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B-lactoglobulin (BLG) is a major allergen of milk. Since lipid peroxidation such as acrolein commonly exists
during milk processing, it is necessary to evaluate its influence on BLG structure and potential allergenicity. The
structure of acrolein-treated BLG was detected using SDS-PAGE, fluorescence, ultraviolet spectrum (UV), circular
dichroism (CD) and LC-MS-MS, and the potential allergenicity was assessed by in vitro and in vivo assays. Results
showed that acrolein could cause structural changes by BLG aggregation, which decreased the IgE binding ca-

pacity. Further, the release of mediators and cytokines decreased with acrolein treatment in RBL-2H3 cells. Mice
showed lower allergenicity by the levels of BLG-specific antibody and the release of histamine and mMCP-1.
These results explained that acrolein-induced BLG aggregation could damage the allergic epitopes and
decrease the allergenicity of BLG in milk. The study will provide a new aspect to explore the natural phenomenon
of allergen changes during food processing.

1. Introduction

Food allergy is an important food safety issue that affects the health
of about 8% children and 5% adults (Sicherer & Sampson, 2014). Food
allergy causes different allergic symptoms such as skin, respiratory tract
and gastrointestinal tract, and in severe case, causes systemic anaphy-
lactic reactions (Takacs et al., 2014).

Milk allergy is one of the most widespread allergic diseases that
cause a series of allergic reactions. The prevalence of milk allergy is
globally 2-3% (Savage, Sicherer, & Wood, 2016), however, about 50%—
90% of children with childhood-onset milk allergy acquire tolerance by
school age, children with severe milk allergy that have high milk allergy
specific immunoglobulin E (sIgE) levels and a history of anaphylaxis
often have a persistent milk allergy (Wood, Sicherer, & Vickery, 2013).
Current research reports that different processing methods could
decrease the risk of milk allergy (Golkar, Milani, & Vasiljevic, 2019;
Bavaro, Angelis, Barni, Pilolli, & Monaci, 2019). However, chemical
reactions could inevitably occur during food processing (German,
1999). The mechanism that affects food allergy is still not clear.
Therefore, it will be necessary to explore the mechanism of allergic
changes in milk from the perspective of chemical reactions.

Milk contains a large amount of unsaturated fatty acids, which could

form various secondary products by peroxidation during processing and
preservation (Bianchi, Zortea, Cazzarotto, Machado, & Macedo, 2018).
These secondary products contain reactive aldehyde, which can cross-
link with amino acid residues and induce changes in protein structure
and functional properties including allergenic characteristics. Acrolein
(CH2 = CH-CHO) was considered as one of the main secondary products
of unsaturated fatty acids by lipid peroxidation in food system. In order
to illustrate the changes in the properties of food allergens, it is neces-
sary to understand the interaction between the allergens and the
representative secondary product-acrolein.

p-lactoglobulin (BLG), an 18.4 kDa allergic protein in milk, could
cause allergic reactions intensively (Wal, 2002). The potential allerge-
nicity of BLG depends on its allergic epitopes, which has been identified
in BLG (Sélo et al., 1999; Clement, Boquet, Frobert, Hervé & Grassi,
2002). In order to explore the mechanism of BLG allergenic changes
during milk processing, it’s necessary to explain the interaction between
BLG and acrolein. Some research showed that acrolein could modify the
structural characteristics of protein and affect the functional properties
(Li, Wang, Zhou, Qu & Li, 2014; Feng et al., 2019). Therefore, we hy-
pothesized that acrolein could cause the structural transformation of
proteins, resulting in their allergenicity changes during in vitro and in
vivo studies.
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In this study, we treated BLG with acrolein and analyzed the struc-
tural changes following acrolein interaction with the allergen. In addi-
tion, the potential allergenicity of acrolein treated-BLG was assessed by
immunological methods and RBL-2H3 cell model in vitro. Moreover, an
established mouse model was used to evaluate the allergenicity of BLG
after acrolein treatment in vivo. This research will provide information
about the allergenic properties of milk protein following lipid peroxi-
dation during food processing.

2. Materials and methods
2.1. Materials

BLG (protein content >90%), acrolein, bovine serum albumin (BSA),
3,3'-5,5' tetramethylbenzidine (TMB) were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). The precision marker and the
enhanced chemiluminescent (ECL) kit were bought from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). ELISA kits for histamine, prosta-
glandin D2, cysteinyl leukotriene, IL-4, IL-13 and mouse mast-cell pro-
tease-1 (mMCP-1) were obtained from R&D Systems (Minneapolis, MN,
USA).

2.2. Human sera

Sera from milk allergic patients were supplied by Qingdao Eighth
People’s Hospital (the medical ethics committee no is QD-EPH-
201910283568, Qingdao, China). The specific IgE concentration was
evaluated using the InmunoCAP system (Phadia AB, Uppsala, Sweden).
The specific IgE levels of allergic patient sera above 0.35 kU/L were
selected for performing western blot and ELISA experiments. After
written consent were obtained from the patients, their sera were used in
the research.

