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A B S T R A C T   

This study aimed to analyze the effect of methylglyoxal (MGO) on the structure and allergenicity of shrimp 
tropomyosin (TM) during thermal processing. The structural changes were determined by SDS-PAGE, intrinsic 
fluorescence, circular dichroism, and HPLC-MS/MS. The allergenicity was evaluated by in vitro and in vivo ex
periments. MGO could cause conformational structural changes in TM during thermal processing. Moreover, the 
Lys, Arg, Asp, and Gln residues of TM were modified by MGO, which could destroy and/or mask TM epitopes. In 
addition, TM-MGO samples could lead to lower mediators and cytokines released from RBL-2H3 cells. In vivo, 
TM-MGO caused a significant reduction in antibodies, histamine, and mast cell protease 1 levels in sera. These 
results indicate that MGO can modify the allergic epitopes and reduce the allergenicity of shrimp TM during 
thermal processing. The study will help to understand the changes in the allergenic properties of shrimp products 
during thermal processing.   

Introduction 

Shrimp is favored by consumers for its rich nutrition and delicious 
taste. It is widely used as a functional ingredient in food processing. 
However, shrimp also is one of the common “big-8” food allergens. 
Shrimp allergy is an important food safety issue affecting allergic pa
tients’ health (Li et al., 2020; Ruethers et al., 2018; Shek et al., 2010). 
Shrimp allergy generally caused immunoglobulin E (IgE)-mediated 
allergic symptoms, including asthma, urticaria, and even shock and 
death (Renz et al., 2018; Volpicella et al., 2019). 

Tropomyosin (TM) was considered a major allergenic protein in 
shrimp, which can cause up to 80 % of allergic reactions (Fan et al., 
2022). TM is a heat-stable protein with 32–38 kDa molecular weight and 
4.2 isoelectric points. More than 90 % of shrimp-allergic people contain 
TM-specific antibodies (Tsedendorj et al., 2018; Zhang et al., 2021; 
Zhao, Li, Xu, Ji, et al., 2022). Therefore, the allergenicity of shrimp 
should be considered when it is used as a food ingredient. 

Many studies have reported that the allergenicity of shrimp TM could 
be influenced by different processing methods, such as thermal pro
cessing, high pressure, irradiation, and so on. Among them, thermal 

processing is widely considered utilizing during food processing (Xu 
et al., 2022; Zhang et al., 2021). However, thermal processing could 
cause complex reactions within food ingredients including protein 
oxidation and Maillard reaction (Misnan et al., 2016; Zhao, Li, Xu, Zeng, 
et al., 2022). Maillard reaction is induced by reducing sugars, which 
could alter the structures and physicochemical properties of dietary 
proteins due to sugar degradation products. a-Dicarbonylic compounds 
(a-DCs) like glyoxal (GO) and methylglyoxal (MGO) are important in
termediates of the Maillard reaction that exist during thermal processing 
(Dasanayaka et al., 2022; Gupta et al., 2018; Zhang et al., 2022). In 
addition, the a-DCs also inevitably react with the shrimp protein as the 
shrimp reheats. 

a-DCs could interact with the side-chain groups of arginine (Arg) and 
lysine (Lys) residues. Among all of the a-DCs, MGO exists the most 
widely in heat-processed foods (Kim et al., 2021; Wang et al., 2020; 
Zheng et al., 2022; Zhuang et al., 2020). MGO in fats and oils is also 
formed by lipid degradation during processing. The amount of MGO 
formed in fish oil heated at 60℃ for 7 days was 2.03–2.89 mg/kg 
(Fujioka et al., 2004). The previous study reported that MGO could 
modify the amino acid residues (Arg 184, 185) of glutathione peroxidase 
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(Hirahara et al., 2020; Schmitz et al., 2017). The sugar degradation of 
basic amino acids (such as Lys and Arg) could change the functional 
properties of protein and decrease its nutritional value. However, the 
effects of MGO on the allergenicity of shrimp TM haven’t been investi
gated during thermal processing. 

The study aimed to analyze the influences of MGO on shrimp TM 
structure and allergenicity during thermal processing. The structures of 
the treated samples were measured by SDS-PAGE, circular dichroism 
(CD), intrinsic fluorescence (IF), ultraviolet (UV), and high-performance 
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS), and 
the allergenicity was evaluated in vitro and in vivo experiments. The 
study will provide basic data for the safety evaluation of shrimp 
products. 

