycated casein can induce a significant increase in
Bifidobacteria compared with healthy infants. Ling et al
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Figure 1. SDS-PAGE (A), free amino groups (B), and secondary structure (C) of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp. Related secondary
structural contents analyzed by DichroWeb. Letters (a, b) in the bars mean significantly different (p < 0.0S).

the human intestinal microbiota of BLG have not been
elucidated.

Here, we prepared BLG—flavonoid conjugates (BLG_Lut,
BLG_Myr, and BLG_Hyp) using a radical method to
investigate whether or not the structural changes of BLG_Lut,
BLG_Myr, and BLG_Hyp could reduce allergenicity and alter
the human intestinal microbiota. Changes in the structure of
BLG—flavonoid conjugates were detected using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), o-phthaldialdehyde assay, Fourier transform infrared
spectroscopy, fluorescence spectroscopy, and UV spectrosco-
py. The IgG/IgE binding activity was analyzed by the enzyme-
linked immunosorbent assay (ELISA) with rabbit polyclonal
antibodies and sera from patients with cow’s milk allergy. The
influence on the release of cell biological active mediators, such
as f-hexosaminidase and histamine, was investigated using the
RBL-2H3 cell model. Finally, the influence of BLG—flavonoid
conjugates on human intestinal microflora represented by feces
was studied in vitro.

6821

B MATERIALS AND METHODS

Materials. f-Lactoglobulin (BLG) from bovine milk (L3908,
>90%) were obtained from Sigma-Aldrich (St. Louis, MO). Pepsin,
trypsin, luteolin, myricetin, hyperoside, and other reagents were
obtained from Beijing Solarbio Technology Co. Ltd. (Beijing,
China).

Sample Preparation. Luteolin (Lut), myricetin (Myr), and
hyperoside (Hyp) were dissolved in 95% ethanol, respectively, and
stored in a refrigerator at 4 °C for future use. First, 0.5 g of BLG was
fully dissolved by adding 50 mL of deionized water, then 1 mL of 30%
hydrogen peroxide and 0.25 g of ascorbic acid were added, and the
solution was mixed and reacted at room temperature for 2 h. After the
reaction finished, the protein solution was added to the Lut solution
to achieve a concentration of 0.35 mM Lut. Myr solution and Hyp
solution were treated under the same conditions. BLG—Lut mixed
solution, BLG—Myr, and BLG—Hyp mixed solution were reacted at
room temperature for 24 h. After the reaction stopped, the solution
was dialyzed at 4 °C for 48 h in a dialysis bag to remove Lut, Myr, and
Hyp that are not bound to BLG. After dialysis, the solution was
freeze-dried for future use. Native BLG was named BLG; native BLG
covalents modified by Lut, Myr, and Hyp were named BLG_Lut,
BLG_Myr, and BLG_Hyp, respectively.

https://doi.org/10.1021/acs jafc.1c02482
J. Agric. Food Chem. 2021, 69, 6820—6828
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Figure 2. Fourier transform infrared spectroscopy spectra (A), intrinsic fluorescence intensity (B), and UV spectrum (C) for BLG, BLG_Lut,
BLG_Myr, and BLG_Hyp.

SDS-PAGE. The SDS-PAGE analysis of BLG, BLG_Lut, IgE/IgG Binding Activity Measurement. Inhibition ELISA
BLG_Myr, and BLG_Hyp was performed according to a previous assays were used to estimate the IgE and IgG binding activities of
description.” After the BLG, BLG_Lut, BLG_Myr, and BLG_Hyp (1 BLG, BLG_Lut, BLG_Myr, and BLG_Hyp by the method of Liu et
mg/mL) degeneration finished, buffer was added. SDS-PAGE was al., which involved mixing the same amounts of sera of five patients to
performed on a Bio-Rad microprotein electrophoresis system (Bio- yield a serum pool and rabbit antisera.”* Milk protein-specific IgE
Rad Laboratories, Inc., Hercules) using 12% separation gel and 5% levels of five human serum were 6.71, 9.977, 17.1, 43.6, and >100
stacking gel. KUA/L.

Free Amino Groups. Free amino groups of BLG, BLG_Lut, RBL-2H3 Cell Assay. The rat mast cell lines RBL-2H3 were
BLG_Myr, and BLG_Hyp were determined by the o-phthaldialde- cultured, then human antisera (prepared by mixing the sera of five

hyde assay.

Determination of the Secondary Structure. Secondary
structures of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp were
analyzed by Far-UV circular dichroism spectroscopy.