2.3. Preparation of samples

Acrolein-treated BLGs were prepared by the following method. The
purified BLG (10 mg mL™!) were dissolved in 10 mmol/L phosphate
buffer solution (pH 7.4) and then were added in acrolein solution with
the same volume at 25 °C for 24 h. The concentration of acrolein was
finally set at 0.01, 0.1, 1, and 10 mmol/L, respectively, whereas, the
untreated BLG was considered a control. After the reaction, free acrolein
was removed from the resulting solution by dialysis for 72 h at 4 °C.

2.4. Protein SDS-PAGE

SDS-PAGE was performed according to the research of Laemmli
(1970) with a few modifications. The treated BLG solutions were heated
for 7 min before loading to the 12% prefabricated gels. Gels were carried
out in an electrophoresis system cell at 120 V and separated bands were
stained with Coomassie Brilliant Blue R-250. The gel was then de-
stained with deionized water and the rotein bands were imaged with
ChemiDoc XRS Imaging System (Bio-Rad Laboratories, Hercules, CA,
USA).

2.5. Western blot

The IgE binding capacity of acrolein-treated BLGs was further
analyzed using western blotting technology. The gel of SDS-PAGE was
transferred to the polyvinylidene fluoride (PVDF) membrane by iBlot
Transfer Device. Afterward, immunal detections were performed by
iBind Device. The primary antibody (human sera 1:4, v/v) and sec-
ondary antibody (anti-human IgE 1:2000, v/v) were diluted to 2 mL
using ibind solution, respectively. The membrane was incubated with
the primary antibody and secondary antibody for 4 h in total. At last, the
membrane was detected by Tanon-4200SF gel imaging system with ECL
in order to observe the IgE binding capacity of BLG.
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2.6. Competitive inhibition ELISA (ciELISA)

ciELISA was performed as previously described by Lasekan and
Nayak (2016). The purified BLG solution was coated onto ELISA plates
at 4 °C overnight. After washing, the plates were blocked with PBST
containing 1% BSA at 37 °C for 2 h. Moreover, 50 L pre-incubated
mixture containing the different concentrations of all the samples
(from 0.025 to 100 pg/mL) and human sera (1:20 with 0.5% BSA in
PBST) was added to the plates and then incubated for 1 h at 37 °C. After
washing with PBST, the secondary antibody (HRP-conjugated goat anti-
human IgE, 1:2000, v/v) was added and incubated for 2 h at 37 °C. At
last, all the samples were reacted with 50 pL TMB followed by the
addition of 2 M H,SO4 to terminate the reaction. The absorbance value
was detected using an automated ELISA plate reader (BioTek In-
struments, Inc.) at 450 nm. The result of inhibition rate was analyzed
through the following formula:Inhibition rate (%) = ([OD no inhibitor
— OD inhibitor]/[OD no inhibitor]) x 100%

2.7. Florescence intensity

As per the techniques defined by Ahmed et al. (2018), the concen-
trations of all the samples were adjusted to 0.5 mg mL~! in PBS. The
intrinsic fluorescence intensities of BLG and acrolein-treated BLGs were
determined by RF-5301PC fluorescence spectrometer at 25°C (Shi-
madzu, Kyoto, Japan).

2.8. UV absorption spectrum

Different treated BLGs were adjusted to 0.5 mg/mL in PBS and the
wavelength was recorded from 230 to 330 nm via UV-1101 Device
(Techcomp Shanghai, China).

2.9. CD spectroscopy for secondary structure

To evaluate the secondary structure of BLG and acrolein-BLG, a
JASCO J-815CD spectropolarimeter (Spectroscopic Co. Inc., Japan) was
used to detect the acrolein-treated BLGs (0.5 mg/mL). The operating
parameters were: 190 to 260 nm spectral range; 1.0-nm bandwidth; 100-
nm/min scan rate and 0.25-s interval.

2.10. LC-MS-MS analysis

The result of LC-MS/MS was analyzed according to our previous
method (Lv, Lin, Li, Song, Lin & Wang, 2014). After the SDS-PAGE, the
target proteins were sliced and kept in Eppendorf (EP) tubes at 4 °C. The
samples were sent to Beijing Protein Innovation R & D Center Co. Ltd.
(China) for identification. High-performance liquid chromatography
(HPLC) was performed to separate the peptide samples, using an Eksi-
gent Nanoflex cHiPLC system (Eksigent, Dublin, CA, USA). The peptide
samples were separated using a reversed-phase cHiPLC column (75 pm
x 150 mm) at a flow rate of 300 nl/min. Mobile phase A contains
deionized water having 0.1% (v/v) formic acid and mobile phase B
contains acetonitrile with 0.1% (v/v) formic acid. A 40-min gradient
condition was applied, where mobile phase B was increased linearly
from 3% to 40% within 30 min and further to 80% for 5 min, and then
finally returned to 3% for re-equilibration. All the peptides eluted from
the cHiPLC column at a particular elution time were analyzed by mass
spectrometry at a resolution of 60,000.