Materials and methods 

Chemical 

The ice fresh shrimp was purchased at the local supermarket 
(Qingdao, China). MGO, bovine serum albumin (BSA), and Al(OH)3 
were acquired from Sigma Chemical Co. (St. Louis, MO, USA). HRP- 
labeled goat anti-human IgE antibody was acquired from Zhongshan 
jinqiao Co. (Beijing, China). ELISA kits for histamine, mouse mast cell 
protease 1 (mMCP-1), interleukin 4 (IL-4), and interleukin 13 (IL-13) 
were acquired from R&D Systems (Minneapolis, MN, USA), respectively. 

Human sera 

The allergic sera to TM were collected from allergic patients for 
shrimp. All the patient records showed anaphylaxis with different 
allergic symptoms. Moreover, special IgE levels above 5 kU/L for 
allergic sera were acquired. The selected sera were stored at − 20 ~ 
-70 ◦C before the experiment (Table S1 of Support Information). 

Purification of shrimp TM 

The samples were prepared as described previously (Wang et al. 
2018). The fresh shrimp muscle was extracted with two volumes of a 
solution containing 1 mol L− 1 KHCO3, 20 mmol L− 1 KCl, and 0.1 mol L− 1 

dithiothreitol. The resultant homogenate was centrifuged at 4000 × g 
for 10 min five times. The extract was then discarded, and the shrimp 
homogenate was extracted in 1 L of 95 % ethanol for 10 min and 
extracted in 1 L of diethyl ether for 10 min in triplicate, respectively. 
Later, the shrimp homogenate was dried for 2 h and extracted by 
incubating overnight with 5 volumes of a solution containing 0.01 mol 
L− 1 NaN3 (pH 7.4) and 1 mol L− 1 KCl at 4℃. The protein was then salted 
out with precisely 30 % (NH4)2SO4. Finally, the solution was heated in a 
boiling water bath for 8 min and then was immediately cooled on ice, 
followed by a centrifugation at 8000 × g. The supernatant containing 
the purified TM was collected and stored at − 20 ℃ until use. 

Samples preparation 

The purified shrimp TM was diluted to 2 mg mL− 1 with phosphate 
buffer solution (PBS, 0.01 mol/L, pH 7.4). MGO was added to the pu
rified shrimp TM solution to keep a mass ratio of TM to MGO with 1:4, 
1:8, and 1:16, respectively. The final samples were then heated at 60 ◦C, 
80 ◦C, and 100 ◦C for 15 min, respectively. After the reaction, all the 
samples were cooled to below 4 ◦C. The unreacted MGO was dialyzed to 
remove by deionized water at 4 ◦C, and finally, all the samples were 
freeze-dried and kept at − 20 ~ -80 ◦C. 

SDS-PAGE analysis 

SDS-PAGE was carried out by the previous study (Lv et al., 2017). 
Each protein sample was mixed 4:1 with loading buffer (containing 5 % 

2-mercaptoethanol), and then the sample mixtures were heated in 
boiling water for 6 min. After heating, the samples were loaded on 
prefab gel. After electrophoresis, the prefab gels were dyed using Coo
massie Brilliant Blue R-250G overnight and were subsequently 
destained with deionized water to visualize proteins. The result was 
acquired using Tanon-4200SF (Tanon Science and Technology Co., Ltd, 
Shanghai, China). 

Structural analysis 

UV absorption 
The method of UV absorption spectra was referenced to the report of 

Yuan et al (Yuan et al., 2017). All the samples were adjusted to 0.5 mg 
mL− 1 using PBS (0.01 mol/L, pH 7.4) and scanned at 200 nm- 350 nm 
with a 400 nm min− 1 scanning speed. PBS solution (pH 7.4) was 
considered as one blank. 

Intrinsic fluorescence 
The intrinsic fluorescence was determined referenced to the report of 

Wu et al. (Wu et al., 2011). The samples were diluted to 1 mg mL− 1 in 
PBS and then measured by a Hitachi F2700 fluorescence spectrometer 
(Shimadzu, Kyoto, Japan). The parameters were set as follows: 300 nm 
min− 1 scanning speed, 280 nm excitation wavelength, 300–400 nm 
emission wavelength, and 2.5 nm slit width. 