Intrinsic Fluorescence Intensity and UV Spectrum Measure-
ment. Intrinsic fluorescence emission spectra and UV absorption

patients at the same volume) was immediately added, followed by test
samples stimulating the cells. The release of histamine and
interleukin-6 was measured by the reported methods.**

In Vitro Fermentation of Digested Juice in Human Feces.
Fecal samples were obtained from three healthy donors (one male

spectra of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp were measured and two females; 18—22 years old) without any type of food allergy,
using a Hitachi F-7000 fluorescence spectrophotometer and a UV- any known metabolic or gastrointestinal disorders, and had avoided
2910 spectrophotometer, respectively. The detailed process of the probiotics, prebiotics, and antibiotics for 3 months prior to the study.
method was performed by our previously reported assay.” Samples were collected and kept in an anaerobic incubator, then
Fourier Transform Infrared (FTIR) Spectroscopy. The infrared diluted (1:5, w/w) with phosphate buffer (0.1 M, pH 7.4), and
spectra of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp study involved homogenized in a stomacher for 1 min at normal speed before
use of an FTIR spectrometer with KBr pellets.” analysis. Small-scale in vitro fermentation systems were used for the
6822 https://doi.org/10.1021/acs jafc.1c02482
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Figure 3. IgE (A)/IgG (B) binding activity and histamine (C) and interleukin-6 release (D) of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp. Letters

(a—d) in the bars mean significantly different (p < 0.05).

incubation of 10 mg of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp.
All additions, inoculations, and incubations were carried out inside the
anaerobic incubator.

16S rRNA High-Throughput Sequencing. After the anaerobic
culture finished, the feces were collected by centrifugation and stored
in a refrigerator at —80 °C for future use. DNA extraction and
sequencing of samples were processed by Shanghai Majorbio Bio-
pharm Technology Co., Ltd. The V4 region of the bacteria 16S
ribosomal RNA gene was amplified by PCR using primers 515FS’-
GTGCCAGCMGCCGCGGTAA-3" and 806R 5'-GCAC-
TACHVGGGTWTCTAAT-3'. Data analysis was performed using
the website (http:/ /www.isanger.com/ index.html).

Statistical Analysis. Experiment data were statistically analyzed
by SPSS (SPSS Inc., IL).

B RESULTS AND DISCUSSION

Structural Analysis. The change in molecular weight of
BLG was shown through SDS-PAGE after covalent interaction
with Lut, Myr, and Hyp. The bands of BLG_Lut, BLG_Myr,
and BLG_Hyp showed a slight upward migration compared to
the band of native BLG (Figure 1A), which suggests molecular
weight increased with the conjugation of BLG and Lut, Myr,

6823

and Hyp. Similar phenomena have been observed in BLG
conjugated with polyphenol compounds.”” This result
showed the covalent modification of BLG with Lut, Myr,
and Hyp.

The levels of free amino groups of BLG, BLG_Lut,
BLG_Myr, and BLG_Hyp were studied. As shown in Figure
1B, the free amino groups of BLG_Lut, BLG_Myr, and
BLG_Hyp were markedly lower than that of BLG (p < 0.05).
The amount of free amino groups decreased in BLG_Lut,
BLG_Myr, and BLG_Hyp, suggesting that Lut, Myr, and Hyp
may form covalent bonds with the amino acids in BLG.

Circular dichroism spectra were used to measure the
secondary structures of BLG, BLG Lut, BLG Myr, and
BLG_Hyp. In Figure 1C, data indicate that BLG_Lut presents
a lower a-helix content and a higher unordered structural
content compared to those of BLG. The result suggested that
Lut conjugation caused the BLG structure to become more
unfolded. In the cases of BLG_Myr and BLG_Hyp, the
decrease in the a-helix content and increase in the unordered
structural content were also observed, which suggests that part
of the a-helix of BLG may be extended to unordered structure,

https://doi.org/10.1021/acs jafc.1c02482
J. Agric. Food Chem. 2021, 69, 6820—6828
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and the changes in secondary structures of BLG undergo
covalent conjugation with flavonoids. The changes in the
secondary structure of BLG were consistent with other
research results.””® The changes in the structure of BLG
conjugated with Lut, Myr, and Hyp were also explored with
FTIR spectroscopy. As shown in Figure 2A, compared with
BLG, for BLG_Lut, BLG_Myr, and BLG Hyp, the amide I
bands (C=0 stretch) moved from 1644.1 to 1652.2, 1654.1,
1654.6 cm™', respectively. The spectra of BLG_Lut,
BLG_Myr, and BLG_Hyp exhibited other bands at 1733.5,
1735.2, and 1735.7 cm™" (carbanyl group), respectively. This
result implied BLG covalent binds to Lut, Myr, and Hyp,
leading to the change in the secondary structure of BLG after
covalent conjugation with Lut, Myr, and Hyp.

Conformational changes of BLG, BLG_Lut, BLG_Myr, and
BLG_Hyp were analyzed by fluorescence and UV spectros-
copies. Intrinsic fluorescence spectroscopy can be used to
determine the conformational changes around Trp residues.
Figure 2B displays that fluorescence intensities of BLG_Lut,
BLG_Myr, and BLG_Hyp were lower than that of BLG, which
suggests Lut, Myr, and Hyp could shield the area around the
Trp residues on the BLG.” The result was related to
conformational changes of BLG after covalent conjugation
with Lut, Myr, and Hyp. The changes in the UV spectra of
BLG, BLG_Lut, BLG_Myr, and BLG_Hyp are shown in
Figure 2C. Compared to BLG, BLG_Lut, BLG_Myr, and
BLG_Hyp had a lower maximum UV absorbance at 280 nm. It
implied that covalent modification with Lut, Myr, and Hyp
could destroy the rigid tertiary structure of BLG.''
Fluorescence and UV spectrum results showed that the BLG
covalent modification by Lut, Myr, and Hyp led to change the
conformational structure.