2.11. RBL-2H3 cell assay

RBL-2H3 cells were obtained from the Chinese Academy of Sciences,
and the cells were cultured according to the method of Song et al.
(2016). The release of p-hexosaminidase was measured with BLG and
Acrolein-BLG (1 mmol/L acrolein) for 6 h, as a model of mouse serum
IgE-mediated mast cell allergic reaction. All the samples were then
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Fig. 1. (A) SDS-PAGE analysis of Acrolein-BLG. An equal amount of TM (5 ug)
was loaded into each lane; (B) IgE binding capacity of Acrolein-BLG in immu-
noblot analysis, using pooled sera (IgE) from patients allergic to milk. (C) In-
hibition ELISA for detecting the IgE binding capacity of Acrolein-BLG using
human serum. The molecular mass of the standard protein marker ranged from
15 to 130 kDa. Lane M: Protein marker; Lanes a-e represent the acrolein con-
centrations 0, 0.01, 0.1, 1, 10 mmol/L, respectively.
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centrifuged for 15 min. The release of histamine, cysteinyl leukotriene,
prostaglandin D2, IL-4 and IL-13 was measured using ELISA kits.

2.12. Sensitization to BLG by intraperitoneal injection

Female BALB/c mice (5 weeks old, specific pathogen-free) were
approved by Shanghai Laboratory Animal Center. The animals were
raised in an air-conditioned room and allowed free access to tap water
and food (without milk protein).

The mice model of allergy is carried out according to the method
previously described (Ma, Lozano-Ojalvo, Chen, Lopez-Fandino &
Molina, 2015) with some modifications. For sensitization, intraperito-
neal injection of mice was carried with 200 pg BLG and (1 mmol/L
acrolein) Acrolein-BLG (n = 10) adsorbed in alum adjuvant (2 mg ml™H
on days 7, 14, 21 and 28, as described in Fig. 5A. After sensitization
stage, mice were distributed into three groups, namely; PBS, BLG and
Acrolein-BLG in order to observe the changes in allergenicity. On days
31, blood samples of each samples were collected after sacrifice. Sera
were obtained from the blood after centrifugation and were stored at 20
°C until analyzed. The level of BLG-specific IgE and IgG1 in serum was
determined by indirect ELISA, while the concentrations of histamine and
mMCP-1 were measured using sandwich ELISA Kkits.

2.13. Statistical analysis

All the data were analyzed by Prism 8.0.2 software. Results were
exhibited as mean + SD. Differences were determined by ANOVA with
SPSS Statistics (Chicago, USA) ant the P-values <0.05 were considered
significantly different.

3. Results
3.1. SDs-PAGE

The bands of SDS-PAGE analysis showed that BLG aggregation
occurred with acrolein treatment, as presented in Fig. 1-A. The native
band of BLG was about 18 kDa, which became aggregated with
increasing acrolein concentrations. As compared with native BLG, the
aggregation bands were found at ~54 kDa and above after 1 and 10
mmol/L acrolein treatment. Moreover, no changes occurred when BLG
was treated with acrolein concentrations below 0.1 mmol/L.

3.2. Western blot

The result of western blot showed that the IgE binding capacity of
BLG significantly decreased following treatment with the high concen-
tration of acrolein. However, the aggregates could still be visualized
when BLG was modified with 1 and 10 mmol/L acrolein (Fig. 1-B). The
IgE binding capacity of BLG was well corresponding to the result of SDS-
PAGE.

3.3. Inhibition ELISA

To determine whether acrolein treatment induced further changes in
the immunogenic properties of BLG, the IgE binding capacity of
acrolein-treated BLGs was analyzed using human sera, as shown in
Fig. 1-C. The ICsq value showed large differences for acrolein treatment
with different concentrations. Compared with the purified BLG, the ICsg
value increased from 1.26 pg/mL to 3.16, 16.56, 46.8, and 76.2 pg/mL
when the acrolein concentrations were 0.01, 0.1, 1 and 10 mmol/L,
respectively. The results of ciELISA indicated that high concentrations of
acrolein treatment had great influence on decreasing the IgE binding
capacity of BLG.
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Fig. 2. Effect of increasing concentrations of acrolein treatment on the (A)
intrinsic fluorescence (B) UV absorption and (C) CD spectroscopy of BLG. a:
control (untreated); b: 0.01 mmol/l acrolein; c¢: 0.1 mmol/L acrolein; d: 1
mmol/L acrolein; e: 10 mmol/L acrolein, respectively.

3.4. Effect of acrolein treatment on the structural properties of BLG

Intrinsic fluorescence spectroscopy reveals the tertiary structural
characteristics of the protein. Fig. 2-A shows the intrinsic fluorescence
intensities of treated BLG, where the maximum emission spectrum of
BLG was ~335 nm. The maximum fluorescence intensity was lower for
acrolein-treated BLGs than native BLG. Moreover, the maximum
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emission wavelength of acrolein-treated BLGs showed a blue shift from
335 to 333 nm after modification. In addition, as compared with native
BLG, 10 mmol/L acrolein treated BLGs showed a minimum intrinsic
fluorescence intensity (about 19.4%).

