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Abstract

BACKGROUND: Food processing effects can modify protein functional properties. However, protein was oxidized inevitably by
lipid peroxidation during food processing. Acrolein, a primary by-product of lipid peroxidation, can modify the structural and
functional properties of protein. The aim of the research was to analyze the effect of acrolein on allergenicity of TM, a major
allergen in shrimp.

RESULTS: The overall allergenic effects of acrolein-treated TM were evaluated using female BALB/c mice and a
mediator-releasing RBL-2H3 cell line. Acrolein-treated TM significantly decreased TM-specific immunoglobulin E/G1 levels,
and histamine and mMCP-1 release in mouse serum. Release of inflammatory mediators such as f-hexosaminidase, histamine,
cysteinyl leukotriene and prostaglandin D, was clearly suppressed after acrolein treatment.

CONCLUSION: These results indicate that acrolein-induced tropomyosin modification can decrease the allergenicity of TM. This

reduction contributes to allergenic potential changes in shrimp during processing and preservation.
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INTRODUCTION

Shrimp is a popular seafood with high nutritional value con-
sumed all around the world. However, due to an increase in
shrimp-induced allergic incidents, food safety has become a major
global concern. Allergic reactions from shrimp pose a serious neg-
ative impact on the health of allergic patients.” Adverse aller-
gic reactions often result in mucocutaneous (95.7%), respiratory
(23.9%), gastrointestinal (16.3%), anaphylactic (11.9%) and cardio-
vascular (3.3%) symptoms.?

Several attempts to eliminate or reduce the allergenicity and
to effectively minimize human health hazards using different
processing methods have been made previously.3=> Currently
available studies show that various food processing technologies
could reduce shrimp allergenicity®” and provide the required
technical support to control allergen risk in the food industry.
Nevertheless, due to the large number of chemical reactions
occurring during food processing, the factors are too complex
to elucidate the variation of allergenicity. In fact, most of the
firmly established causes of allergic changes are based on spec-
ulation, and the mechanisms leading to allergic changes in food
processing technology are rarely explored. In addition, the direct
evaluation of allergenicity often overlooks other important steps
of food processing that may also contribute to the occurrence
of allergic reactions, such as mast cell release with allergen stim-
ulation. Moreover, animal experiments are also an important
means of allergy evaluation. Therefore, it is important to dis-
cuss the changes of shrimp-induced allergenicity during food
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processing steps from a molecular level (protein). This will provide
proper guidelines for effective control of allergens in seafood
processing.

Shrimps contain unsaturated fatty acids that are extremely prone
to oxidation during processing and preservation.® Furthermore,
the coexistence of protein and unsaturated fatty acids make pro-
tein oxidation inevitable in shrimp products. Uchida® reported that
acrolein (CH,=CH—CHO), one of the most abundant individual
aldehyde products formed from lipid peroxidation, is extensively
detected in the food system.'®!" Acrolein is able to bind to free
amines via the formation of Schiff base-type adducts or by addition
through the Michael reaction.’ Such chemical modifications can
further induce changes in the conformation and physicochemical
properties of proteins.

Tropomyosin (TM), a 36kDa protein with 284 amino acids,
has been described as one of the major allergens in shrimp.'?
In our previous studies, we explained the effect of the struc-
ture and immunoglobulin G/E (IgG/IgE) binding capacity of
acrolein-treated TM'4; however, we have not analyzed the
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TM-induced allergenicity in cell or animal models. Previous
studies by others were not able to explain with sufficient detail
changes in TM-induced allergenicity. Therefore, in this study
we compared the allergenicity of TM and acrolein-treated TM
by measuring histamine and mMCP-1 release, and determining
IgE/IgG1 levels using a BALB/c mouse model. In addition, we
also evaluated the allergenicity changes of shrimp TM by mea-
suring p-hexosaminidase and histamine release, and cysteinyl
leukotrienes and prostaglandin D, levels in an RBL-2H3 cell line
using sera from shrimp allergic children. Thus the aim of this
study was to investigate the allergic potential of shrimp TM under
acrolein effect as an example, and to provide valuable insights for
further research into different allergens in various other types of
allergenic foods.

