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A B S T R A C T   

The allergenic potential of shrimp (Penaeus vannamei) proteins during gastrointestinal (GI) digestion is currently 
unclear. In this study, the role of gastric, intestinal, and GI digestion on the sensitizing and eliciting capacity of 
shrimp proteins was investigated using a BALB/c mice model. Gastric digestion products of shrimp proteins 
produced lower specific IgE/IgG1, histamine and mMCP-1 levels and significantly reduced the proportion of 
degranulated mast cells as compared to the shrimp protein extract; furthermore, no histopathological changes 
were observed in the lung, spleen and jejunum. Conversely, their GI digestion products caused high specific IgE/ 
IgG1 levels, mast cells degranulation and severe allergic symptoms in the mice, similar to those in the shrimp 
protein extract group. These results may be due to the masking or exposure of shrimp epitopes during digestion. 
Consequently, the GI digestion products of shrimp proteins retained an allergenic potential, although gastric 
digestion products showed a lowering effect.   

1. Introduction 

Penaeus vannamei (synonym Litopenaeus vannamei) is one of the most 
cultivated shrimp species in the world (Córdova-Murueta, Navarrete- 
Del-Toro, & García-Carreo, 2017). Its protein content is higher than 
22%, the fat content is only 0.73%, and it is rich in unsaturated fatty 
acids and minerals (Soon, 2019; Zhang et al., 2021). However, Penaeus 
vannamei could cause allergic reactions and result in severe allergic 
symptoms, including urticarial (hives), abdominal pain, diarrhea, 
dermatitis, and bronchospasm (asthma). More severe allergic reactions 
could manifest as breathing difficulties, shock, and even life-threatening 
(but comparatively rare) and these allergic symptoms might continue a 
lifetime (Toomer, Do, Fu, & Williams, 2015; Sheu, Yu, Lien, & Lee, 2020; 
Ostblom, Wickman, Hage, & Lilja, 2008; Ayuso, 2011). 

Food intake was the main way of anaphylaxis in humans. The Food 
and Agriculture Organization of the United Nations (FAO), the European 
Food Safety Authority (EFSA), the World Health Organization (WHO), 

and the Codex Alimentarius Commission (CAC) have adopted in vitro 
simulated digestion as a significant step of allergen risk assessment. In 
2003, the CAC confirmed that the stability of pepsin proteolysis is a key 
parameter in the evaluation of protein allergy (Codex, 2003). Simulta
neously, the researchers discovered that the assessment of pepsin sta
bility cannot be parallel to in vivo digestion conditions (acid 
denaturation, pepsin, pancreatin), and consequently protein resistance 
to the gastrointestinal (GI) digestive system was widely used (Toomer, 
Do, Fu, & Williams, 2015). However, recent studies have found that 
proteins unstable to digestive enzymes still had the sensitizing capacity 
(Sun et al., 2022). Digestion potentially affects the allergenicity of 
proteins by hydrolyzing the conformational and linear epitopes (Bavaro 
et al., 2018; Gazme, Rezaei, & Udenigwe, 2020). Changes in confor
mational epitopes include unfolding and aggregation of proteins. These 
changes may disrupt the conformational epitopes or generate new ones, 
and may also make the allergens more sensitive or resistant to gastric 
and GI enzymes (Sun et al., 2022). Meanwhile, linear epitopes are 
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thought to be more important for food allergens. The change of linear 
epitopes may be the root cause of allergenic changes in allergens after 
digestion (Liu, Lin, & Sun., 2022). Digestion may expose new amino 
acids (Liu et al., 2019). Thus, digestion of food allergens in the stomach 
and intestine might reduce or increase their sensitizing capacities. Tong 
et al. (2020) reported that the levels of specific immunoglobulins (IgE, 
IgG, IgG1, IgG2a), mouse mast cell protease-1 (mMCP-1) and histamine 
in serum of digested egg custard-treated mice were higher than those of 
the control mice, indicating that digested egg custard had the sensitizing 
and eliciting capacity. Meanwhile, Korte, Bräcker, & Brockmeyer (2017) 
found that samples from the digestion of peanut allergens were capable 
to lead to the production of specific IgE in rats. Therefore, it is necessary 
to study the potential allergenicity of proteins or peptides produced after 
digestion of food allergens. 

Most previous studies focused on the effect of gastric digestion on the 
IgE binding potential of allergens, but there were few studies on the role 
of gastric, intestinal and GI digestion on the sensitizing and eliciting 
capacity of food proteins. In most studies, purified shrimp allergens were 
digested (Xu et al., 2020; Zhang, Xiao, Zhang, & Zhou, 2019). The pri
mary immunoreactive protein in most species of shrimp is tropomyosin 
(TM); however, the effects of other shrimp allergens and whole shrimp 
proteins on the digestive stability and the allergenicity of the digestive 
products are unknown. This study here aims to systematically charac
terize the potential allergenicity of protein by conducting a compre
hensive investigation through the digestion of allergens in shrimp. 