Circular dichroism 
CD spectroscopy was carried out to determine the secondary struc

ture of MGO treated TM (TM-MGO) during thermal processing. The 
detailed experiment was measured by a JASCO J-815CD spec
tropolarimeter (Japan Spectroscopic Co. Inc., Japan) based on the pre
vious method (Lv, Lin, et al., 2019). The samples were diluted to 1 mg 
ml− 1. The detailed parameters were set as follows: 1 nm bandwidth, 100 
nm min− 1 scan speed,190 to 260 nm wavelength ranges, and 0.25 s 
response time. 

ELISA assay 

ELISA assay was determined by our previous study (Lv et al., 2019). 
The TM samples (100 μL) in 50 mmol/L sodium carbonate buffer (pH 
9.6) were added to a 96-wells plate and then kept overnight at 4 ◦C. 100 
μL pooled human sera (diluted 1:60) was used as a primary antibody. 
Moreover, 100 μL HRP-labelled goat antihuman IgE antibody (diluted 
1:2000) was used as the secondary antibody. After incubation and 
washing, TMB (100 μL) was added to react for 20 min at 37 ◦C. And then 
the reaction was terminated by sulfuric acid (2 mol/L). Finally, the 
absorbance was determined on an ELISA plate reader. 

RBL-2H3 cells assays 

RBL-2H3 cells were cultured by the study of Zhang et al. with some 
modifications (Zhang et al., 2019). RBL-2H3 cells (1x107 cells/mL) were 
pre-incubated for 20 h with 100 μL allergic patients’ sera (v/v = 4:1) and 
further washed three times with Tyrode’s buffer. And then 10 μL TM- 
MGO samples (5 mg/mL) in Tyrode’s buffer were added to incubate 
for 4 h at 37 ◦C, respectively. Finally, the supernatant was collected from 
the cells to measure β-hexosaminidase, histamine, IL-4 and IL-13 con
tents using ELISA kits. 

Mice experiment for sensitization and challenge 

According to the results of structures and RBL-2H3 cells, TM and TM- 
MGO samples at 100℃ were selected for the mice experiment. Forty 
female BALB/c mice (Six-week-old) were acquired by SPF Biotech
nology (Qingdao, China). All experiments involving animals were per
formed following established guidelines and the experimental protocols 
were in accordance with the Ethical Committee of Experimental Animal 
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Care of the Qingdao Agricultural University. All the mice were accli
mated for at least 1 week before sensitization and then divided into five 
groups: control (no stimulation), TM, and TM-MGO (1:4; 1:8; 1:16) 
groups. The sensitization experiment was performed by the method of 
Samadi et al (Samadi et al., 2020). As shown in Fig. 5A, mice were 
immunized with 5 mg of native TM or TM-MGO samples with 15 μg 
alum adjuvant on days 0, 7, 14, and 21. The control groups were 
sensitized with 500 μL PBS containing 15 μg alum adjuvant. On day 28, 
all the mice were challenged with 500 μL PBS containing 20 mg of TM, 
and TM-MGO samples, respectively. The control group was challenged 
with 500 μL PBS. After 1 h, anaphylactic symptoms were assayed by an 
established scoring system (Table S2 of Support Information)). All mice 
were then euthanized on day 30, and the sera were acquired to deter
mine IgE, IgG, IgG1, mMCP-1, and histamine levels by ELISA kits. 

Cytokine analysis for spleen cell 

The spleen cells were acquired from mice spleens. Subsequently, the 
spleen cells were cultured in RPMI-1640 medium containing 1 % pen
icillin–streptomycin and 10 % FBS solution. The spleen cells (2*105 

cells/mL) were re-stimulated with the different samples for 3 days. 
Finally, the cells were centrifuged to collect the supernatant, which was 
acquired to determine interferon γ (IFN-γ), IL-4, and IL-13 contents by 
ELISA kits. 

Statistical analysis 

The obtained data were processed by GraphPad Prism 9.0.2 soft
ware. Moreover, the results are expressed as means ± SD. The differ
ences were analyzed by ANOVA with SPSS Statistics (Chicago, USA). 
Statistical significance was considered at P < 0.05. 

Results 

SDS-PAGE analysis 

The SDS-PAGE results are shown in Fig. 1A. The purified TM has a 
clear band with ~ 36 kDa molecular weight under the reaction condi
tions of 60℃, 80℃, and 100℃, respectively (Fig. 1A, Lane 0). The 
molecular weight for all treated bands of TM-MGO samples was about 
36 kDa at 60℃. Interestingly, the protein bands slightly migrate after 
MGO treatment at 80℃, and the bands with increasing MGO concen
tration migrate more obviously. And the molecular weight of different 
TM-MGO samples is about 42–45 kDa. In addition, compared with the 
protein bands at 80℃, the protein bands of TM-MGO samples migrate 
and formed the aggregation at 100℃. And the band formed the largest 
aggregation with a ratio of TM and MGO (nTM: nMGO = 1:16). 