EXPERIMENTAL

Materials and reagents

Shrimp (Metapenaeus ensis) was purchased alive from a local fish
market: Qingdao. Acrolein was procured from Sigma Chemical Co.
(St Louis, MO, USA). Alum adjuvant was purchased from Pierce
(Rockford, IL, USA). Advanced Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS; certified, heat-inactivated)
and penicillin-streptomycin were purchased from Gibco Life
Technologies (Grand Island, NY, USA). Enzyme-linked immunosor-
bent assay (ELISA) kits for histamine, cysteinyl leukotriene,
prostaglandin D, and mMCP-1 were purchased from R&D Systems
(Minneapolis, MN, USA). All other reagents were of analytical
grade unless stated otherwise.

Preparation of TM and acrolein-treated TM

Shrimp TM was extracted using the method of Wang et al.’® The
oxidation of TM was prepared as follows: TM was incubated with
1 mmol L=" acrolein in 10 mmol L~" phosphate buffer (PBS) (pH 7.4)
for 24 h at 25 °C. After the incubation, the reaction was stopped by
cooling the system to temperatures close to 0 °Cin anice bath. The
resulting solution was dialyzed against PBS (Ph 7.4) for 24 h at 4°C
to remove the remaining acrolein, and then lyophilized and stored
at —80 °C until use. The total protein concentration in each step
was monitored using bovine serum albumin (BSA) as a standard.

Serum samples of shrimp-allergic patients

Shrimp-allergic patients’ sera were provided by the affiliated hos-
pital of Qingdao University (Qingdao, China). Levels of specific
IgE were above 0.5 kUA L~" (Table 1). The patients had previously
described histories of shrimp anaphylaxis, thus indicating obvi-
ous symptoms of shrimp exposure. Blood samples were obtained
with the written approval from all selected patients and sera were
stored at —80 °C until use. The IgE level in the sera was evaluated
in vitro using ImmunoCAP IgE-specific detection tests (Phadia AB,
Uppsala, Sweden). The protocol was approved by the local medi-
cal ethics committee (File No. QD-PF-20170913685) to fully protect
the rights and interests of human subjects.

Animals and sensitization

Specific pathogen-free (SPF) female BALB/c mice (5 weeks old and
weighing 20 + 2 g) were acquired from Jinan Laboratory at the
Animal Center (Jinan, China). The animals were housed under SPF
conditions in a room with controlled temperature (23 + 2 °C) with
a 12/12h light/dark cycle and relative humidity of 55+ 5%, and
allowed open access to food (without shrimp protein in the diet)
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Table 1. Clinical and serological characterization of shrimp-allergic
patients

Number Age TM-specific

of patients  (years) Sex IgE (KUA L") Symptom
2365 3 M 7.66 Bronchial asthma
2878 2 F 15 Cough variant asthma
3546 6 M 183 Asthma

6386 3 M 25.6 Leukocytosis

A serum with the specific IgE> 0.5 (kU L™") is defined as possible. M,
male; F, female.

and tap water. All animal experiments were performed following
established guidelines and experimental protocols in accordance
with the Ethical Committee of Experimental Animal Care at Ocean
University of China.

Sensitization to TM by intraperitoneal (i.p.) injection

Each mouse was sensitized with 200 pg TM or acrolein-treated
TM (n=10) with 2mgmL~" alum adjuvant by i.p. injection on
days 7, 14, 21 and 28 as described in Fig. 1(a). In parallel, the
normal group was administered, by i.p. injection, a 0.9% saline
solution on days 7, 14, 21 and 28 of the experiment. To measure
the level of specific antibodies, blood was collected on day 31.
TM-specific IgE and IgG1 serum level was evaluated using ELISA, as
described previously.’ Concentrations of histamine and mMCP-1
in sera obtained 1 h after i.p. injection on day 28 were detected
using commercially available ELISA assay kits from R&D Systems
(Minneapolis, MN, USA).

Allergenicity in RBL-2H3 cells
The rat mast cell line RBL-2H3 was acquired from the Chinese
Academy of Sciences and grown in DMEM, supplemented with
10% fetal bovine serum with 100 ugmL~" streptomycin and
100 U mL~" penicillin, and incubated at 37 °C with a 5% CO,/95%
air atmosphere following the method of Hoffmann et al."”
RBL-2H3 cells were harvested at the stationary phase, seeded in
96-well plates with 5x 10° cells, passively sensitized with human
serum IgE from shrimp-allergic children for 15h and further
washed three times with Tyrode’s buffer. Moreover, RBL-2H3 cells
were stimulated with 500 ng mL~" of either TM or acrolein-treated
TM in Tyrode’s buffer at 37 °C.'® Cells treated with only Tyrode’s
buffer were employed as negative control. f-Hexosaminidase
release was measured as described by Kuehn etal.’ and sam-
ples were then centrifuged for 10min and 4 °C to pellet debris
and granules. The release of histamine, cysteinyl leukotriene and
prostaglandin D2 was measured in the resulting supernatant by
ELISA, following the manufacturer’s instructions.

