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Peanut allergen induces more serious allergic
reactions than other allergens involving MAPK
signaling pathways†

Junjuan Wang, a Ruolin Song,a Ruoxi Lan,b Mengzhen Hao,a Guirong Liu,a

Manman Liu,a Shanfeng Sun,a Cheng Chena and Huilian Che*a

There is no universally accepted uniform research to classify the severity of allergic reactions triggered by

different food allergens. We established a food allergy model based on repeated intragastric adminis-

trations of proteins from peanut, egg, milk, or soybean mixed with cholera toxin followed by oral food

challenges with a high dose of the sensitizing proteins. Increased specific IgE, specific IgG1, allergic

symptom scores, histamine, murine mast cell proteases-1, vascular leakage, Th2 cytokines, and mast cell

infiltration in the lungs and intestine were found in the allergic groups via enzyme-linked immunosorbent

assay, hematoxylin–eosin, and toluidine blue staining. Each sensitized group showed a decrease in body

temperature and Th1 cytokines after oral food challenge. The increased levels of Th2 cytokines, IL-25,

IL-33, and TSLP, and related asthma genes ARG1, DCN, LTB4R1 and NFKBIA as well as the activation of

MAPK signaling pathways were also revealed by quantitative real-time PCR and western blotting. In terms

of the severity of food allergies, peanut allergy was the most serious followed by egg and milk, and

soybean allergy was the least severe. Compared to other allergic groups, asthma genes were regulated

through the MAPK signaling pathways to produce related Th2 cytokines in peanut allergy; consequently,

mice in the peanut group exhibited more severe allergic reactions. Comparison of the severity of food

allergies is required for the development of milder prevention for severe food allergies.

1. Introduction

Food allergies have emerged as a major public health issue,
affecting up to 10% of the population in westernized
countries.1 Approximately 90% of allergic reactions are gener-
ally thought to be caused by eight major food allergens,
namely milk, eggs, fish, shellfish, tree nuts, peanuts, wheat,
and soybean.2 It has been reported that many children will
outgrow their allergies to soy, eggs, wheat and cow’s milk
before school age, but peanut allergy is usually lifelong and
potentially fatal.3,4 However, there is no universal research to
classify the severity of allergic reactions depending on the food
allergen considered.

Allergic reactions are triggered when allergenic proteins
induce the cross-linking of specific IgE bound to their high
affinity receptor (FceRI) on the surface of mast cells and baso-

phils, inducing inflammatory reactions by secreting chemical
mediators and synthesizing leukotrienes and cytokines.5,6 This
causes clinical symptoms including gastrointestinal tract
issues (stomach cramps, nausea, vomiting, diarrhea), circula-
tory problems (hypotension, tachycardia, arrhythmia), neuro-
logical issues (agitation, loss of consciousness) and problems
with the respiratory system (bronchospasm/wheezing, respirat-
ory arrest).7 Allergic reactions are more serious when they
involve respiratory and cardiovascular diseases.8 At present,
research on allergies caused by various food proteins mainly
focuses on the mechanism of food allergies.9,10 The difference
and severity of allergy symptoms caused by these food proteins
is still not well understood. Interestingly, Mondoulet et al.
studied CD62L+ Tregs isolated from mice treated with milk-
epicutaneous immunotherapy (EPIT), and found that mice
with CD62L+ Treg transfer before peanut sensitization were
protected from anaphylaxis as compared with an allergic
group. The data suggested that CD62L+ Tregs induced by milk
can prevent peanut allergic reactions.11 Mondoulet et al. in
another paper also showed that the protective effect of EPIT is
observed only when sensitization to additional allergens
(pollen, house dust mite, or peanut) occurs subsequent to
EPIT treatment for the first allergen (to cow’s milk or house
dust mite).12 Moreover, another study suggested that immuniz-
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ation with egg lysozyme after tolerance induced by an unre-
lated antigen OVA did not induce a primary Th2 response to
lysozyme.13 These results imply that immune tolerance induc-
tion with mild allergens can treat other severe allergic reac-
tions. Therefore, comparison of the severity of food allergies is
required for the development of milder prevention for severe
food allergies.

In this study, a food allergy model in BALB/c mice was
established to compare the severity of peanut, egg, milk, and
soybean allergies. We studied detailed allergic indicators,
investigated gastrointestinal and respiratory tract-related indi-
cators and detected related signaling pathways.

2. Experimental
2.1. Preparation of proteins

Defatted peanut flour and defatted soybean flour were
obtained from Juxinlong Bio-technology Co., Ltd, Shandong,
China. Peanut extract and soybean extract were prepared by
agitating defatted peanut flour and soybean flour with Tris
buffer (20 mM, pH 7.2) and Tris buffer (30 mM, pH 8.0,
10 mM β-mercaptoethanol), and they were centrifuged at
3000g for 30 minutes (min) and 10 000g for 30 min,
respectively.14,15 The egg whites were separated from fresh
eggs and were then mixed with phosphate-buffered saline
(PBS). Egg extract was prepared by agitation and centrifugation
(3000g, 30 min). Cow’s milk protein extract was prepared from
skimmed dry milk (Sanyuan, Beijing) with PBS and centrifu-
gation (3000g, 30 min).16,17 The protein was lyophilized and
dissolved in PBS to use for the experiments.