Allergenicity Analysis. To determine whether covalent
conjugation causes the changes in the allergenicity of BLG, the
IgG/IgE binding activities of BLG_Lut, BLG_Myr, and
BLG_Hyp were evaluated by ELISA (Figure 3). In Figure
3A, ICy, values of BLG Lut, BLG Myr, and BLG_Hyp,
respectively, shifted to 10.770, 11.321, and 15.523 ug/mlL,
much higher than that of BLG (8.652 ug/mL). A similar
phenomenon is shown in Figure 3B, IC;, values of BLG_Lut,
BLG_Myr, and BLG_Hyp were 1.67-, 1.61-, and 2.52-times
that of BLG (6.921 pug/mL), respectively. Therefore, the IgG/
IgE binding to BLG was decreased after covalent modification
by Lut, Myr, and Hyp. It was also found that the covalent
conjugation with dietary polyphenols reduced the IgG/IgE
binding to BLG.” Cell experiments were also used to confirm
that covalent conjugation induced the changes in allergenicity
of BLG in subsequent experiments.

The release of mediators is related to the occurrence of type
I allergic reactions.”® To confirm whether or not covalent
conjugation reduces the allergenicity of BLG, a cell experiment
was used to evaluate the mediator release from RBL-2H3 cells.
In Figure 3C, the release of ff-hexosaminidase decreased more
in RBL-2H3 cells exposed to BLG_Lut, BLG_Myr, and
BLG_Hyp compared with BLG alone. The release of
histamine also followed a similar trend (Figure 3D). It can
be inferred that the response of RBL-2H3 cells to BLG_Lut,
BLG_Myr, and BLG_Hyp alters IgE epitopes on the surface of
BLG, hindering the basophil degranulation.”* In summary,
ELISA and cell experiment results showed that covalently
linking BLG with Lut, Myr, and Hyp leads to the decrease in
the IgG/IgE binding activity and suppresses the allergy
reactivity of RBL-2H3 cells; this result also implies that the
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covalent interaction with flavonoids can reduce the allerge-
nicity of BLG.

Human Intestinal Microbiota Analysis. To study the
detailed effects of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp
on intestinal microbiota in fermentation samples, high-
throughput sequencing of the 16S ribosomal DNA variable
region was used to analyze the composition and diversity of the
microbial community in the samples after 48 h of fermentation.
Figure S1 in the Supporting Information shows 97% similarity
of dilution curves in the 16S rDNA sequences from BLG,
BLG Lut, BLG_Myr, and BLG_Hyp samples. The Shannon
index decreased in BLG, BLG Lut, BLG_Myr, and BLG_Hyp,
whereas the Simpson index and ACE index increased (Table
1), suggesting that BLG can affect the structure and diversity of

Table 1. Microbial Diversity Indices of BLG, BLG_Lut,
BLG_Myr, and BLG_Hyp

sample Shannon  Simpson ACE Chao coverage
control 2.66404 0.12925 187.18 186.647 0.99952
BLG 2.16587 0.22838 182.242 188.077 0.99947
BLG_Lut 2.29127 0.24398 188.109 187.000 0.99952
BLG_Myr 2.63939 0.17786 200916 222.600 0.99939
BLG_Hyp 2.37935 0.21249 186.581 192.077 0.99947

intestinal microbiota. Moreover, the Chao index from
BLG_Lut, BLG_Myr, and BLG_Hyp was higher than that
from the control group, thereby indicating that the covalent
interaction with flavonoids can increase the diversity of the
intestinal microbiota community and the relative abundance of
microbiota.

The microbial community was mainly composed of
Bacteroidota, Firmicutes, Actinobacteriota, and Proteobacteria
(Figure 4A). From Figure 4A we find clearly that BLG,
BLG Lut, BLG_Myr, and BLG_Hyp can alter the relative
abundance of Bacteroidota, Firmicutes, Actinobacteriota, and
Proteobacteria. The relative abundance of Bacteroidota
increased, and the relative abundance of Fusobacteriota
decreased in the BLG Lut, BLG Myr, and BLG Hyp
compared with BLG. Therefore, the changes in the relative
abundance of Bacteroidota and Fusobacteriota may be
associated with food allergy.23 Therefore, covalently linking
BLG with Lut, Myr, and Hyp can greatly affect the stability of
microbial community structure.

As shown in Figure 4B, the dominant families included the
Prevotellaceae, Lachnospiraceae, Ruminococcaceae, Peptostrepto-
coccaceae, Selenomomadaceae, and Veillonellaceae in the
fermented juice, and their relative abundance was affected by
the tested BLG samples. The relative abundance of
Prevotellaceae, Lachnospiraceae, and Ruminococcaceae increased
in the BLG_Lut, BLG Myr, and BLG_Hyp compared to the
BLG group. The opposite trend was observed in Peptos-
treptococcaceae and Selenomomadaceae. The dominant families
may be associated with food allergy.”" This result showed that
covalently linking BLG with Lut, Myr, and Hyp can greatly
affect the microbial community at the family level.