A BALB/c mice model can reflect the actual situation that food 
proteins trigger allergic reactions in vivo, and is the most direct method 
to evaluate the allergenic potential of food. Consequently, the BALB/c 
mice model has been widely utilized to evaluate the sensitizing and 
eliciting capacity of food proteins. In this research, female BALB/c mice 
were sensitized with protein extract and its simulated digests on Day 0, 
7, 14, and 21, respectively and then challenged with different test pro
teins on Day 33. The digestive stability of shrimp proteins was assessed 
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS- 
PAGE) and peptide yield. Meanwhile, the sensitizing and eliciting ca
pacity of shrimp was tested by anaphylaxis, body temperature, serum 
specific IgE/IgG1 binding ability, plasma histamine and mMCP-1 levels, 
pathological examination of lung, spleen and jejunum, and degranula
tion level of mast cells. 

2. Materials and methods 

2.1. Materials 

Shrimp (Penaeus vannamei) was supplied from the Shahekou seafood 
market (Dalian, China). Pepsin and pancreatin were bought from Sigma 
Aldrich (St Louis, MO, USA). Toluidine blue solution was bought from 
Solarbio Science & Technology Co., Ltd (Beijing, China). SDS-PAGE Gel 
Preparation Kit was bought from Solarbio Science & Technology Co., Ltd 
(Beijing, China). Pre-stained protein maker was purchased from Bio-Rad 
(California, USA). 

2.2. Whole protein extraction 

Whole protein was extracted from boiled shrimp by the method of 
alkali extraction and acid precipitation (Gao et al., 2019; Yi, Van Boekel, 
& Lakemond, 2017), and some modifications were made. Shrimps were 
boiled in boiling water for 5 min. The skin and head of the whole shrimp 
were removed to obtain the boiled shrimp meat. Then the shrimp meat 
was stirred at pH 11.0 for 8 h and the precipitate was collected. After 8 h, 
the precipitate was stirred at pH 5.5 for 1.5 h and the supernatant was 
collected. The whole experiment was completed at 4 ◦C. Finally, the 
shrimp protein extract (SPE) was lyophilized and stored at -80 ◦C until 
use. 

2.3. In vitro digestion 

After lyophilized, the SPE sample was digested in vitro as described 
by Minekus et al. (2014), simulated gastric fluid (SGF) and simulated 
intestinal fluid (SIF) were prepared. 

Gastric phase: the SPE sample was mixed with SGF at 37 ◦C for 30 
min. Subsequently, the mixture was adjusted to pH 3.0 and the porcine 
pepsin (2,000 U/mL of final enzymatic activity) was added to initiate the 
gastric digestion for 2 h at 37 ◦C. Samples from simulated gastric 
digestion were collected at different times (0, 2, 5, 10, 30, 60, 90, and 
120 min). Then, the simulated gastric digestion was terminated by 
increasing the pH value to 7.0. The simulated gastric digests (SGD) for 
120 min were lyophilized and all the samples were stored at -80 ◦C. 

Intestinal phase: the SPE sample was mixed with SIF at 37 ◦C for 30 
min. The sample was adjusted to pH 7.0 and the pancreatin (100 U/mL 
of final enzymatic activity) was added to initiate the intestinal digestion 
for 2 h at 37 ◦C. Samples from simulated intestinal digestion were 
collected at different times (0, 2, 5, 10, 30, 60, 90, and 120 min). Then, 
the simulated intestinal digestion samples were taken and the enzyme 
was inactivated at 100 ◦C for 5 min. The simulated intestinal digests 
(SID) for 120 min were lyophilized and all the samples were stored at 
-80 ◦C. 

GI phase: the SGD sample was added to SIF with an equal volume. 
Subsequently, the sample was adjusted to pH 7.0 and pancreatin (100 U/ 
mL of final enzymatic activity) was added to initiate the GI digestion for 
2 h at 37 ◦C. Samples from simulated GI digestion were collected at 
different times (0, 2, 5, 10, 30, 60, 90, and 120 min). Then, the simulated 
GI digestion samples were taken and the enzyme was inactivated at 
100 ◦C for 5 min. The simulated gastrointestinal digests (SGID) for 120 
min were lyophilized and all the samples were stored at -80 ◦C. 

2.4. SDS-PAGE 

The sample buffer (with β-mercaptoethanol) was added to samples 
with four volumes and digested/undigested sample (1 mg/mL of pro
tein) was boiled at 100 ◦C for 5 min. 10 μL of cooled mixture or 3 μL of 
molecular standard marker (10–250 kDa) were loaded into each lane of 
the gel and electrophoresis was performed using a Mini vertical elec
trophoresis apparatus (Baygene, Beijing, China). Proteins were sepa
rated for 30 min at 80 V and 150 min at 100 V. After the proteins reached 
the bottom, the gel was stained for 2 h with Coomassie Brilliant Blue and 
decolorized using a decolorizing solution (with ethanol and acetic acid) 
until the bands became clear in a shaking incubator at the room tem
perature. Images were captured using a gel imager (Bio-Rad, California, 
USA). 