The IgE binding capacity 

To determine whether TM-MGO samples influence the immunore
activity, the IgE binding capacity of TM-MGO was assayed by ELISA 
(Fig. 1B). The IgE binding capacity of TM-MGO (nTM: nMGO = 1:4; nTM: 
nMGO = 1:8; nTM: nMGO = 1:16) samples decreased by 6.3 ± 0.5 %, 10.5 
± 0.7 % and 14.7 ± 0.8 % at 60 ℃, respectively. while the IgE-binding 
capacity decreased by 9.7 ± 0.4 %, 13.9 ± 0.6 % and 22.6 ± 0.7 % at 80 
℃, respectively. In addition, the IgE-binding capacity decreased by 16.3 
± 0.6 %, 20.9 ± 0.9 % and 33.7 % ± 1.3 % at 100 ℃, respectively. Thus, 
the IgE binding of TM was reduced with increasing MGO concentration. 

Intrinsic fluorescence analysis 

Intrinsic fluorescence spectrum could measure the conformational 
structure of the protein. The samples of TM-MGO with different MGO 

Fig. 1. (A) SDS-PAGE of shrimp TM modified by MGO during thermal processing (a: Incubated at 60, b: Incubated at 80℃, c: Incubated at 100℃, lane M: protein 
marker; lane 0: control; lane 1: nTM: nMGO = 1:4; lane 2: nTM: nMGO = 1:8; lane 3: nTM: nMGO = 1:16). (B) The IgE binding capacity of shrimp TM modified by MGO (a: 
control; b: nTM: nMGO = 1:4; c: nTM: nMGO = 1:8; d: nTM: nMGO = 1:16. The data represent the mean ± SD of triplicate measurements. *, p < 0.05; **, p < 0.01.). 
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concentrations were subjected to the intrinsic fluorescence spectrum at 
60℃,80℃,and 100℃, respectively (Fig. 2 A). The intrinsic fluorescence 
absorption peak of shrimp TM was ~ 315 nm, and the intensity of the 
intrinsic fluorescence spectrum gradually decreased with the increasing 
MGO concentration. Compared with the maximum fluorescence ab
sorption peak of TM, the peak of TM-MGO (nTM: nMGO = 1:4; nTM: nMGO 
= 1:8; nTM: nMGO = 1:16) samples decreased by 20.8 %, 35 % and 50 % 
at 60℃, respectively (Fig. 2 A-a). The maximum fluorescence absorption 
peak decreased by 7.69 %, 38.46 %, and 84.62 % at 80℃, respectively 
(Fig. 2 A-b). In addition, the maximum fluorescence absorption peaks 
decreased by 40.9 %, 45.45 %, and 63.63 % at 100℃, respectively 
(Fig. 2 A-c). Moreover, the maximum fluorescence absorption appeared 
blue shifting from 320 nm to 313 nm. 

CD analysis 

CD spectrum can be utilized to analyze the secondary structure of the 
protein. The results of the TM-MGO samples were shown by CD spec
trum in Fig. 2 B. The purified TM showed a positive peak near 198 nm, a 
negative peak at 212 nm and 223 nm, and a negative groove between 
212 nm and 223 nm at 60℃, 80℃, and 100℃, respectively. The peak of 
the CD spectrum gradually decreased with increasing MGO 
concentration. 

HPLC-MS/MS analysis 

The binding sites of TM-MGO samples were determined by the 

proteomics approach. According to the SDS-PAGE results of TM-MGO 
samples (Fig. 1A), the target bands of TM-MGO samples were sliced 
and further analyzed by HPLC-MS/MS. The result showed that the 
amino acid residues of TM were modified by MGO, which mainly 
occurred in the amino acids residues of lysine (Lys), Arginine (Arg), 
Aspartic acid (Asp), and Glutamine (Gln). The molecular weight 
increased by 54 Da based on a Mascot search. Moreover, a total of 27 
peptides were modified with MGO treatment by HPLC-MS/MS analysis 
(Table 1). 