UV absorption was also utilized to infer structural changes of pro-
teins. The maximum UV absorption peak of BLG appeared at ~278 nm.
As shown in Fig. 2-B, the UV absorption of acrolein-treated BLGs
increased, and a blue shift in the maximum absorbance peak occurred
after 1 and 10 mmol/L acrolein treatment, respectively.

The CD spectra for different treated BLG are presented in Fig. 2-C.
BLG spectra showed a positive peak (~196 nm) and two negative peaks
(~212 and ~223 nm). Moreover, as the acrolein concentration varied
from 0.01 to 10 mmol/L, the intensity of the peaks steadily decreased.

3.5. Oxidation sites analysis by LC-MS-MS

The proteomics technology was utilized to analyze the oxidation
sites of BLG modified with acrolein treatment. After SDS-PAGE (Fig. 1-
A), the target BLG bands were sliced and then analyzed by LC-MS/MS.
Database retrieved that the amino groups including lysine (Lys), histi-
dine (His) and phenylalanine (Phe) of the peptide chains were modified
to form adducts with increasing molecular weight of 38 Da following
acrolein treatment (Table 1). Moreover, pL-methionine (Met) residues
also were found to form adducts with increasing molecular weight of 16
Da, which was considered as [O] addition through reactive oxygen
species. In the database, 13 peptides were found to be modified with
acrolein oxidation.

LC-MS-MS results are listed in Fig. 3A-C. The modified sites for some
of acrolein and [O] adducts were observed on amino groups of the
peptide chains. 138Lys-Ala-Leu-Lys-Ala-Leu-Pro-Met-His-Ile-Arg-Leu'
showed acrolein adduct formation on the Lys'*! and His'*® residues
(Fig. 3A). In addition, [O] adduction also was found on Met residue of
the same peptide chain. The peptide chain- *'Lys-Val-Leu-Val-Leu-Asp-
Thr-Asp-Tyr-Lys-Lys-Tyr'%? was found to form adducts on Lys!0%101
after acrolein treatment (Fig. 3B). 148Arg—Leu—Ser—Phe—Asn—Pro—Thr—Gln—
Leu-Glu-Glu-Gln-Cys-His-Ile'%? showed acrolein adduct formation on
the Phe!®! residue (Fig. 3Q).

3.6. Effect of acrolein treated BLGs on RBL-2H3 cells assay

RBL-2H3 cells are mainly assayed as an IgE-mediated type I allergic-
reaction mast cell model. Thus, RBL-2H3 cells were used to evaluate the
potential allergenicity of treated BLG. The release of f-hexosaminidase
decreased by 55.1% in cells exposed to 1 mmol/L acrolein treated BLG
(Acrolein-BLG) as compared with BLG alone (Fig. 4A). In addition,
Acrolein-BLG also caused a substantial reduction in the content of his-
tamine (46.7%) (Fig. 4B). The release of cysteinyl leukotriene and
prostaglandin D, also showed alike tendencies (Fig. 4C and D).

RBL-2H3 cells can produce cytokines such as IL-4 and IL-13, which
could have a pathologic effect on IgE-mediated allergic symptoms
including atopic dermatitis, atopic rhinitis and asthma. Acrolein-BLG
showed significant (P < 0.01) decrease in the release of IL-4 (49.01%)
and IL-13 (46.9%) (Fig. 4E and F).

3.7. Sensitization potentials following intraperitoneal exposure to acrolein
treated BLGs

BALB/c mice model was carried out to test the allergenicity of
Acrolein-BLG after i.p. injection (Fig. 5A). The exposure to Acrolein-BLG
showed lower levels of BLG-specific IgE and IgG1, which was 2- to 3-fold
lower with Acrolein-BLG than BLG alone (Fig. 5B and 5C). The serum
histamine and mMCP-1 release were significantly (p < 0.01 = decreased
with Acrolein-BLG (Fig. 5D and E).
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Table 1