Statistical analysis

Data are depicted as mean =+ standard deviation (SD). Differences
among experimental data were analyzed by analysis of variance
(ANOVA) using SPSS Statistics 18 software (SPSS Inc., Chicago,
IL, USA). The statistical significance of each test was defined at
P <0.05.

RESULTS AND DISCUSSION

We used SPF female BALB/c mice as an allergy animal model to
test the allergenicity of acrolein-treated TM (Fig. 1a), in which
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Figure 1. Sensitization experiment. (a) Timeline of the mouse experimental procedure; level of (b) TM-specific IgE and (c) TM-specific IgG1 levels in BALB/c
mouse serum measured on day 31; release of (d) histamine and () mMCP-1 in BALB/c mouse serum. *P < 0.05; **P < 0.01. The data are presented as

mean + SD from triplicate determinations.

TM-specific IgE and IgG1 serum levels were measured. The
immune system produces an allergic response by the release of
IgE and IgG1 upon exposure to an allergen. Thus, as shown in
Fig. 1(b), TM-sensitized mice had significantly higher (P<0.01)
TM-specific IgE levels than the saline-treated normal control
group. Notwithstanding, the acrolein-treated TM sensitized group
had significantly lower (P < 0.01) TM-specific IgE levels than the
TM-sensitized groups, which is reflected in a significant decrease
(—66.1%) in the release of TM-specific IgE when compared to
TM-sensitized mice. In addition, this situation is also observed
in the detection of serum levels of TM-specific IgG1 (Fig. 1c).
The quantity of histamine and mMCP-1 release in mouse serum
increased after sensitization with TM compared to the normal con-
trol group. In contrast, histamine and mMCP-1 release decreased
significantly (P < 0.05) after sensitization with acrolein-treated TM
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than the TM-sensitized groups, but still with higher values than
the normal control group (Fig. 1d, e). According to our results, the
oxidation of acrolein-treated TM changed the sensitization poten-
tial of TM in the animals. Allergic sensitization to TM was more
prominent when compared to acrolein-treated TM, as shown by a
significantly higher production of TM-specificIgG1 and IgE. In gen-
eral, acrolein-treated TM had a much lower allergenicity response
compared to the allergenicity of the native TM. Interestingly, some
allergens achieve the same effect of reducing allergenicity due
to different chemical modifications. Park etal.®® reported that
the allergenicity of ovalbumin in chicken egg white decreased
after treatment with N-acetylglucosaminidase. In addition, Liu
et al?' reported that enzymatic cross-linking of TM decreased its
allergenicity in mice by decreasing the IgE/IgG1 levels in serum.
One possible explanation raised for this observation is that the

J SciFood Agric 2018; 98: 4374-4378



Acrolein modulates allergenicity of tropomyosin by RBL-2H3 cell and mouse model

a
@ -
% 40
=5
s
E @
CI
o =
52 20k
n
m— J
0
Normal Acrolein-TM
(c)
2~ 1000 -
—
g
=0
2 800 f
=
-
K-
g 600
=
@
=
-
S 400
=
=
=
£ 200+
=]
-
@
]
sl
0
Normal Acrolein-TM

Figure 2. Effects of acrolein-treated TM in IgE-mediated allergic responses in RBL-2H3 cell line. The release of (a
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a) f-hexosaminidase, (b) histamine, (c)

cysteinyl leukotrienes and (d) prostaglandin D, levels from RBL-2H3 cells sensitized with pool sera from children allergic to shrimp. *P < 0.05; **P < 0.01.

The data represent the mean + SD of three independent experiments.

chemical modification covered or destroyed the IgE epitope and
changed the immunological properties in vivo, thus successfully
decreasing its allergen-inducing capacity.