As shown in Fig. 3, the TM-MGO adducts involved two or more 
nucleophilic sites. Fig. 3-A shows the MGO adduct formation on the 
Gln94 residue in the peptide 90Arg-Arg-Ile-Gln-Leu-Leu-Glu-Glu-Asp- 
Leu-Glu-Arg-Ser102. Fig. 3-B shows MGO adduction in the amino acid 
residues of Asp32 in the peptide 21Arg-Phe-Leu-Ala-Glu-Glu-Ala-Asp- 
Arg-Lys-Tyr-Asp-Glu-Val-Ala-Arg-Lys37. Moreover, Arg29 also was 
modified with the same peptides by MGO (Fig. 3-C). The MGO adduct on 
the Lys112 residue was found in the peptide 105Arg-Leu-Asn-Thr-Ala-Thr- 
Thr-Lys-Leu-Ala-Glu-Ala-Ser-Gln-Ala-Ala-Asp-Glu-Ser-Glu-Arg-Met126 

(Fig. 3-D). 

RBL-2H3 cells assay 

The potential allergenicity of TM-MGO samples could be assayed by 
RBL-2H3 cells (Figure 4). RBL-2H3 cells can lead to mediator release 
(β-hexosaminidase and histamine release) and cytokines release (IL-4 
and IL-13). The release of β-hexosaminidase decreased (22.37 %, 26.32 
%, and 43.42 %) in cells exposed to TM-MGO (nTM: nMGO = 1:4; nTM: 

Fig. 2. (A) UV absorption spectra, (B) Intrinsic fluorescence spectra, and (C) Circular dichroism of shrimp TM modified by MGO during thermal processing (a: 
Incubated at 60, b: Incubated at 80℃, c: Incubated at 100℃). 
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nMGO = 1:8; nTM: nMGO = 1:16) compared with TM alone at 60℃ 
(Figure 4A-a). In addition, TM-MGO also caused β-hexosaminidase 
release to decline (6.45 %, 11.11 %, and 31.75 %) at 80℃ and (3.39 %, 
6.78 %, and 30.5 %) at 100℃ (Figure 4A-b, c), respectively. Histamine 
release of TM-MGO (nTM: nMGO = 1:4; nTM: nMGO = 1:8; nTM: nMGO =

1:16) samples decreased by 17.65 %, 23.53 %, and 47.06 % at 60 ℃ 
(Figure 4B-a). Histamine release of TM-MGO showed a similar tendency 
at 80℃ and 100 ℃ (Figure 4B-b, c). Interestingly, mediator release 
decreased more pronounced with the higher temperature. Moreover, 
RBL-2H3 cells could also release cytokines such as IL-4 and IL-13. TM- 
MGO (nTM: nMGO = 1:4; nTM: nMGO = 1:8; nTM: nMGO = 1:16) samples 
lead to a significant decrease for IL-4 release (2.52 %, 17.65 %, and 
26.05 %) at 60℃, (13.45 %, 19.33 %, and 32.77 %) at 80℃, and (15.52 
%, 28.45 %, and 41.38 %) at 100℃, respectively (Fig. 4 C). IL-13 release 
of RBL-2H3 cells decreased by 8.82 %, 17.65 %, and 35.29 % with TM- 
MGO (nTM: nMGO = 1:4; nTM: nMGO = 1:8; nTM: nMGO = 1:16) treatment at 
60 ℃, respectively (Fig. 4D-a). IL-13 release was also reduced with 
increasing MGO concentration at 80℃ and 100℃, respectively. Simi
larly, the cytokines releases occurred with a decreased tendency with 
increasing temperature from 60℃ to 100℃. 

In vivo assay 

A BALB/c mice model was considered to evaluate the allergenicity of 
TM-MGO samples as shown in Fig. 5 A. The anaphylactic symptoms 
were evaluated following the challenge with TM and TM-MGO samples 
by an established scoring system. The result showed that the anaphy
lactic symptoms following the challenge with TM-MGO samples were 
less severe (Fig. 5B). Exposure of mice to TM-MGO (nTM: nMGO = 1:16) 
result in a significant (p < 0.01) decline of TM-specific antibodies levels 
in sera (Fig. 5 C-E). The TM-specific IgE/IgG/IgG1 level of the TM-MGO 
(nTM: nMGO = 1:16) group was ~2-3 fold lower than that in the pu
rified TM group. Moreover, compared with the TM group, serum his
tamine level was significantly (p < 0.01) decreased in the TM-MGO 
group (Fig. 5F). The mMCP-1 level decreased from 122.39 ng/ml to 
93.25 ng/ml for the TM-MGO (nTM: nMGO = 1:16) group (Fig. 5G). In 
addition, Th2-related cytokines including IL-13 and IL-4 from spleen 
cells were significantly lower after stimulation with TM-MGO samples 

(Fig. 4 H and I). Interestingly, after re-stimulation with TM-MGO sam
ples, Th1-related cytokine including IFN-γ from spleen cells was 
increased (Fig. 5 J). 