List of the acrolein-modified peptides of milk BLG identified after date-dependent tandem mass spectrometry acquisition.
Acrolein-modification Modification site(s) Z m/z Mr (expt) Mr(cale)
KALKALPMHIRL (38, 16, 38) 141 145 146 2 621.3644 1240.7143 1240.7114
KVLVLDTDYKKY (38, 38) 99 100 3 423.9088 1268.7047 1268.7016
KVLVLDTDYKKY (38, 38) 100 101 2 635.3607 1268.7069 1268.7016
KIPAVFKIDALNENKYV (38, 38) 8283 2 824.4597 1646.9049 1646.9032
LIVTQTMKGLDIQKV (16, 38, 38) 7814 2 840.4761 1678.9376 1678.9328
RTPEVDDEALEKFDKA (38, 38) 135136 2 856.4083 1710.8021 1710.7988
RTPEVDDEALEKFDKA (38, 38) 136 138 2 856.4089 1710.8032 1710.7988
RLSFNPTQLEEQCHI (38) 151 2 877.4128 1752.8110 1752.8141
RTPEVDDEALEKFDKALKA (38, 38, 38, 38) 135136 138 141 4 525.7709 2099.0544 2099.0463
RVYVEELKPTPEGDLEILLQKW (38, 38) 42 47 2 1195.1525 2388.2904 2388.2828
KVAGTWYSLAMAASDISLLDAQSAPLRV (16) 24 2 1362.1908 2722.3670 2722.3636
KYLLFCMENSAEPEQSLVCQCLVRT (16) 108 2 1431.6565 2861.2984 2861.2856
KGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRYV (38, 38, 16) 19 20 24 3 1151.9335 3452.7786 3452.7650
KGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRYV (38, 38, 16) 1419 24 4 864.2049 3452.7905 3452.7650
LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRYV (16, 38, 16) 7 8 24 4 1087.3344 4345.3083 4345.2702

4. Discussion

Oxidation could cause structural changes in BLG upon acrolein
treatment, which eventually influenced the allergenicity. The bands in
SDS-PAGE were used to observe the structural changes of BLG upon
oxidation. Oxidation proceeds and BLG aggregation occurred with
increasing concentrations of acrolein ranging from 1 to 10 mmol/L.
B-mercaptoethanol was added to the sample buffer prior to loading the
samples to the gel in order to break the protein disulphide bonds. Thus
acrolein and amino acid residues of BLG are linked via non-disulphide
covalent linkages. Accordingly, these results indicated that oxidation
caused aggregation of BLG via non-disulphide covalent bonds. The result
of SDS-PAGE by oxidation reaction of BLG with acrolein was consistent
with the previous study (Wu, Wu, & Hua, 2010). The possible reason for
the increase in molecular weight of the product may be due to the
binding of more amino acid chains to the protein (Iwan et al., 2011).

Protein aggregation through oxidation reaction can alter the poten-
tial BLG allergenicity of milk. Here we observed that IgE binding ca-
pacity was significantly (P < 0.05) decreased after the acrolein
concentration reached 1 and 10 mmol/L. The possible reason was that
protein aggregation could cause structural modification and the reduc-
tion of IgE binding capacity. The previous research reported that the
crab arginine kinase aggregation by enzymatic cross-linking also miti-
gated the IgE binding capacity (Fei, Liu, Chen, & Liu, 2016). Further
alterations occurred in the amino acids of BLG might have damaged
certain epitopes, leading to the loss of IgE binding capacity. This phe-
nomenon was also confirmed by western blot and ciELISA assays,
demonstrating a reduction in the IgE binding capacity of BLG with the
increasing concentrations of acrolein, which eventually altered the
molecular properties of BLG. Moreover, the aggregates could illustrate
that the epitopes of 1 and 10 mmol/L acrolein-treated BLGs were still
kept and active.

The intrinsic fluorescence spectra of proteins that result from the
emission spectrum of amino acid residues, mainly Tryptophan (Trp),
Tyrosine (Tyr) and Phe are considered. Upon treatment of BLG with
acrolein, the maximum fluorescence intensity declined and emission
spectra shifted towards the lower wavelength. With blue-shifted emis-
sion spectra and reduced maximum intensity, it was postulated that
these amino acid residues of BLG were covered inside the BLG upon
oxidation. These results of the fluorescence from acrolein-treated BLGs
suggested that acrolein treatment altered the tertiary structure which
caused aggregation. Wu et al. (2018) reported that the intrinsic fluo-
rescence intensity of BLG decreases by covalent conjugation with dietary
polyphenols.

Further exposure of specific amino acid residues on the surface of the
BLG molecule caused an increase in UV absorption after BLG oxidation.
The UV absorption spectra of protein are mainly dependent on Trp and
Tyr residues in the side chain groups (Tong et al., 2012). The results

indicated that specific amino acids such as Trp and Tyr residues might be
exposed following acrolein treatment. A blue shift indicated that the
polarity of the protein structure was adjusted upon oxidation owing to
broken peptide bonds. These modifications in the conformational
structure of BLG followed by oxidation may affect the IgE binding
capacity.

Far-ultraviolet CD spectroscopy was used to analyze the secondary
structure of BLG. The secondary structure of protein mainly includes
o-helix, p-turn, p-sheet, and a random structure similar to the mea-
surements given by Li et al. (2007). The presence of f-sheet structure
was confirmed by the indicated positive peak at ~196 nm in the spectra.
Two negative peaks appeared at ~212 nm and ~223 nm symbolized the
presence of a-helix. Spectral intensity of acrolein-treated BLG steadily
declined with the increasing concentrations of acrolein. The result
indicated that a-helix and p-sheet of secondary structure were reduced.
The possible reason was that the original van der Waals interactions
were disrupted via amino acid residues combining with acrolein by
oxidation (McClain, Gurnon & Oakley, 2002). The secondary structure
of BLG was rearranged, thus it was postulated that acrolein treatment
might have disrupted the BLG conformational epitopes. The secondary
structure may also get interrupted due to the denaturation of proteins,
owing to BLG aggregation (Shin, Han & Ahn, 2013).