The allergenicity induced by acrolein-treated TM is similar
in the IgE-mediated RBL-2H3 cell assay. Passive rat basophil
leukemia (RBL) cells are generally used as models for type |
allergic reactions and to establish allergen-specific standards
of allergenic potential. Therefore, RBL-2H3 cells (sensitized with
shrimp allergic patient’s sera) were employed to investigate the
influence of acrolein oxidation on shrimp TM allergenicity by
monitoring the release of f-hexosaminidase, histamine, cysteinyl
leukotriene and prostaglandin D, (depicted in Fig. 2). After sen-
sitizing with each TM variant, RBL-2H3 cells released a marker
of mast cell degranulation: g-hexosaminidase. TM induced sub-
stantial degranulation of RBL-2H3 cells, and acrolein-treated
TM decreased the level of degranulation (P<0.01) compared
to TM (Fig. 2a). Acrolein-treated TM also aids in the inhibition
of antigen-induced histamine release in RBL-2H3 cells (Fig. 2b),
an effect that is also observed for the other allergenic media-
tors (cysteinyl leukotriene and prostaglandin D,). In general, the
data indicate that TM oxidation may have significant effects on
the suppression of the release of mediators related to allergic
symptoms. This was in agreement with a previous study in which
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the treatment of TM with MDA decreased degranulation.?? The
proposed explanation was that the response of RBL-2H3 cells to
the allergen by oxidation may be due to altered IgE epitopes on
the surface of acrolein-treated TM, hindering successful basophil
degranulation. The protein modification may alter its allergenic
potential due to changes in the epitope region.

Both mouse model and RBL-2H3 cell assay revealed that
acrolein-treated TM decreased allergenicity. This may be
explained by the covering of epitopes in TM. Epitopes of
TM with IgE affinity were described previously.? In previ-
ous research performed by our team, we also showed that
amino acid residues of TM with acrolein were primarily present
in the side chains of lysine, tyrosine and histidine by liquid
chromatography-tandem mass spectrometry (LC-MS/MS),
affecting the conformational (secondary and tertiary) struc-
ture. In addition, we also found that TM oxidation decreased
IgG/IgE binding, supported by data from both animal and cell
studies. The research discovered that the amino acid residues
of lysine, tyrosine and histidine in TM linear epitopes which
react with acrolein led to a reduction in IgE-binding activity. TM
is a protein in which linear epitopes are dominant.?* Acrolein
may react with the linear epitopes in TM. The destruction of a
linear epitope made decrease allergenicity. The study further
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illustrated that acrolein oxidation can change the structure of TM,
hide the epitopes of TM and decrease the allergenicity of TM in
shrimp.

CONCLUSION

The results presented in this study indicate that acrolein-treated
TM has the potential to mitigate allergenicity. Oxidation elicited
slight allergic sensitization in mice, resulting in a decrease in spe-
cificIgE response. The reduction in allergenicity of acrolein-treated
TM was also determined using an RBL-2H3 cell assay. These
changes indicated that the allergenic potential of shrimp T™M
might be affected during food processing and preservation. Thus
acrolein-treated TM might be used as an immunotherapeutic
agent against the TM allergen, and the agent could also be used
to check the allergenicity of shrimp products. Further studies
should be conducted in order to elucidate which molecular fac-
tors are modulated by acrolein-treated TM at the cell membrane
receptor level and in the control of gene expression of allergenic
mediators.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Founda-
tion of China (31371730), and Twelfth Five-year National Science
and Technology Support Plan (2015BAD17B02-1). The authors
declare no conflict of interest.

REFERENCES

1 Sicherer SH and Sampson HA, Food allergy. J Allergy Clin Immunol
117:5470-S475 (2006).

2 Zhang YX, Chen HL, Maleki SJ, Cao MJ, Zhang LJ, Su WJ etal., Purifi-
cation, characterization, and analysis of the allergenic properties
of myosin light chain in Procambarus clarkii. J Agric Food Chem
63:6271-6282 (2015).

3 Shriver SK and Yang WW, Thermal and nonthermal methods for food
allergen control. Food Eng Rev 3:26-43 (2011).

4 Verhoeckx KCM, Vissers YM, Baumert JL, Faludi R, Feys M, Flana-
gan S etal.,, Food processing and allergenicity. Food Chem Toxicol
80:223-240 (2015).

5 Lavilla M, Orcajo J, Diaz-Perales A and Gamboa P, Examining the effect
of high pressure processing on the allergenic potential of the major
allergen in peach (Pru p 3). Innov Food Sci Emerg Technol 38:334-341
(2016).

6 Liu GM, Cheng H, Nesbit JB, Su WJ, Cao MJ and Maleki SJ, Effects
of boiling on the IgE-binding properties of tropomyosin of shrimp
(Litopenaeus vannamei). J Food Sci 75:T1-5 (2010).