2.5. Trichloroacetic acid (TCA)-soluble peptide index 

The peptide yield was determined according to the method described 
by Zhou et al. (2012), with some modifications. Briefly, 0.5 mL of SGD, 
SID and SGID were mixed with 0.5 mL of TCA (20%). Then the mixture 
was incubated at room temperature for 20 min and centrifuged at 12000 
rpm for 10 min. The peptide present in the supernatant was TCA-soluble 
peptide. Finally, TCA-soluble peptide was determined using a Lowry 
Protein Assay Kit (Solarbio, Beijing, China). 

2.6. Animal treatment design 

Female BALB/c mice aged three to four weeks were bought from 
Changsheng Biotechnology Co., Ltd (Benxi, Liaoning, China). All female 
BALB/c mice were maintained under a temperature of 22 ± 2 ◦C, a 
humidity of 50 ± 15%, and a 12 h/12 h dark/light cycle with free access 
to water and shrimp-free chow. All mice were acclimated for one week 
before commencing the experiments. All experiment designs were 
approved by University of Dalian Polytechnic Animal Care Committee 
(protocol number: DLPU2021015). 

Y. Liu et al.                                                                                                                                                                                                                                      



Food Research International 162 (2022) 111916

3

In order to avoid the secondary digestion of the digestion products of 
shrimp protein extract in BALB/c mice, the methods of Misra et al. 
(2011), Kumar, Vijaykrishnaraj, Kurrey, Shinde, & Prabhasankar (2019) 
and Morafo et al. (2003) were referred to sensitize the mice by intra
peritoneal injection. Mice were randomly distributed in six groups (n =
10) and sensitized by intraperitoneal injection with 100 μg of SPE, SGD, 
SID and SGID plus 100 μL of aluminum hydroxide (alum, Thermo Sci
entific, Cramlington, UK) in 100 μL of saline per mice, and other two 
groups were injected with 200 μL of saline and 100 μL of alum in 100 μL 
of saline, respectively. The mice were injected once a week during 4 
consecutive weeks. Then, serum samples were collected from the ret
roorbital plexus at 30 d and 32 d. On the 33 d, BALB/c mice were 
challenged with 500 μg of different test proteins. In addition, access to 
food was prevented 1 d before the challenge. Fig. 2 (A) summarizes the 
detailed experimental design. Moreover, food intake and water intake of 
mice were recorded weekly. 

2.7. Measurement of anaphylactic score and temperature 

Anaphylactic scores were monitored after protein injection. Mice 
were examined for 20-30 min after challenge using a scoring system 
assessed by Li et al. (2000): 0, no reaction; 1, scratching and rubbing 
around the nose and head; 2, swelling around the eyes, puffier hair, 
diarrhea; 3, no activity; 4, wheezing, labored respiration; and 5, death. 

Handheld thermometer was used to measure the ear temperature in 
the administered mice and their ear temperature was recorded before 
challenge and after 20-30 min of challenge (Freidl et al., 2020). 

2.8. Measurement of specific IgE and IgG1 levels 

Measurement of specific IgE and IgG1 levels was referenced to Zhao 
et al. (2022). The serum of the mice was centrifuged at 4000 rpm for 10 
min at 4 ◦C. The levels of specific IgE and IgG1 were determined by 
indirect enzyme-linked immunosorbent assay (ELISA). SPE and its SGD, 
SID and SGID samples were diluted to 10 μg/mL with 0.05 M sodium 
carbonate buffer (pH 9.6). The SPE, SGD, SID and SGID samples were 
coated into a 96-well ELISA plate overnight at 4 ◦C, respectively. The 96- 
well ELISA plate was washed for three times with PBS-0.1% BSA-0.1% 
Tween 20 and the plate was blocked with PBS-1% BSA (150 μL per well) 
for 2 h at 37 ◦C. Subsequently, the 96-well ELISA plate was washed for 
three times and 100 μL of the test serum with dilutions of 1:10 was 
added to the wells and incubated for 2 h at 37 ◦C. Afterwards, the plate 
was washed for five to six times. 100 μL of rat monoclonal anti-mouse 
IgE epsilon chain (Biotin) antibody (1:500) (Abcam, England) was 
added to each well for 1 h at 37 ◦C and washed for five times. Then 100 
µL of streptavidin (HRP) (1:500) (Abcam, England) was added to each 
well and plates were incubated at 37 ◦C for 1 h. In contrast to specific IgE 
determination, 100 μL of anti-mouse IgG1 (HRP) pre-adsorbed antibody 
(Abcam, England) with dilutions of 1:4000 was added to the wells for 1 h 
at 37 ◦C and washed. Next, 100 μL of TMB Chromogen Solution for 
ELISA was added to the wells for 15 min at 37 ◦C. Finally, 50 μL of 2 M 
H2SO4 was added to each well to stop the reaction and the samples were 
measured at 450 nm with a Microplate Reader (InfiniteTM M200, 
TECANE, Switzerland). 

2.9. Measurement of histamine and mouse mast cell protease-1 (mMCP- 
1) 

Plasma samples were collected in anticoagulant tube (with EDTA-K2) 
by intraocular canthal vein puncture after 20 min of challenge and 
plasma was obtained by centrifugation at 4000 rpm and 4 ◦C for 10 min. 
The plasma samples were kept at -80 ◦C. Histamine and mMCP-1 were 
determined by a Mouse HIS ELISA Kit (Jianglai, Shanghai, China) and 
Mouse Mast Cell Protease 1 ELISA Kit (Jianglai, Shanghai, China) ac
cording to the manufacturer’s instructions. The absorbance was 
measured at 450 nm with a Microplate Reader. 