As shown in Figure 4C, the dominant genus composed of
Prevotella, Romboutsia, Faecalibacterium, Megasphaera, Agatho-
bacter, Dialister, and Alloprevotalla and their relative abundance
were affected by the tested BLG samples. The relative
abundance of Prevotella, Faecalibacterium, Agathobacter in-
creased and that of Romboutsia, Megasphaera decreased in the
BLG Lut, BLG Myr, and BLG_Hyp compared to that of

https://doi.org/10.1021/acs jafc.1c02482
J. Agric. Food Chem. 2021, 69, 6820—6828
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Figure 4. Effect of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp on the community abundance at the phylum level (A), family level (B), and genus

level (C).

BLG. This result showed that covalently linking BLG with Lut,
Myr, and Hyp can greatly affect the microbial community at

the genus level.
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The community heatmap at the genus level is shown in
Figure S, and it was found that the community existed
according to the evolutionary relationships. Here, red
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Figure S. Effect of BLG, BLG_Lut, BLG_Myr, and BLG_Hyp on the community heatmap analysis at the genus level.

represents a core category in BLG, BLG_Lut, BLG_Myr, and
BLG_Hyp and mainly includes Agathobacter, Faecalibacterium,
Romboutsia, and Alloprevotalla. Moreover, data indicated that
microbial species were not different between the control group
and BLG, BLG_Lut, BLG_Myr, and BLG_Hyp. However, the
microbial numbers of the control group and the tested groups
were different. The change in microbial numbers exhibited a
similar trend to the relative abundance (Figure 4C), impairing
the potential allergenicity.”

Effects of the BLG Covalent Interaction with
Flavonoids on the Allergenicity and Human Intestinal
Microbiota. Bioactive compounds are considered functional
dietary ingredients, and milk protein can serve as vehicles for
the bioactive compounds. In the current research, we gained
insight into BLG covalent modification by flavonoids (Lut,
Myr, and Hyp). This study has shown that BLG covalent
modification by flavonoids (Lut, Myr, and Hyp) can increase
the molecular weight, decrease the amount of free amino
groups, and change the secondary structure and conforma-
tional structure (Figures 1 and 2). The covalent modification
can also decrease allergenicity of BLG, and the reduction is
reflected by the decrease of IgG and IgE binding capacities and
suppression of the allergy reactivity of RBL-2H3 cells (Figure
3). In addition, the covalent modification also affects the
human intestinal microbial ecosystem (Figure 4).
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The correlation between the reduction in the allergenicity
and altered human intestinal microbiota was discussed in the
next step. The conformational and linear epitopes of BLG are
related to the potential allergenicity.’ It is reported that the
mechanism of the covalent modification by polyphenol is the
o-quinones mechanism. Many flavonoids are able to be
oxidized to their corresponding quinones and semiquinones,
which can further undergo covalent reactions with an
enormous number of nucleophiles such as cysteine or lysine
on the BLG.”" The BLG was modified by Lut, Myr, and Hyp,
the increase in molecular weight (Figure 1A) and decrease in
contents of free amino groups (Figure 1B) indicated they are
covalently conjugated each other. This result showed
flavonoids could form covalent bonds with residues, which
are located in the IgE/IgG epitopes. Thus, the covalent
modification sites in BLG can mask the linear IgE/IgG epitope,
preventing IgE/IgG from interacting with proteins.” The result
can interpret the reduction in the IgE/IgG binding activity
(Figure 3A) and the mediators release (Figure 3B) of BLG—
flavonoid conjugates. Similar results were achieved by Liu et
al., who demonstrated that the covalent modification can mask
the linear epitope of allergic proteins.”> On the other hand,
conformational epitopes of the protein are linked to its
secondary or tertiary structure. The secondary structure of
BLG changed after covalent modification by Lut, Myr, and
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Hyp (Figures 1C and 2A), affecting conformational epitopes,
and led to decrease in the potential allergenicity of proteins.
Fluorescence intensity (Figure 2B) and UV spectrum (Figure
2C) of BLG after covalent modification by Lut, Myr, and Hyp
considerably changed, suggesting that covalent modification
can change the conformational structure of BLG, destroy
conformational epitopes, and ultimately reduce the allerge-
nicity of BLG. These results can explain the decrease of the
IgE/1gG binding activity (Figure 3A) and the mediator release
(Figure 3B) of BLG that covalent modified by Lut, Myr, and
Hyp.