7 Zhenxing L, Hong L, Limin C and Jamil K, The influence of gamma
irradiation on the allergenicity of shrimp (Penaeus vannamei). J Food
Eng 79:945-949 (2007).

wileyonlinelibrary.com/jsfa

WWW.S0Ci.org

20

21

22

23

© 2018 Society of Chemical Industry

LLvetal

Becerra JAH, Flores AAO, Valerio-Alfaro G, Soto-Rodriguez |,
Rodriguez-Estrada MT and Garcia HS, Cholesterol oxidation and
astaxanthin degradation in shrimp during sun drying and storage.
Food Chem 145:832-839 (2014).

Uchida K, Aldehyde adducts generated during lipid peroxidation mod-
ification of proteins. Free Radical Res 49:896-904 (2015).

Karacaoglu E, Selmanoglu G and Ozgiin GM, Subchronic reproductive
toxicity in prepubertal male rats exposed to food contaminant
acrolein. Toxicol Lett 221:5215 (2013).

Wang W, Qi Y, Rocca JR, Sarnoski PJ, Jia A and Gu L, Scavenging of toxic
acrolein by resveratrol and hesperetin and identification of adducts.
J Agric Food Chem 63:9488-9495 (2015).

Rauniyar N and Prokai L, Detection and identification of 4-hydroxy-
2-nonenal Schiff-base adducts along with products of Michael addi-
tion using data-dependent neutral loss-driven ms3 acquisition:
method evaluation through an in vitro study on cytochrome c oxi-
dase modifications. Proteomics 9:5188-5193 (2009).

Leung PS, Chu KH, Chow WK, Ansari A, Bandea Cl, Kwan HS etal,
Cloning, expression, and primary structure of Metapenaeus ensis
tropomyosin, the major heat-stable shrimp allergen. J Allergy Clin
Immunol 94:882-890 (1994).

Lv L, Lin H, Li Z, Wang J, Ahmed | and Chen H, Changes of structure
and IgE binding capacity of shrimp (Metapenaeus ensis) tropomyosin
followed by acrolein treatment. Food Funct 8:1028-1036 (2017).

Wang S, Delgado JC, Ravkov E, Eckels DD, Georgelas A, Pavlov IY etal.,
Penaeus monodon tropomyosin induces CD4 T cell proliferation in
shrimp allergic patients. Hum Immunol 73:426-431 (2012).

Ma X, Lozano-Ojalvo D, Chen H, Lopez-Fandifio R and Molina E, Effect
of high pressure-assisted crosslinking of ovalbumin and egg white
by transglutaminase on their potential allergenicity. Innov Food Sci
Emerg Technol 29:143-150 (2015).

Hoffmann A, Jamin A, Foetisch K, May S, Aulepp H, Haustein D etal.,
Determination of the allergenic activity of birch pollen and apple
prick test solutions by measurement of f-hexosaminidase release
from RBL-2H3 cells: comparison with classical methods in allergen
standardization. Allergy 54:446-454 (1999).

Reese G, Viebranz J, Leong-Kee SM, Plante M, Lauer |, Randow S et al.,
Reduced allergenic potency of VR9-1, a mutant of the major shrimp
allergen Pen a 1 (tropomyosin). J Immunol 175:8354-8364 (2005).

Kuehn HS, Radinger M, Brown JM, Ali K, Vanhaesebroeck B, Beaven MA
et al., Btk-dependent Rac activation and actin rearrangement follow-
ing FceRIl aggregation promotes enhanced chemotactic responses
of mast cells. J Cell Sci 123:2576-2585 (2010).

Park HY, Yoon TJ, Kim HH, Han YS and Choi HD, Changes in the
antigenicity and allergenicity of ovalbumin in chicken egg white by
n-acetylglucosaminidase. Food Chem 217:342-345 (2017).

Liu GY, Hu MJ, Sun LC, Han XY, Liu QM, Alcocer M et al., Allergenicity
and oral tolerance of enzymatic cross-linked tropomyosin evaluated
using cell and mouse models. J Agric Food Chem 65:2205-2213
(2017).

Song Y, Li Z, Gao Q, Pavase TR and Lin H, 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. J Sci Food Agric 96:4263-4267 (2016).

Zheng LN, Lin H, Pawar R, Li ZX and Li MH, Mapping IgE binding epi-
topes of major shrimp (Penaeus monodon) allergen with immunoin-
formatics tools. Food Chem Toxicol 49:2954-2960 (2011).

J SciFood Agric 2018; 98: 4374-4378