2.10. Pathological examination of lung, spleen and jejunum 

On day 33, the fresh lung, spleen and jejunum were removed after 
euthanasia. The lung, spleen and jejunum tissues were fixed in 4% 
paraformaldehyde, embedded in paraffin, and sliced into 5 μm thick 
slices of flakes using a slicer (Xu, Liang, Li, Jiang, & Lin, 2020). 

Subsequently, the lung, spleen and jejunum were stained with he
matoxylin and eosin (H&E) to observe the histopathology. The spleen 
was stained with toluidine blue for the mast cells studies. A total of 
fifteen fields (toluidine blue) were randomly observed using the mi
croscope and the ratio of degranulated to intact mast cells was counted 
(Choi et al., 2019). 

2.11. Statistical analysis 

All the quantitative results were presented as means ± standard error 
of mean (SEM), and were subjected to a one-way of analysis of variance 
using SPSS 18.0 software (IBM, Chicago, IL, USA). Differences at p- 
values < 0.05 were considered statistically significant. Charts were 
drawn using Origin 9.0 software (OriginLab Inc., Northampton, USA). 

3. Results and discussion 

3.1. Electrophoretic analysis of simulated gastric, intestinal, and GI 
digestion products of shrimp proteins 

To evaluate the effect of simulated gastric, intestinal, and GI diges
tion on the stability of shrimp proteins and define how the digestion 
affected the allergenic properties of shrimp proteins, the kinetics of 
different digestion products were analyzed by SDS-PAGE (Fig. 1). As 
previously mentioned, the allergenicity of shrimp is dominated by the 
key allergenic proteins as shown in lane 1 of Fig. 1 (A) and (B). The 
known molecular weights of allergenic proteins are listed as follows: 
myosin heavy chain (MHC) (approximately 200 kDa), actinin (approx
imately 100 kDa), actin (approximately 42 kDa), arginine kinase (AK) 
(approximately 40 kDa), TM (approximately 36 kDa), troponin 
(approximately 34 kDa), myosin light chain (MLC) (approximately 17.5 
kDa) (Toomer, Do, Fu, & Williams, 2015; Zhao et al., 2022; Zhang, Fang, 
Hao, & Zhang, 2018). Among all the bands, there were several clear 
bands corresponding to pepsin, trypsin, and chymotrypsin as shown in 
lane pepsin and pancreatin of Fig. 1. The pepsin and pancreatin were 
stable during digestion in vitro. 

During gastric digestion, as shown in Fig. 1 (A), the allergenic pro
teins of shrimp were degraded from 2 min, with a loss of high molecular 
weight proteins, which was accompanied by the appearance of stable 
polypeptide fragments (8, new proteins, 25–34 kDa and 9, new low 
molecular weight proteins, <17.5 kDa). Subsequently, the new proteins 
and new low molecular weight proteins were also rapidly digested, 
while only two lighter bands remained after gastric digestion for 120 
min (band 10 and band 11). 

Gastric digests of shrimp proteins were further subjected to the 
simulated intestinal digestion for 120 min. As shown in Fig. 1 (C), the 
two stable gastric digestion bands were disappeared after only 2 min, 
indicating that bands 10 and 11 were rapidly digested by trypsin and 
chymotrypsin. Intestinal digestion resulted in rapid degradation of any 
remaining soluble protein, as previously described by other researchers 
(Rao et al., 2020). The gradual emergence of newly formed low mo
lecular weight peptides was the result of enzymatic hydrolysis by 
pancreatin enzymes (Fig. 1 (C)). These low molecular weight protein 
bands could not be seen in the SDS-PAGE gels. 

Moreover, shrimp proteins were also subjected to a separate intes
tinal digestion as shown in Fig. 1 (B). The allergenic proteins were 
rapidly degraded from 2 min, and created a series of new bands under 
17.5 kDa (band 9). But the low molecular weight proteins (9, <17.5 
kDa) rapidly disappeared at 10 min. 