Discussion 

This study indicated that the allergenicity of TM-MGO samples is 
reduced during thermal processing. SDS-PAGE results showed that the 
bands of shrimp TM essentially unchanged during different thermal 
processing (Fig. 1A), which illustrated that shrimp TM is a thermally 
stable protein. Moreover, the molecular weight of TM-MGO samples 
increased from 60℃ to 100℃. TM-MGO (nTM: nMGO = 1:16) sample 
formed the aggregation at 100℃. Interestingly, the IgE binding ability of 
TM-MGO (nTM: nMGO = 1:16) also significantly dropped at 100℃. The 
reduced IgE binding ability might be attributed to the changes of TM 
allergic epitopes after MGO treatment during thermal processing. The 
conformational and linear structural alteration of TM could destroy and/ 
or mask a few allergic epitopes, which could subsequently cause the 
reduction of IgE binding ability (Song et al., 2015; Lv et al., 2016). The 
present study demonstrated that MGO could result in changes in the 
molecular properties of TM. Our findings support existing studies, which 
confirmed that food allergens aggregations via different processing 
methods could influence their allergenicity (Shao et al., 2021; Liu et al., 
2021). 

The aggregation of TM after MGO treatment could cause the change 
of TM structure. Intrinsic fluorescence of protein is one of the structural 
characteristics used to evaluate the conformational changes. The 
intrinsic fluorescence intensity of proteins depends on the changes in the 
side chain groups of tryptophan and tyrosine residues. Fig. 2A shows the 
intrinsic fluorescence absorption of TM-MGO samples at 60℃, 80℃, and 
100℃. It has been reported above that shrimp TM does not contain 
tryptophan (Zheng et al., 2011), so tyrosine was considered to analyze 
the changes of fluorescence intensity for TM-MGO samples. According to 
the result of their fluorescence absorption peak, the change of endoge
nous fluorescence peak was not obvious at different temperatures. 
However, the fluorescence absorption peak decreased more pronounced 
with the increasing MGO concentration. It is speculated that the 
lowering of fluorescence intensity might be attributed to the changes in 

Table 1 
List of methylglyoxal-modified peptides of shrimp tropomyosin identified after LC-MS/MS.   

Methylglyoxal-modified peptide site z Observed mass Mr (expt) Mr (calc)         

K 

KANIQLVEKDKA 74 2  615.3449  1228.6753  1228.6663 
KANIQLVEKDKA 76 2  410.5660  1228.6761  1228.6663 
RKLAMVEADLERA 168 2  681.8550  1361.6954  1361.6860 
KSLEVSEEKANQRE 213 2  731.3674  1460.7203  1460.7107 
RMDALENQLKEARF 149 2  745.3755  1488.7365  1488.7242 
KANQREEAYKEQIKT 212 2  839.9273  1677.8401  1677.8322 
RVVGNNLKSLEVSEEKA 205 2  858.9616  1715.9087  1715.8941 
REEAYKEQIKTLTNKL 236 3  589.6492  1765.9257  1765.9097 
RAEKSEEEVHNLQKRM 48 3  590.3021  1767.8845  1767.8751 
RFLAEEADRKYDEVARK 161 3  628.6471  1882.9194  1882.9061 
RAETGESKIVELEEELRV 189 2  952.4842  1902.9538  1902.9422 
KEVDRLEDELVNEKEKY 264 2  958.9807  1915.9469  1915.9374 
RLNTATTKLAEASQAADESERM 112 2  1089.5365  2177.0584  2177.0447 
KEANNRAEKSEEEVHNLQKR 37 3  733.0247  2196.0522  2196.0406 
KDNAMDRADTLEQQNKEANNRA 30 4  807.6975  2420.0707  2420.0622    