Bioactive compounds play an important role in the intestinal
microbial ecosystem.”® Intestinal microbiota can inhibit the
cytokines produced by Th2 cells and reduce the release of
inflammatory mediators, resulting in alleviating the food allergy
symptoms.”® In this article, we focus on the effects of
covalently linking BLG with Lut, Myr, and Hyp on the
allergenicity and human intestinal microbiota. We found that
the human intestinal microbiota changed by BLG treatment
(Figures 4 and S). This situation showed that covalent
modification with flavonoids can change the BLG structure
and affect the amount of intestinal microbiota in the intestinal
tract of infants. The relative abundance of Bacteroidota
increased and that of Fusobacteriota decreased in the BLG—
flavonoid conjugates compared with BLG (Figure 4A).
Increased Bacteroidota count may be related to the balance
of T cells, leading to the reduction of the occurrence of allergic
reactions.”® This situation can be used to explain the reduction
in the mediator release (Figure 3B). In addition, the relative
abundance of intestinal microbiota at the family level (Figure
4B) and genus level (Figure 4C) of BLG modified by flavonoid
treatment has similar consequences. After covalent modifica-
tion, the amount of Prevotellaceae, Lachnospiraceae, Rumino-
coccaceae, Prevotella, Faecalibacterium, and Agathobacter in-
creased, and these changes also contributed to the reduction in
potential allergenicity. Although the human intestinal microbial
species were not changed by covalent modification between
BLG and flavonoids (Figure 5), the human intestinal microbial
numbers were different. Therefore, BLG interacting with Lut,
Myr, and Hyp occurred by covalent modification altered the
structure and human intestinal microbiota, leading to the
reduction in allergenicity of BLG.

In conclusion, this study showed that covalent modification
of BLG with luteolin, myricetin, and hyperoside notably
decreased IgE/IgG binding capacities and the allergy reactivity
of RBL-2H3 cells and altered human intestinal microbiota.
This finding may be attributed to structural changes in BLG,
which are reflected by changes in the molecular weight, free
amino groups, and secondary and tertiary structures. However,
the evaluation of protein allergenicity and intestinal microbiota
is not comprehensive, and in vivo research works in animals or
the clinic are needed to confirm that intestinal dysbiosis causes
food allergy in the next step.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jafc.1c02482.

PCR amplification of the 16S rDNA gene of the
rarefaction curve from human feces (PDF)

6827

B AUTHOR INFORMATION

Corresponding Authors

Zong-cai Tu — National R&D Center for Freshwater Fish
Processing, and Engineering Research Center of Freshwater
Fish High-value Utilization of Jiangxi Province, College of
Life Science, Jiangxi Normal University, Nanchang, Jiangxi
330022, China; State Key Laboratory of Food Science and
Technology, Nanchang University, Nanchang, Jiangxi
330047, China; ® orcid.org/0000-0001-8877-4681;
Phone: +86 791-8812-7901; Email: tuzc_mail@
aliyun.com

Tao Yuan — National R&D Center for Freshwater Fish
Processing, and Engineering Research Center of Freshwater
Fish High-value Utilization of Jiangxi Province, College of
Life Science, Jiangxi Normal University, Nanchang, Jiangxi
330022, China; ® orcid.org/0000-0001-7746-3714;
Phone: +86 791-8812-0392; Email: tyuan@jxnu.edu.cn

Authors

Jun Liu — National R&D Center for Freshwater Fish
Processing, and Engineering Research Center of Freshwater
Fish High-value Utilization of Jiangxi Province, College of
Life Science, Jiangxi Normal University, Nanchang, Jiangxi
330022, China; ® orcid.org/0000-0002-8570-5741

Yang Wang — National R&D Center for Freshwater Fish
Processing, and Engineering Research Center of Freshwater
Fish High-value Utilization of Jiangxi Province, College of
Life Science, Jiangxi Normal University, Nanchang, Jiangxi
330022, China

Wen-mei Chen — National R&D Center for Freshwater Fish
Processing, and Engineering Research Center of Freshwater
Fish High-value Utilization of Jiangxi Province, College of
Life Science, Jiangxi Normal University, Nanchang, Jiangxi
330022, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jafc.1c02482

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Science Foundation for Young
Scientists of Jiangxi Province (20202BABL215027), the
Chinese National Natural Science Foundation (31960457
and 21878135), the China Agriculture Research System of
MOF and MARA, and the Young Talent Cultivation Program
of Jiangxi Normal University.

B ABBREVIATIONS USED

BLG, bovine f-lactoglobulin; Lut, luteolin; Myr, myricetin;
Hyp, hyperoside; SDS-PAGE, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis; ELISA, enzyme-linked immu-
nosorbent assay; BLG_Lut, covalent modification of BLG with
luteolin; BLG_Myr, covalent modification of BLG with
myricetin;j BLG_Hyp, covalent modification of BLG with
hyperoside

B REFERENCES

(1) Ragona, L; Fogolari, F; Catalano, M.; Ugolini, R;; Zetta, L.;
Molinari, H. Ef loop conformational change triggers ligand binding in
P-lactoglobulins. J. Biol. Chem. 2003, 278, 38840—38846.

https://doi.org/10.1021/acs jafc.1c02482
J. Agric. Food Chem. 2021, 69, 6820—6828


https://pubs.acs.org/doi/10.1021/acs.jafc.1c02482?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c02482/suppl_file/jf1c02482_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zong-cai+Tu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8877-4681
mailto:tuzc_mail@aliyun.com
mailto:tuzc_mail@aliyun.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7746-3714
mailto:tyuan@jxnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8570-5741
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-mei+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c02482?ref=pdf
https://doi.org/10.1074/jbc.M306269200
https://doi.org/10.1074/jbc.M306269200
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c02482?rel=cite-as&ref=PDF&jav=VoR

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

(2) Kontopidis, G.; Holt, C; Sawyer, L. Invited review: beta-
lactoglobulin: binding properties, structure, and function. J. Dairy Sci.
2004, 87, 785—796.