The proteins that are unstable to digestive enzymes still had the 
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Fig. 1. SDS-PAGE analysis of simulated gastric (A), intestinal (B) and GI digestion (C) of shrimp proteins. Lanes: M, molecular weight marker; Pro, shrimp protein 
extract (SPE); Pep, pepsin; Pan, pancreatin. The numbers on the top line indicate the digestion times in minutes. Reducing electrophoretic analysis remarked several 
protein bands: 1, myosin heavy chain (MHC) (approximately 200 kDa); 2, actinin (approximately 100 kDa); 3, actin (approximately 42 kDa); 4, arginine kinase (AK) 
(approximately 40 kDa); 5, tropomyosin (TM) (approximately 36 kDa); 6, troponin (approximately 34 kDa); 7, myosin light chain (MLC) (approximately 17.5 kDa); 
8, new proteins (25–34 kDa)；9, new low molecular weight proteins (<17.5 kDa); 10, 11, stable gastric digestion bands. (D) Peptide yield of simulated gastric, 
intestinal, and GI digestion of shrimp proteins. 
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Fig. 2. Systemic anaphylaxis responses after challenge. (A) Experimental design of food allergy model. (B-C) Representative reaction of sensitized mice before and 
after challenge of protein. Note the swelling of the eyes and nose in the sensitized mouse. (D) Anaphylactic score was measured after 20-30 min of challenge. (E) Ear 
temperature was measured on day 33 before and after 20-30 min of challenge. (F-G) Food intake and water intake were measured once a week. Bars represent means 
± SEM. 
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potential allergenicity, which is due to the IgE-binding capacity of small- 
sized peptides released by digestion (Prodic et al., 2018). Therefore, the 
content of short digestion-resistant peptides released by digestion might 
be related to the changes of allergenicity. To directly reflect the yield of 
small peptides, the yield in SGD, SID and SGID of TCA-soluble peptide 
were measured. As shown in Fig. 1 (D), the yield of TCA-soluble peptide 
in the SGD, SID and SGID were 75.93%, 76.15% and 87.57%, respec
tively. The results showed that the pepsin, trypsin and α-chymotrypsin 
made the shrimp proteins hydrolyzed into more small-sized peptides 
when compared to the gastric digestion and intestinal digestion. These 
newly small-sized peptides might affect the IgE-binding capacity. 

Guo et al. (2021) and Ahmed et al. (2020) mentioned that intact TM 
was detected during the whole GI digestion. However, Klueber et al. 
(2020) found that the TM was rapidly degraded after digestion and the 
digestion products still had IgE-binding ability. Consequently, different 
conditions have a significant influence on the digestibility of food al
lergens, such as the activity of the enzyme, pH and the origin of the 
allergen. In addition, the proteins resistant to the digestive enzymes and 
unstable to digestive enzymes has the sensitizing and eliciting capability 
(Bøgh & Madsen, 2016). The findings demonstrated that the intact al
lergens of shrimp proteins were lost and a large number of small-sized 
peptides were produced during gastric, intestinal, and GI digestion. 
Moreover, due to the production of these small-sized peptides, the 
immunodominant allergen epitopes in the proteins might be disrupted, 
preserved or exposed. After GI digestion, the conformational structure 
was expanded so that a large number of hydrophobic regions were 
exposed. As compared to the gastric and intestinal digestion groups, GI 
digestion group contained more small-sized peptides, which might 
expose more immunodominant allergen epitopes. Therefore, the sensi
tizing and eliciting capacity of shrimp protein extract and its digestion 
products was further evaluated using a BALB/c mice model. 

3.2. Allergic responses of shrimp protein extract or its digestion products 

BALB/c mice were intraperitoneally administered with SPE, SGD, 
SID and SGID once a week for 4 consecutive weeks concomitantly with 
alum as an adjuvant. Subsequently, mice were challenged with different 
test proteins, as the schematic protocol shown in the Fig. 2 (A). The 
anaphylactic scores and ear temperature were monitored after 20–30 
min of challenge. Puffiness around the eyes and nose was observed after 
SPE, SGD, SID and SGID administration to mice, as shown in Fig. 2 (C). 
SPE-, SGD-, SID- and SGID-challenged mice showed obvious illustrations 
of anaphylactic symptoms; however, no significant differences in hy
persensitivity scores were observed among these four groups (p > 0.05). 
The body temperature of mice dropped below the normal range by 
0.7 ◦C after being challenged with SGD (p < 0.05) and the body tem
perature dropped by 1.5–2.3 ◦C after being challenged with SPE, SID and 
SGID (p < 0.05). Meanwhile, the higher drop in body temperature 
observed in SPE-, SID- and SGID-challenged groups signifies the more 
serious systemic anaphylaxis in the mice. However, unchanged hyper
sensitivity scores and constant ear temperature were evident after saline 
administration to mice (Fig. 2 (D) and 2 (E)). The mice treated with alum 
displayed comparable hypersensitivity scores and ear temperature to 
those in the saline-treated group. It was indicated that anaphylactic 
scores and body temperature of mice were not affected by saline and 
alum. No signs of anaphylactic symptoms were observed in the mice of 
the saline- or alum-treated group and unchanged physical activity were 
evident in the two groups (Fig. 2 (B)). 

Food ingestion and water intake of the mice were recorded once a 
week during the experiment. It could be seen from Fig. 2 (F) and 2 (G) 
that food ingestion and water intake obviously decreased on the whole. 

Taking together, the challenge of SPE, SGD, SID and SGID samples 
could cause allergic symptoms, a loss of temperature and suppression of 
water intake and appetite. Additionally, SPE, SID and SGID showed 
significantly serious anaphylactic reaction in the mice. 