R 

RAEFAERSVQKL 244 2  618.8176  1235.6206  1235.6146 
KAAEARAEFAERS 238 2  646.8184  1291.6222  1291.6156 
KALSNAEGEVAALNRRI 90 2  821.9349  1641.8553  1641.8434 
KANQREEAYKEQIKT 217 3  560.2907  1677.8501  1677.8322 
RKLAMVEADLERAEERA 178 2  924.4686  1846.9226  1846.9094 
RFLAEEADRKYDEVARK 160 3  628.6487  1882.9244  1882.9061 
KDKALSNAEGEVAALNRRI 91 3  629.3351  1884.9834  1884.9653  

D 
RFLAEEADRKYDEVARK 163 2  942.4667  1882.9189  1882.9061 
KEVDRLEDELVNEKEKY 258 3  639.6573  1915.9502  1915.9374 
RLNTATTKLAEASQAADESERM 121 3  726.6818  2177.0236  2177.0447  

Q 
RRIQLLEEDLERS 93 3  495.9382  1484.7928  1484.7834 
RLNTATTKLAEASQAADESERM 118 3  726.6949  2177.0630  2177.0447  
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Fig. 3. (A) HPLC-MS/MS spectrum for a peptide containing Gln from TM-MGO samples. MGO adduction (*, +54) was observed on the lysine side-chain group in Arg- 
Arg-Ile-Gln-Leu-Leu-Glu-Glu-Asp-Leu-Glu-Arg-Ser. (B) HPLC-MS/MS spectrum for a peptide containing Asp from TM-MGO samples. MGO adduction (*, +54) was 
observed on the lysine side-chain group in Arg-Phe-Leu-Ala-Glu-Glu-Ala-Asp-Arg-Lys-Tyr-Asp-Glu-Val-Ala-Arg-Lys. (C) HPLC-MS/MS spectrum for a peptide con
taining Arg from TM-MGO samples. MGO adduction (*, +54) was observed on the lysine side-chain group in Arg-Phe-Leu-Ala-Glu-Glu-Ala-Asp-Arg-Lys-Tyr-Asp-Glu- 
Val-Ala-Arg-Lys. (D) HPLC-MS/MS spectrum for a peptide containing Lys from TM-MGO samples. MGO adduction (*, +54) was observed on the lysine side-chain 
group in Arg-Leu-Asn-Thr-Ala-Thr-Thr-Lys-Leu-Ala-Glu-Ala-Ser-Gln-Ala-Ala-Asp-Glu-Ser-Glu-Arg-Met. 
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the microenvironment around specific amino acid residues. In addition, 
this result might also be caused by protein aggregation, which could 
result in the lower exposure of amino acids in an aqueous environment. 

Circular dichroism spectroscopy was used to characterize the sec
ondary structure of protein (Huang et al., 2021). The secondary struc
ture of TM-MGO samples was altered in response to MGO modification 
during thermal processing. The presence of two peaks at 212 nm and 
223 nm indicates an α-helix in TM, while the negative groove at 212 nm- 
223 nm and a positive peak near 198 nm indicated the β-sheet structure 
in TM. With increasing the concentration of MGO, the positive peak at 

198 nm, the negative peak at 220 nm, and the groove between 210 nm 
and 225 nm all show a decreasing trend at 60℃, 80℃, and 100℃, 
respectively. The result indicates that the α-helix and β-sheet contents of 
TM-MGO samples decreased compared to the purified TM. With 
increasing the temperature, the contents of α-helix and β-sheet struc
tures didn’t change pronounced, indicating that temperature only has a 
slight effect on the secondary structure of TM and TM-MGO samples. 

The proteomics technology was utilized to analyze the sites of TM 
modified with MGO treatment. According to the above results, the 
modified amino acid residues of TM after MGO treatment can alter the 

Fig. 3. (continued). 
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conformational (secondary or tertiary) and linear structure, which could 
influence the functional properties of TM, including allergenicity. 
Interestingly, the binding sites of amino acids in the side-chains of Lys, 
Arg, Asp, and Gln were also the sites of shrimp TM allergic IgE epitopes 
(Lv et al., 2016; Yuan et al., 2017). Therefore, MGO could influence the 
IgE binding capacity of TM during thermal processing. Further research 
needs to analyze and evaluate the allergenicity of TM through in vitro 
and in vivo experiments. 