(3) Chatterton, D. E. W.; Smithers, G.; Roupas, P.; Brodkorb, A.
Bioactivity of p-lactoglobulin and a-lactalbumin technological
implications for processing. Int. Dairy J. 2006, 16, 1229—1240.

(4) Holt, C. Molecular basis of whey protein food functionalities.
Aust. J. Dairy Technol. 2000, S5, 53—55.

(5) Varlamova, E. G.; Zaripov, O. G. Beta-lactoglobulin nutrition
allergen and nanotransporter of different nature ligands therapy with
therapeutic action. Res. Vet. Sci. 2020, 133, 17-25.

(6) Shao, Y,; Zhang, Y.,; Liu, J; Tu, Z. Influence of ultrasonic
pretreatment on the structure, antioxidant and IgG/IgE binding
activity of f-lactoglobulin during digestion in vitro. Food Chem. 2020,
312, No. 126080.

(7) Wy, X,; Lu, Y.; Xu, H;; Lin, D.; He, Z.; Wu, H,; Liu, L; Wang, Z.
Reducing the allergenic capacity of p-lactoglobulin by covalent
conjugation with dietary polyphenols. Food Chem. 2018, 256, 427—
434.

(8) Perusko, M.; van Roest, M.; Stanic-Vucinic, D.; Simons, P. J.;
Pieters, R. H. H.; Cirkovic Velickovic, T.; Smit, J. J. Glycation of the
major milk allergen p-lactoglobulin changes its allergenicity by
alterations in cellular uptake and degradation. Mol. Nutr. Food Res.
2018, 62, No. 1800341.

(9) Shao, Y.; Zhang, Y.,; Zhu, M,; Liu, J.; Tu, Z. Glycation of f-
lactoglobulin combined by sonication pretreatment reduce its
allergenic potential. Int. J. Biol. Macromol. 2020, 164, 1527—153S5.

(10) El Mecherfi, K. E.; Saidi, D.; Kheroua, O.; Boudraa, G.;
Touhami, M.; Rouaud, O.; Curet, S.; Choiset, Y.; Rabesona, H.;
Chobert, J.; Haertlé, T. Combined microwave and enzymatic
treatments for f-lactoglobulin and bovine whey proteins and their
effect on the IgE immunoreactivity. Eur. Food Res. Technol. 2011, 233,
859—-867.

(11) Yang, W.; Tu, Z.; Wang, H.; Zhang, L.; Xu, S.; Niu, C; Yao, H,;
Kaltashov, I. A. Mechanism of reduction in IgG and IgE binding of -
lactoglobulin induced by ultrasound pretreatment combined with dry-
state glycation: a study using conventional spectrometry and high-
resolution mass spectrometry. J. Agric. Food Chem. 2017, 65, 8018—
8027.

(12) Chiu-Yuan; Chen; Wen-Huang; Peng; Kuen-Daw; Tsai; Shih-
Lan. Luteolin suppresses inflammation-associated gene expression by
blocking nf-kb and ap-1 activation pathway in mouse alveolar
macrophages. Life Sci. 2007, 81, 1602—1614.

(13) Vukeli, I; Detel, D.; Batii, L.; Potonjak, I; Domitrovi, R.
Luteolin ameliorates experimental colitis in mice through erk-
mediated suppression of inflammation, apoptosis and autophagy.
Food Chem. Toxicol. 2020, 145, No. 111680.

(14) Song, X; Tan, L.; Wang, M.; Ren, C.; Guo, C; Yang, B.; Ren,
Y.; Cao, Z; Li, Y.; Pei, J. Myricetin: a review of the most recent
research. Biomed. Pharmacother. 2021, 134, No. 111017.

(15) Chen, M; Chen, Z.; Huang, D.; Sun, C; Xie, J.; Chen, T,;
Zhao, X.; Huang, Y.; Li, D.; Wu, B. Myricetin inhibits tnf-a-induced
inflammation in a549 cells via the sirtl/nf-kb pathway. Pulm.
Pharmacol. Ther. 2020, 65, No. 102000.

(16) Kim, S.J.; Um, J. Y.; Hong, S. H.; Lee, J. Y. Anti-inflammatory
activity of hyperoside through the suppression of nuclear factor-kb
activation in mouse peritoneal macrophages. Am. J. Chin. Med. 2011,
39, 171-181.

(17) Crozier, A.; Jaganath, L. B.; Clifford, M. N. Dietary phenolics:
chemistry, bioavailability and effects on health. Nat. Prod. Rep. 2009,
26, 1001—-1043.