3.3. Specific IgE and IgG1 levels of shrimp protein extract or its digestion 
products 

It is thought that allergic reactions in BALB/c mice might be induced 
by multiple mechanisms, among which serum-specific IgE antibodies 
might play an important role in mediating type I allergic reactions 
(Meng, Li, Gao, & Chen, 2016). The levels of specific IgE in serum were 
determined using an indirect ELISA. Among the four sensitized groups, 
the SPE-sensitized group had the highest specific IgE levels (SPE-, SGD-, 
SID- and SGID-sensitized groups). As shown in Fig. 3 (A), the levels of 
specific IgE in the SGD-, SID- and SGID-sensitized groups were about 
48.57%, 49.72% and 47.56% of those in SPE-sensitized groups, 
respectively (p < 0.05). Little amounts of specific IgE were measured in 
the serum of the saline- and alum-treated groups. 

To determine the allergenicity of shrimp proteins, the levels of spe
cific IgG1 in serum were determined (Fig. 3 (B)). The change of serum 
IgG1 level in the SPE-, SGD-, SID- and SGID-sensitized groups was similar 
to that of the IgE level. The results of Fig. 3 (B) showed that specific IgG1 
levels in the SGD-sensitized group were lower than those in the SPE- 
sensitized group (p < 0.05). Moreover, the levels of specific IgG1 in 
the SID- and SGID-sensitized groups were significantly higher than those 
in the SGD-sensitized group (p < 0.05), but not significantly different 
from those in the SPE-sensitized group (p > 0.05). The specific IgG1 
levels in the saline- and alum-treated groups were significantly lower 
than those in the SPE-, SGD-, SID- and SGID-sensitized groups. These 
results revealed that gastric and intestinal digestion could decrease the 
binding capacity of Penaeus vannamei with specific IgE and IgG1 and that 
GI digestion could still cause the rise of specific IgE and IgG1. 

Gámez et al. (2015) showed that the protein profile (SDS-PAGE) of 
boiled shrimp was not significantly altered, but the high-molecular- 
weight proteins could bind more IgE (Immunoblotting). The results 
showed that the specific IgE-binding capacity of boiled shrimp (SPE) was 
higher, which may be due to protein aggregation occurred or some 
allergen epitopes were more easily obtained after boiling (Gámez et al. 
2015; Carnés et al., 2007), so the levels of specific IgE were higher in the 
SPE group as compared to the SGD, SID and SGID groups. After simu
lated gastric digestion, the binding ability of proteins to IgE and IgG1 
was lower and its allergenicity was significantly decreased. Similarly, 
Guo, Li, & Lin (2009) also found that the specific IgE-binding ability of 
Pen a 1, the main shrimp allergen, decreased after simulated gastric 
digestion. The change of allergenicity might be due to the disruption of 
the immunodominant allergen epitopes in shrimp proteins by pepsin. 
However, after simulated GI digestion, trypsin and chymotrypsin might 
break the structure of simulated gastric digests, altering their secondary 
and/or tertiary structures and their ability to bind to specific IgE and 
IgG1, resulting in the subsequent production of new allergens (Luo et al., 
2020; Pfeifer et al., 2015; Prodic et al., 2018; Rao et al., 2020; Bøgh & 
Madsen, 2016). In addition, after trypsin and chymotrypsin were 
digested alone, the IgE and IgG1 binding abilities of shrimp proteins also 
decreased, but an immune response remained (Toomer, Do, Fu, & Wil
liams, 2015). In other words, the GI digestion products had a higher 
allergenicity as compared to the gastric and intestinal digestion products 
because digestion can lead to catastrophic destruction of protein struc
tures. More immunodominant allergen epitopes might be retained or 
exposed in the GI digestion products, while those in gastric and intestine 
might be destroyed by digestive enzymes. Therefore, after certain GI 
digestion, protein structure alterations would cause higher epitope 
accessibility. It can promote the antigen–antibody interaction anden
hancing IgE/IgG binding, thus led to stronger IgE/IgG reactivity. Since 
the levels of specific IgE and IgG do not directly equate to the allerge
nicity, functional tests in vivo, such as the levels of histamine and mMCP- 
1 in the plasma, are necessary (Pelletier et al., 2021). 
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3.4. Histamine and mMCP-1 levels of shrimp protein extract or its 
digestion products 

To monitor the mast cell activation and degranulation, the levels of 
histamine and mMCP-1 in the plasma were measured (He et al., 2021). 
On the 33 d, plasma samples were extracted after challenge, and 
centrifuged at 4000 rpm for 10 min. Then, the plasma was collected and 
kept at -80 ◦C until analysis. Fig. 4 illustrates the levels of histamine and 
mMCP-1 in the plasma. As shown in Fig. 4 (A), the levels of plasma 
histamine in SPE-, SGD-, SID- and SGID-challenged groups were 29.53 
ng/mL, 29.04 ng/mL, 29.16 ng/mL and 29.55 ng/mL, respectively. 
Meanwhile, the levels of plasma histamine in saline- and alum-treated 
groups were 28.82 ng/mL and 28.89 ng/mL and no significant 

differences were found between two groups (p > 0.05). Especially for 
SPE- and SGID-challenged groups, the levels of plasma histamine 
increased significantly compared with that of the alum-treated group (p 
< 0.05). In addition, as compared with the SPE-challenged group, the 
levels of plasma histamine in the SGD- and SID-challenged group were 
decreased. Although the SGID-challenged group showed the growth at 
the levels of plasma histamine, it showed no significant difference with 
the SPE- and SGID-challenged group (p > 0.05). 