The allergenicity of TM-MGO samples was further assayed by the 
RBL-2H3 cell model. The IgE-mediated RBL-2H3 cells are reliable 
models that were considered to evaluate type I allergic responses. The 
degree of allergic symptoms is generally dependent upon the cellular 
degranulation components (such as mediators and cytokines releases), 
which are important indicators to examine body condition. The present 
study indicated that TM-MGO samples significantly inhibited the me
diators and cytokines releases from RBL-2H3 cells at different temper
atures, respectively. Zhang et al. (2019) reported that peanut allergens 
were less likely to trigger RBL-2H3 cell degranulation including 

mediators and cytokines releases during thermal processing. The 
possible reason was that modification of shrimp TM via MGO could alter 
allergic epitopes by Intra/intermolecular interactions. Further, it was 
speculated that MGO might mask the IgE allergic epitopes, which sub
sequently hindered basophil and mast cell mediator and cytokine re
leases for RBL-2H3 cells. The decrease in mast cell degranulation could 
correlate with the suppression of allergic reactions better. 

The results of the in vivo experiment demonstrated that shrimp TM 
triggered allergic symptoms. Compared to shrimp TM, TM-MGO samples 
could produce lower allergenicity. The anaphylactic symptoms of mice 
were relieved more significantly after the TM-MGO samples groups. 
Moreover, the specific IgE, IgG, and IgG1 levels from mice sera were 
substantially reduced in TM-MGO group. In addition, the mMCP-1 and 
histamine levels were also reduced. The results sufficiently illustrated 
that TM-MGO samples altered the conformational and linear structures 
of TM, masking the IgE allergic epitopes, thus influencing the potential 
allergenicity of TM. Interestingly, the decrease of mMCP-1 level for TM- 
MGO groups furtherly explained the reduced mast cell degranulation 

Fig. 4. Impact of TM-MGO on mediators release (A. β-hexosaminidase; B histamine) and cytokines release (C. IL-4; D. IL-13) from RBL-2H3 cells sensitized with anti- 
TM sera. a: control; b: nTM: nMGO = 1:4; c: nTM: nMGO = 1:8; d: nTM: nMGO = 1:16. The data represent the mean ± SD of triplicate measurements. *, p < 0.05; **, p 
< 0.01. 
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reactions. Furthermore, the cytokine production from mice splenocytes 
were also determined to analyze the immune responses. Th1-related 
cytokine (IFN-γ) could stimulate Th1 cells to inhibit IgE production, 
whereas Th2-related cytokines (IL-13 and IL-4) could induce IgG to IgG1 
and produce IgE. Compared with TM group, TM-MGO groups upregu
lated IFN-γ level while downregulated IL-13 and IL-4 levels, thereby 
leading to a reduction in IgG1 and IgE in mice. Therefore, the results of 
cytokines from mice splenocytes indicated that TM-MGO samples could 
promote Th1 and suppress Th2 immune response, inhibiting shrimp TM 
allergic reaction. The mitigating allergenicity further suggested the 
reduction in shrimp TM allergic epitopes. 

Conclusions 

MGO could change the conformational and linear structure, and 
decrease the potential allergenicity of shrimp TM during thermal pro
cessing. The aggregation formation of TM-MGO samples at high tem
peratures leads to the decrease of intrinsic fluorescence. Consequently, 
the secondary structure of shrimp TM became considerably disordered. 
The side-chain amino acid residues including Lys, Arg, Asp, and Gln was 
modified, which could destroy and/or shield the allergic epitopes. In 
addition, the allergenicity of TM-MGO samples was reduced by in vitro 
and in vivo experiments. TM-MGO samples reduced the IgE-binding 
ability and inhibited the release of mediators and cytokines in vitro. 
TM-MGO samples reduced their allergenicity during thermal processing 

Fig. 5. (A) Sensitization experiments. (B) Hypersensitivity symptoms were scored on a scale from 0 (no symptoms) to 5 (death), as shown in Table S1 of the Support 
Information. Levels of (C) IgE, (D) IgG, (E) IgG1, (F) plasma histamine, and (G) mMCP-1 in serum from mice. Levels of (H) IL-4; (I) IL-5; (J) IL-13 and (K) IFN-γ on the 
secretions of cytokines from splenic lymphocytes, respectively. Results are expressed as the mean ± SD. (**) p < 0.01, and (*) p < 0.05 represent significant dif
ferences compared to the TM group. 
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by In vivo experiment. This current study was expected to understand the 
changes in the allergenic properties of shrimp products during thermal 
processing, and to provide valuable insights for further research into 
different allergens in various other types of allergenic foods. 
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