The sites of certain amino acids (Lys, His and Phe) could be modified
with acrolein treatment by LC-MS-MS, which caused changes in the
protein secondary and tertiary structures. Therefore, the functional
properties of BLG might be affected. The previous study has shown that
oxidation could occur on Lys and His residues (Zhao, Chen, Zhu, &
Xiong, 2012). Moreover, the modified Lys, His and Phe residues in the
side chain groups are on the allergic epitopes of BLG (Li, Gao, He, Wu, &
Chen. 2014). Therefore, the identification of the modified sites by
oxidation, accompanied by the analysis of epitope, could be a better
option to explain the changes of BLG immunogenicity during food
processing and preservation.

IgE-mediated degranulation in RBL-2H3 cells was used as the model
to evaluate the allergenic potential of acrolein-treated BLGs upon
oxidation by assessing mediators related to allergic symptoms as
degranulation biomarkers. The results demonstrated that acrolein-
treated BLGs significantly (P < 0.05) reduced the release of mediators
and cytokines associated with degranulation of RBL-2H3 cells. This can
be explained in a way that the altered IgE epitopes of BLG upon oxida-
tion by acrolein could hinder the basophils degranulation. This was in
agreement with a previous study in which the treatment of tropomyosin
with malonaldehyde decreased degranulation (Song, Li, Gao, Pavase, &
Lin, 2016).

The oxidation of acrolein treatment affected the potential allerge-
nicity of BLG in mouse studies. This is exhibited by the decrease of BLG-
specific IgG1 and IgE in the immunogenic response of acrolein-treated
BLG. Furthermore, acrolein-treated BLG decreased the capacity to
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Fig. 3. (continued).

induce the release of mMCP-1 and histamine in mice sera. Therefore, the
potential allergenicity of BLG was reduced after acrolein treatment.
Zhang et al. (2020) reported that the allergenicity of ovalbumin
decreased after quercetin treatment. In addition, one research showed
that enzymatic interaction of crab allergen decreased the IgE/IgGl
levels in mice serum (Liu et al., 2017). The possible explanation is that
the allergic epitope of BLG was covered or destroyed by the chemical
modification, which could change the immunological properties of BLG.
Both the in vivo and in vitro research indicated that the potential aller-
genicity of BLG decreased by acrolein treatment.

In conclusion, the oxidation of BLG with increasing the level of
acrolein resulted in the changes of fluorescence intensity and UV
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absorption spectra. Further acrolein treatment affected the primary and
secondary protein structure resulting in the oxidation of the sites,
gradual loss of a-helix and backbone fragmentation. Non-disulphide
covalent bonds lead to high molecular weight aggregates. Acrolein
and amino acids interactions might have modified the BLG conforma-
tional structure, thus disrupting its allergenic epitopes. The IgE binding
capacity of BLG decreased with the increasing level of acrolein. More-
over, the data revealed that oxidized BLG by acrolein treatment reduced
the release of mediator from RBL-2H3 cells, supported by the data of
mice study. Our study highlighted that structural alterations induced by
acrolein treatment of BLG declined its allergenic potential during pro-
cessing and preservation.
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Fig. 4. Effects of acrolein (1 mmol/L) treated BLG in IgE-mediated allergic responses in RBL-2H3 cells sensitized with mouse sera IgE. A, The release of p-hexos-
aminidase; B, The release of histamine; C, The release of cysteinyl leukotriene; D, The release of prostaglandin D2; E, The release of IL-4; F, The release of IL-13. *p <
0.05, **p < 0.01. The data represent the mean + SD from three independent experiments.



L. Lyetal

Food Chemistry: X 10 (2021) 100120

l Sensitization with BLG/ Acrolein-BLG/ PBS solution
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Fig. 5. Sensitization experiment. A, Sensitization protocol; B, The levels of IgE measured on day 31; C, The levels of IgG1 measured on day 31; D, The release of
histamine measured in sera; E, The release of mMCP-1 measured in sera. *p < 0.05, **p < 0.01. These data represent the mean + SD from triplicate determinations.

CRediT authorship contribution statement

Liangtao Lv: Investigation, Validation, Writing - original draft,
Writing - review & editing. Xin Qu: Investigation, Methodology, Vali-
dation. Ni Yang: Resources, Supervision. Ishfaq Ahmed: Supervision,
Writing - review & editing.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors would like to express the thanks to National Natural
Science Foundation of China (31771892). The authors declare no con-
flicts of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fochx.2021.100120.


https://doi.org/10.1016/j.fochx.2021.100120
https://doi.org/10.1016/j.fochx.2021.100120

L. Lvetal
References

Ahmed, I, Lv, L., Lin, H,, Li, Z., Ma, J., Guanzhi, C., et al. (2018). Effect of tyrosinase-
aided crosslinking on the IgE binding potential and conformational structure of
shrimp (Metapenaeus ensis) tropomyosin. Food Chemistry, 248, 287-295.