As shown in Fig. 4 (B), the similar results were observed in the levels 
of plasma mMCP-1. The levels of mMCP-1 were higher in SPE-, SGD-, 
SID- and SGID-challenged groups. However, although the levels of 
mMCP-1 in the alum-treated group were remarkably higher than that 
those in the saline-treated group (p < 0.05), both groups were at a lower 

Fig. 3. Anaphylaxis in the BALB/c mice sensitized with SPE and its SGD, SID and SGID samples. (A) The levels of specific IgE. (B) The levels of specific IgG1. The 
levels of specific IgE and IgG1 were measured by ELISA with HRP-conjugated goat antimouse IgE and IgG1antibodies. Bars represent means ± SEM. 
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level. As compared to the alum-treated group, the levels of mMCP-1 in 
the SPE-challenged group increased to 34.52 ng/mL (p < 0.05). Mean
while, the levels of mMCP-1 in the SGD- and SGID-challenged group 
decreased to 34.50 ng/mL and 34.47 ng/mL, it showed a slight but no 
significant decrease (p > 0.05). However, in comparison with the SPE- 
challenged group, the SID-challenged group did not cause the higher 
mMCP-1 levels (32.72 ng/mL) (p < 0.05). 

Since the histamine and mMCP-1 in the plasma were released from 
the activated mast cells or basophils after secondary exposure to aller
gens, the increase in allergic mediators indicated severe anaphylactic 
symptoms (He et al., 2021). Compared to the saline- and alum-treated 
groups, the levels of histamine and mMCP-1 were higher in the SPE- 
and SGID-challenged groups, which would trigger and aggravate the 
anaphylactic reactions. In contrast, the levels of plasma histamine and 
mMCP-1 in the SGD- and SID-challenged groups were lower than those 
in the SPE- and SGID-challenged groups. The results suggested that the 
digestive patterns of gastric, intestinal and GI digestion were different 
due to the different protease cleavage sites, and the sensitizing and 
eliciting capacity of SPE-, SGD-, SID- and SGID-challenged groups were 
different. The specific cleavage of peptide bonds by pepsin, trypsin and 
α-chymotrypsin made the proteins more easily hydrolyzed into small 
fragments, thus reducing the allergenicity of Penaeus vannamei. In 
addition, simulated GI digestion could further improve the digestibility 
of shrimp proteins, exposing more cleavage sites and making the SGD 

more susceptible to proteolytic attack. Thus, simulated GI digestion in
duces the exposure of hidden allergen epitopes in SGD, resulting in 
changes in antigenicity and allergic responses. 

3.5. The degranulation of mast cells after challenge with shrimp protein 
extract or its digestion products 

Mast cells are involved in allergic reactions through the activation of 
IgE antibodies (Msallam et al., 2020), and there may be significant 
differences between different groups. Therefore, to characterize the ef
fects of simulated GI digestion of shrimps on spleen mast cells of BALB/c 
mice, the spleen sections were stained with toluidine blue solution, and 
the spleen mast cells were observed under the microscope (Kumar et al., 
2019). For each field, the total, intact, and degranulated mast cells were 
calculated under the microscope. The cells were considered degranu
lated if the cells outline appeared to be disrupted. Furthermore, intact 
mast cells demonstrate deep blue (orthochromatic) under the micro
scope. As shown in Fig. 5 (A), a large number of mast cells and degra
nulated mast cells could be observed in the spleen of SPE-challenged 
mice. In contrast, a small number of degranulated mast cells were 
detected in the spleen of SGD- and SID-challenged mice and SGD and SID 
administration significantly reduced the proportion of degranulated 

Fig. 4. Mast cell degranulation induced by SPE and its SGD, SID and SGID 
samples. The levels of histamine (A) and mMCP-1 (B) in 20-30 min after 
challenged the BALB/c mice. The levels of histamine and mMCP-1 were 
determined by a commercial ELISA kit according to the manufacturer’s in
structions. Splashes represent individual mice (n = 5). 

Fig. 5. Toluidine blue staining of spleen in SPE and its SGD, SID and SGID 
samples challenged mice. Mast cells were stained (A) and the percentage of 
degranulated mast cells in different groups (B). There were less degranulated 
mast cells in saline-treated mice and alum-treated mice, while SPE-challenged 
mice, SGD-challenged mice, SID-challenged mice and SGID-challenged mice 
showed degranulated mast cells. Black arrows indicate degranulated mast cells 
and red arrows indicate intact mast cells. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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mast cells when compared to the SPE-challenged mice. However, of 
note, the SGID-challenged mice demonstrated an effective augmentation 
effect on degranulated mast cells of the spleen. In contrast, saline- and 
alum-treated mice had intact mast cells in the spleen and the mast cells 
were less degranulated (Fig. 5 (A)). Meanwhile, the count of 

degranulated mast cells was found to be parallel to the histological ex
amination of the toluidine blue stained spleen tissue (Fig. 5 (B)). 