(18) Livney, Y. D. Milk proteins as vehicles for bioactives. Curr.
Opin. Colloid ilnterface Sci. 2010, 15, 73—83.

(19) van het Hof, K. H,; Kivits, G. A. A.; Weststrate, J. A.; Tijburg, L.
B. M. Bioavailability of catechins from tea: the effect of milk. Eur. J.
Clin. Nutr. 1998, 52, 356—359.

(20) Bohin, M. C.; Vincken, J; van der Hijden, H. T. W. M,;
Gruppen, H. Efficacy of food proteins as carriers for flavonoids. J.
Agric. Food Chem. 2012, 60, 4136—4143.

6828

(21) Abdel-Gadir, A.; Stephen-Victor, E.; Gerber, G. K.; Rivas, M.
N.; Wang, S.; Harb, H.; Wang, L,; Li, N; Crestani, E.; Spielman, S,;
Secor, W,; Biehl, H; Dibendetto, N.; Dong, X.; Umetsu, D. T.; Bry,
L.; Rachid, R.; Chatila, T. A. Microbiota therapy acts via a regulatory t
cell myd88/ror gamma t pathway to suppress food allergy. Nat. Med.
2019, 25, 1164—1174.

(22) Corzo-Martinez, M.; Hernandez-Hernandez, O.; Villamiel, M.;
Rastall, R. A.; Moreno, F. J. Invitro bifidogenic effect of maillard-type
milk protein—galactose conjugates on the human intestinal micro-
biota. Int. Dairy J. 2013, 31, 127—-131.

(23) Ling, Z; Li, Z.; Liu, X,; Cheng, Y.; Luo, Y.; Tong, X.; Yuan, L,;
Wang, Y,; Sun, J; Li, L; Xiang, C. Altered fecal microbiota
composition associated with food allergy in infants. Appl. Environ.
Microb. 2014, 80, 2546—2554.

(24) Liy, J.; Chen, W.; Shao, Y.; Zhang, J.; Tu, Z. The mechanism of
the reduction in allergenic reactivity of bovine a-lactalbumin induced
by glycation, phosphorylation and acetylation. Food Chem. 2020, 310,
No. 125853.

(25) Ali, M.; Homann, T.; Khalil, M.; Kruse, H. P.; Rawel, H. Milk
whey protein modification by coffee-specific phenolics: effect on
structural and functional properties. J. Agric. Food Chem. 2013, 61,
6911—6920.

(26) Abd El-Maksoud, A. A;; El-Ghany, I. H. A; El-Beltagi, H. S.;
Anankanbil, S.; Banerjee, C.; Petersen, S. V.; Pérez, B,; Guo, Z.
Adding functionality to milk-based protein: preparation, and physico-
chemical characterization of f-lactoglobulin phenolic conjugates. Food
Chem. 2018, 241, 281—289.

(27) Hattori, M.; Ogino, A.; Nakai, H.; Takahashi, K. Functional
improvement of f-lactoglobulin by conjugating with alginate lyase-
lysate. J. Agric. Food Chem. 1997, 45, 703—708.

(28) He, S.-h.; Zhang, H.-y.; Zeng, X.-n.; Chen, D.; Yang, P.-c. Mast
cells and basophils are essential for allergies: mechanisms of allergic
inflammation and a proposed procedure for diagnosis. Acta
Pharmacol. Sin. 2013, 10, 1270—1283.

(29) Rodriguez, B.; Prioult, G.; Bibiloni, R.; Nicolis, I.; Mercenier,
A.; Butel, M. J.; Dupriet, A. W. Germa free status and altered caecal
subdominant microbiota are associated with a high susceptibility to
cow’s milk allergy in mice. FEMS Microbiol. Ecol. 2011, 76, 133—44.

(30) Besler, M.; Steinhart, H.; Paschke, A. Stability of food allergens
and allergenicity of processed foods. J. Chromatogr. B: Biomed. Sci.
Appl. 2001, 756, 207—228.

(31) Kroll, J.; Rawel, H. M.; Rohn, S. Reactions of plant phenolics
with food proteins and enzymes under special consideration of
covalent bonds. Nippon Shokuhin Kagaku Kogaku Kaishi 2004, SI,
371-378S.

(32) Liy, J; Tu, Z;; Liu, G.; Niu, C.; Yao, H,; Wang, H.; Sha, X;
Shao, Y.; Kaltashov, I. A. Ultrasonic pretreatment combined with dry-
state glycation reduced the immunoglobulin E/immunoglobulin G-
binding ability of a-lactalbumin revealed by high-resolution mass
spectrometry. J. Agric. Food Chem. 2018, 66, 5691—5698.

(33) Mellentin, J. Finding success in functional foods. Nut. World.
2010.