Bavaro, S. L., De Angelis, E., Barni, S., Pilolli, R., Mori, F., Novembre, E. M., et al. (2019).
Modulation of milk allergenicity by baking milk in foods: A proteomic investigation.
Nutrients, 11(7), 1536. https://doi.org/10.3390/nul1071536.

Bianchi, A. E., Zortea, T., Cazzarotto, C. J., Machado, G., Pellegrini, L. G., Dos Santos
Richards, N. S. P, et al. (2018). Addition of palm oil in diet of dairy ewes reduces
saturates fatty acid and increases unsaturated fatty acids in Milk. Acta Scientiae
Veterinariae, 46(1), 10. https://doi.org/10.22456/1679-9216.89180.

Clement, G., Boquet, D., Frobert, Y., Bernard, H., & Grassi, J. (2002). Epitopic
characterization of native bovine beta-lactoglobulin. Journal of Immunological
Methods, 266(1-2), 67-78.

Fei, D.-X., Liu, Q.-M., Chen, F., Yang, Y., Chen, Z.-W., Cao, M.-J., et al. (2016).
Assessment of the sensitizing capacity and allergenicity of enzymatic cross-linked
arginine kinase, the crab allergen. Molecular Nutrition & Food Research, 60(7),
1707-1718.

Feng, C., Upenyu, M. T., Li, Z. H., Wang, P., Yu, X. W., Fu, Q. L., et al. (2019). Effects of
acrolein on protein structure and gel properties of seed melon seed kernel. Food
Science and Technology, 09.

German, J. B. (1999). Food processing and lipid oxidation. Advances in Experimental
Medicine and Biology, 23-50.

Golkar, A., Milani, J. M., & Vasiljevic, T. (2019). Altering allergenicity of cow’s milk by
food processing for applications in infant formula. Critical Reviews in Food Science and
Nutrition, 59(1), 159-172.

Iwan, M., Vissers, Y. M., Fiedorowicz, E., Kostyra, H., Kostyra, E., Savelkoul, H. F. J.,
et al. (2011). Impact of Maillard Reaction on Immunoreactivity and Allergenicity of
the Hazelnut Allergen Cor a 11. Journal of Agricultural and Food Chemistry, 59(13),
7163-7171.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature, 227(5259), 680-685.

Lasekan, A. O., & Nayak, B. (2016). Effects of buffer additives and thermal processing
methods on the solubility of shrimp (Penaeus monodon) proteins and the
immunoreactivity of its major allergen. Food Chemistry, 200, 146-153.

Li, X. P., Wang, Q., Zhou, K., Qu, H. Y., & Li, J. R. (2014). Effects of acrolein oxidization
on muscle structure and myofibrillar protein structural properties in large yellow
croaker (pseudosciaena crocea). Modern Food Science and Technology, 30(10), 1-7.

Li, X., Gao, J. Y., He, S. F., Wu, Y. Y., & Chen, H. B. (2014). Identification of
conformational antigenic epitopes and dominant amino acids of buffalo
p-lactoglobulin. Journal of Food Science, 79(4), T748-T756.

Li, Y., Chen, Z., & Mo, H. (2007). Effects of pulsed electric fields on physicochemical
properties of soybean protein isolates. LWT-Food Science and Technology, 40(7),
1167-1175.

Liu, G., Hu, M., Sun, L., Han, X., Liu, Q., Alcocer, M., et al. (2017). Allergenicity and oral
tolerance of enzymatic cross-linked tropomyosin evaluated using cell and mouse
models. Journal of Agricultural and Food Chemistry, 65(10), 2205-2213.

Food Chemistry: X 10 (2021) 100120

Lv, L., Lin, H., Li, Z., Song, Y., Lin, H., & Wang, A. (2014). Identification of oxidative
modification of shrimp (Metapenaeus ensis) tropomyosin induced by
malonaldehyde. European Food Research and Technology, 239(5), 847-855.

Ma, X., Lozano-Ojalvo, D., Chen, H., Lopez-Fandino, R., & Molina, E. (2015). Effect of
high pressure-assisted crosslinking of ovalbumin and egg white by transglutaminase
on their potential allergenicity. Innovative Food Science and Emerging Technologies, 29,
143-150.

McClain, D. L., Gurnon, D. G., & Oakley, M. G. (2002). Importance of potential
interhelical salt-bridges involving interior residues for coiled-coil stability and
quaternary structure. Journal of Molecular Biology, 324(2), 257-270.

Savage, J., Sicherer, S., & Wood, R. (2016). The natural history of food allergy. Journal of
Allergy & Clinical Immunology in Practice, 4(2), 196-203.

Sélo, 1., Clément, G., Bernard, H., Chatel, J., Créminon, C., Peltre, G., et al. (1999).
Allergy to bovine beta-lactoglobulin: Specificity of human IgE to tryptic peptides.
Clinical & Experimental Allergy, 29(8), 1055-1063.