The results demonstrated that the changes of the proteins altered the 
mast cell activation by changing the degranulation of mast cells. We 
found that gastric and intestinal digestion of proteins acted as a 

Fig. 6. Histopathological examination of lung, spleen and jejunum of saline, alum and sensitized mice. (A) Representative images of lung stained with H&E and 
photographed at 10 × and 40 × magnifications. (B) Representative images of spleen stained with H&E and photographed at 20 × and 40 × magnifications. (C) 
Representative images of jejunum stained with H&E and photographed at 10 × and 40 × magnifications. There were no identifiable histopathological changes in 
saline-treated mice and alum-treated mice, while SPE-challenged mice, SGD-challenged mice, SID-challenged mice and SGID-challenged mice showed significant 
allergic symptoms. Black arrows indicate inflammatory cells and megakaryocytes. 
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suppressor in degranulated mast cells. However, the simulated GI 
digestion of proteins promoted the degranulation of mast cells again. 
Therefore, SGID presented a comparable allergenic potential to SPE, 
whereas SGD and SID administration significantly reduced the allerge
nicity in the mice. These results suggested that the change of allerge
nicity in shrimp protein digestion products might be related to the 
change of allergen epitopes in the products. 

3.6. Histopathological evaluation of lung, spleen and jejunum after 
challenge with shrimp protein extract or its digestion products 

The immune response was further characterized by observing the 
sections of lung, spleen and jejunum after H&E staining (Fig. 6). As 
shown in Fig. 6 (A), lung sections of SPE-, SGD-, SID- and SGID- 
challenged mice showed hyperplasia of bronchial lining epithelial and 
thickening of alveolar septa. Meanwhile, inflammatory cell infiltration 
was observed in the SPE-, SGD-, SID- and SGID-challenged mice. How
ever, the lung sections of saline- and alum-treated mice showed signif
icantly different properties when compared to the SPE-, SGD-, SID- and 
SGID-challenged mice. No obvious inflammatory cell infiltration and 
neat alveolar septa were observed in the lung of saline- and alum-treated 
mice in Fig. 6 (A). 

The results of spleen sections in mice were similar to the lung sec
tions. Hyperplastic lymphoid and large-size megakaryocytes were 
observed in spleen sections of SPE-challenged mice (Fig. 6 (B)). How
ever, the inflammatory cells and megakaryocytes in the SGD- and SID- 
challenged mice were significantly fewer than that of the SPE- 
challenged mice. After the SGID treatments, the inflammatory cells 
and megakaryocytes were significantly increased. However, in Fig. 6 
(B), saline- and alum-treated mice retained the normal structure of 
spleen. The results showed that the anaphylactic levels were increased 
by SPE and SGID administration and decreased after SGD and SID 
administration in the BALB/c mice model. 

The pathological changes of jejunum could be observed in Fig. 6 (C). 
The inflammatory cell infiltration was observed in the jejunum of SPE-, 
SID- and SGID-challenged mice (black arrows indicate inflammatory 
cells). However, the jejunum of SGD-challenged mice was free of in
flammatory cell infiltration. Furthermore, the destruction of the mucosal 
lining was observed in the jejunum of SPE- and SGID-challenged mice 
and the mucosal lining of jejunum was undamaged, the structure was 
normal and the villi was not deformed after SGD and SID administration. 
At the same time, the jejunum of saline- and alum-treated mice had 
neatly arranged villi, intact mucosa with no inflammation cell infiltra
tion as shown in Fig. 6 (C). Histopathological analysis of the mice 
showed that the jejunum of the saline- and alum-treated mice was 
healthy intestinal tissue, whereas the jejunum destruction was more 
severe in the SPE- and SGID-challenged mice. Similar pathological le
sions to the lung, spleen and jejunum in the mice as shown in Fig. 6 have 
been observed previously in studies with other allergenic foods (Kumar, 
Sharma, Gupta, Verma, & Dwivedi, 2018; Verma et al., 2012). 

4. Conclusion 

In this study, the gastric, intestinal and GI digests of Penaeus van
namei were studied using a BALB/c mice model to systematically char
acterize the allergenicity of shrimp proteins. Results indicated that a 
large quantity of low molecular weight proteins were produced after 
simulated GI digestion. Moreover, our research demonstrated that SPE 
and SGID could cause allergic symptoms, a drop in temperature, and 
suppression of water intake and appetite. In addition, SPE- and SGID- 
sensitized mice had higher specific IgE and IgG1 levels than SGD- 
sensitized mice in serum. Similarly, the levels of histamine and 
mMCP-1 in plasma of the SPE and SGID-challenged mice were higher 
when compared to the SGD-challenged mice. Likewise, a higher number 
of degranulated mast cells and evident histopathological changes were 
observed in SPE- and SGID-challenged mice. This study suggests that the 

allergenicity of shrimp proteins reduced significantly after gastric 
digestion and increased again after GI digestion. These changes are 
related to the low molecular weight proteins released by digestion. After 
simulated digestion, the pepsin, trypsin and chymotrypsin might alter 
the protein structure of Penaeus vannamei, while disrupting, preserving, 
or exposing the immunodominant allergen epitopes, thereby changing 
the sensitizing and eliciting capacity of Penaeus vannamei. 
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