(34) Kaminogawa, S.; Hachimura, S.; Totsuka, M.; Nakajima-
Adachi, H. Food allergens and mucosal immune systems with special
reference to recognition of food allergens by gut-associated lymphoid
tissue. Allergol. Int. 1999, 48, 15—23.

https://doi.org/10.1021/acs jafc.1c02482
J. Agric. Food Chem. 2021, 69, 6820—6828


https://doi.org/10.3168/jds.S0022-0302(04)73222-1
https://doi.org/10.3168/jds.S0022-0302(04)73222-1
https://doi.org/10.1016/j.idairyj.2006.06.001
https://doi.org/10.1016/j.idairyj.2006.06.001
https://doi.org/10.1016/j.rvsc.2020.08.014
https://doi.org/10.1016/j.rvsc.2020.08.014
https://doi.org/10.1016/j.rvsc.2020.08.014
https://doi.org/10.1016/j.foodchem.2019.126080
https://doi.org/10.1016/j.foodchem.2019.126080
https://doi.org/10.1016/j.foodchem.2019.126080
https://doi.org/10.1016/j.foodchem.2018.02.158
https://doi.org/10.1016/j.foodchem.2018.02.158
https://doi.org/10.1002/mnfr.201800341
https://doi.org/10.1002/mnfr.201800341
https://doi.org/10.1002/mnfr.201800341
https://doi.org/10.1016/j.ijbiomac.2020.07.223
https://doi.org/10.1016/j.ijbiomac.2020.07.223
https://doi.org/10.1016/j.ijbiomac.2020.07.223
https://doi.org/10.1007/s00217-011-1581-y
https://doi.org/10.1007/s00217-011-1581-y
https://doi.org/10.1007/s00217-011-1581-y
https://doi.org/10.1021/acs.jafc.7b02842?ref=pdf
https://doi.org/10.1021/acs.jafc.7b02842?ref=pdf
https://doi.org/10.1021/acs.jafc.7b02842?ref=pdf
https://doi.org/10.1021/acs.jafc.7b02842?ref=pdf
https://doi.org/10.1016/j.lfs.2007.09.028
https://doi.org/10.1016/j.lfs.2007.09.028
https://doi.org/10.1016/j.lfs.2007.09.028
https://doi.org/10.1016/j.fct.2020.111680
https://doi.org/10.1016/j.fct.2020.111680
https://doi.org/10.1016/j.biopha.2020.111017
https://doi.org/10.1016/j.biopha.2020.111017
https://doi.org/10.1016/j.pupt.2021.102000
https://doi.org/10.1016/j.pupt.2021.102000
https://doi.org/10.1142/S0192415X11008737
https://doi.org/10.1142/S0192415X11008737
https://doi.org/10.1142/S0192415X11008737
https://doi.org/10.1039/b802662a
https://doi.org/10.1039/b802662a
https://doi.org/10.1016/j.cocis.2009.11.002
https://doi.org/10.1038/sj.ejcn.1600568
https://doi.org/10.1021/jf205292r?ref=pdf
https://doi.org/10.1038/s41591-019-0461-z
https://doi.org/10.1038/s41591-019-0461-z
https://doi.org/10.1016/j.idairyj.2013.01.004
https://doi.org/10.1016/j.idairyj.2013.01.004
https://doi.org/10.1016/j.idairyj.2013.01.004
https://doi.org/10.1128/AEM.00003-14
https://doi.org/10.1128/AEM.00003-14
https://doi.org/10.1016/j.foodchem.2019.125853
https://doi.org/10.1016/j.foodchem.2019.125853
https://doi.org/10.1016/j.foodchem.2019.125853
https://doi.org/10.1021/jf402221m?ref=pdf
https://doi.org/10.1021/jf402221m?ref=pdf
https://doi.org/10.1021/jf402221m?ref=pdf
https://doi.org/10.1016/j.foodchem.2017.08.101
https://doi.org/10.1016/j.foodchem.2017.08.101
https://doi.org/10.1021/jf960431u?ref=pdf
https://doi.org/10.1021/jf960431u?ref=pdf
https://doi.org/10.1021/jf960431u?ref=pdf
https://doi.org/10.1038/aps.2013.88
https://doi.org/10.1038/aps.2013.88
https://doi.org/10.1038/aps.2013.88
https://doi.org/10.1111/j.1574-6941.2010.01035.x
https://doi.org/10.1111/j.1574-6941.2010.01035.x
https://doi.org/10.1111/j.1574-6941.2010.01035.x
https://doi.org/10.1016/S0378-4347(01)00110-4
https://doi.org/10.1016/S0378-4347(01)00110-4
https://doi.org/10.3136/nskkk.51.371
https://doi.org/10.3136/nskkk.51.371
https://doi.org/10.3136/nskkk.51.371
https://doi.org/10.1021/acs.jafc.8b00489?ref=pdf
https://doi.org/10.1021/acs.jafc.8b00489?ref=pdf
https://doi.org/10.1021/acs.jafc.8b00489?ref=pdf
https://doi.org/10.1021/acs.jafc.8b00489?ref=pdf
https://doi.org/10.1046/j.1440-1592.1999.00112.x
https://doi.org/10.1046/j.1440-1592.1999.00112.x
https://doi.org/10.1046/j.1440-1592.1999.00112.x
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c02482?rel=cite-as&ref=PDF&jav=VoR