Shin, M., Han, Y., & Ahn, K. (2013). The influence of the time and temperature of heat
treatment on the allergenicity of egg white proteins. Allergy, Asthma and Immunology
Research, 5(2), 96-101.

Sicherer, S. H., & Sampson, H. A. (2014). Food allergy: Epidemiology, pathogenesis,
diagnosis, and treatment. The Journal of Allergy and Clinical Immunology, 133(2),
291-307.e5.

Song, Y., Li, Z., Gao, Q., Pavase, T. R., & Lin, H. (2016). Effect of malonaldehyde cross-
linking on the ability of shrimp tropomyosin to elicit the release of inflammatory
mediators and cytokines from activated RBL-2H3 cells. Journal of the Science of Food
and Agriculture, 96(12), 4263-4267.

Takacs, K., Guillamon, E., Pedrosa, M. M., Cuadrado, C., Burbano, C., Muzquiz, M., et al.
(2014). Study of the effect of instant controlled pressure drop DIC treatment on IgE-
reactive legume-protein patterns by electrophoresis and immunoblot. Food and
Agricultural Immunology, 25(2), 173-185.

Tong, P., Gao, J., Chen, H., Li, X., Zhang, Y., Jian, S., et al. (2012). Effect of heat
treatment on the potential allergenicity and conformational structure of egg allergen
ovotransferrin. Food Chemistry, 131(2), 603-610.

Wal, J.-M. (2002). Cow’s milk proteins/allergens. Annals of Allergy Asthma &
Immunology, 89(6), 3-10.

Wood, R. A., Sicherer, S. H., & Vickery, B. P. (2013). The natural history of milk allergy
in an observational cohort. Journal of Allergy Clinical Immunology., 131(3), 805-812.
e4.

Wu, W., Wu, X., & Hua, Y. (2010). Structural modification of soy protein by the lipid
peroxidation product acrolein. LWT - Food Science and Technology, 43(1), 133-140.

Wu, X, Lu, Y., Xu, H., Lin, D., He, Z., Wu, H., et al. (2018). Reducing the allergenic
capacity of f-lactoglobulin by covalent conjugation with dietary polyphenols. Food
Chemistry, 256, 427-434.

Zhang, T., Hu, Z., Cheng, Y., Xu, H., Velickovic, T. C., He, K., et al. (2020). Changes in
allergenicity of ovalbumin in vitro and in vivo on conjugation with quercetin.
Journal of Agricultural and Food Chemistry, 68(13), 4027-4035.

Zhao, J., Chen, J., Zhu, H., & Xiong, Y. L. (2012). Mass spectrometric evidence of
malonaldehyde and 4-hydroxynonenal adductions to radical-scavenging soy
peptides. Journal of Agricultural and Food Chemistry, 60(38), 9727-9736.


http://refhub.elsevier.com/S2590-1575(21)00008-0/h0005
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0005
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0005
https://doi.org/10.3390/nu11071536
https://doi.org/10.22456/1679-9216.89180
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0020
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0020
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0020
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0025
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0025
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0025
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0025
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0030
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0030
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0030
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0035
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0035
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0040
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0040
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0040
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0045
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0045
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0045
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0045
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0050
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0050
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0055
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0055
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0055
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0060
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0060
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0060
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0065
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0065
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0065
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0070
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0070
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0070
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0075
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0075
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0075
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0080
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0080
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0080
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0085
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0085
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0085
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0085
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0090
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0090
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0090
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0095
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0095
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0100
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0100
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0100
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0105
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0105
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0105
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0110
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0110
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0110
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0115
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0115
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0115
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0115
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0125
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0125
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0125
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0125
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0130
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0130
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0130
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0135
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0135
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0145
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0145
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0145
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0150
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0150
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0155
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0155
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0155
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0160
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0160
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0160
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0165
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0165
http://refhub.elsevier.com/S2590-1575(21)00008-0/h0165

	The conformational structural change of β-lactoglobulin via acrolein treatment reduced the allergenicity
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Human sera
	2.3 Preparation of samples
	2.4 Protein SDS-PAGE
	2.5 Western blot
	2.6 Competitive inhibition ELISA (ciELISA)
	2.7 Florescence intensity
	2.8 UV absorption spectrum
	2.9 CD spectroscopy for secondary structure
	2.10 LC-MS-MS analysis
	2.11 RBL-2H3 cell assay
	2.12 Sensitization to BLG by intraperitoneal injection
	2.13 Statistical analysis

	3 Results
	3.1 SDs-PAGE
	3.2 Western blot
	3.3 Inhibition ELISA
	3.4 Effect of acrolein treatment on the structural properties of BLG
	3.5 Oxidation sites analysis by LC-MS-MS
	3.6 Effect of acrolein treated BLGs on RBL-2H3 cells assay
	3.7 Sensitization potentials following intraperitoneal exposure to acrolein treated BLGs

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