2.2. Mice experiments

Six-week-old female BALB/c mice were purchased from Beijing
Vital River Laboratory Animal Technology Co. Ltd (Beijing,
China). The mice were treated in accordance with the
Guidelines for Care and Use of Laboratory Animals of the
China Agricultural University, and the experiments were
approved by the Animal Ethics Committee of China
Agricultural University. The mice were acclimated for 1 week
before beginning stimulation. Then, the mice (12 per group)
were intragastrically administered 10 mg peanut, egg, milk, or
soybean protein/mouse mixed with 20 µg of cholera toxin/
mouse on days 0, 7, 14, 21 and 28. The control group was
treated with PBS. Blood samples were collected from the pos-
terior orbital venous plexus on day 35 for antibody assays. On
day 42, the mice were challenged intragastrically with 50 mg of
peanut, egg, milk, or soybean protein. After the intragastric
challenges on day 42, the anaphylactic symptom scores and
body temperature levels were measured. On day 42, the mice
were sacrificed by cervical dislocation and their blood and
organs were collected.

2.3. Assessment of hypersensitivity indicators

The allergic symptom scores were evaluated for 30 min after
challenge on day 42 using a previously described scoring

system.18 The scoring criteria were as follows: 0, no symptoms;
1, nose, lip and eye puffiness; 2, decreased activity; 3, dyspnea,
cyanosis, pale around the mouth and tail; 4, convulsions or no
response after challenge; 5, death. Rectal temperature was
monitored for 30 min after challenge using a WI88375 probe
(Beijing Science and Technology, Beijing, China). Additionally,
specific IgE and specific IgG1 were measured by ELISA as
described in ref. 19 with minor modifications. Briefly, ELISA
plates were coated with 10 μg mL−1 protein extract in 0.1 mol
L−1 carbonate buffer, pH 9.5, overnight at 4 °C. The plates
were blocked with 200 μL PBS containing 1% BSA for 2 hours
at 37 °C. Serum samples were then added at 1 : 10 dilution for
IgE and 1 : 8000 for IgG1, and the plates were incubated for 2 h
at 37 °C. After washing, the plates were incubated with HRP-
conjugated anti-mouse IgE diluted 1 : 2000 or anti-mouse IgG1
diluted 1 : 6000 (Abcam, USA) for 1 hour at 37 °C. After
washing, peroxidase substrate was added, and after
15 minutes, the reaction was stopped with 2 mol L−1 H2SO4.
The concentrations of IL-4, IL-5, IL-13, and IFN-γ in the serum
were determined using commercial ELISA kits (Elabscience
Biotechnology Co., Ltd, Wuhan, China) according to the man-
ufacturer’s instructions.

2.4. Measurement of inflammatory mediators

The allergen-induced vascular permeability changes were
determined using Evans blue dye. Sensitized and control mice
were injected through the tail vein with 100 μL Evans blue
solution on day 42; the vascular permeability change was
measured 30 min after the last intragastric provocation.
Plasma histamine levels and murine mast cell protease 1
(mMCP-1) concentrations were determined using enzyme-
linked immunoassays according to the manufacturer’s
instructions.

2.5. Assessment of histology

The paraffin-embedded lung and jejunum tissue sections were
used to analyze the histological structures and cellular infiltra-
tion using hematoxylin and eosin staining (H&E). For the
detection of mast cells, sections of jejunum and lung tissue
were stained in an aqueous toluidine blue solution. Tissue
slices were observed under a light microscope (Leica
Microsystems Wetzlar GmbH).

2.6. Quantitative real-time PCR

The total RNA from lung tissues was extracted using Trizol
Reagent (Biorigin (Beijing) lnc., China). First-strand cDNA was
synthesized from 2 μg RNA using TransScript® One-Step gDNA
Removal and cDNA Synthesis SuperMix (TransGen Biotech,
Beijing, China). Quantitative real-time PCR was performed on
a CFX96 Touch™ Real-time PCR Detection System (Bio-Rad) in
a total reaction volume of 50 μL using the SuperReal PreMix
Plus (Tiangen Biotech, Beijing, China). The PCR conditions
included an initial step at 95 °C for 15 min, followed by 40
cycles of amplification and quantification (95 °C for 10
seconds (sec), 60 °C for 20 sec, and 72 °C for 20 sec). The
sequences of the primers (Arg1, Dcn, LTB4R1, NFKBIA, IL-25,
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IL-33 and TSLP) and the β-actin internal control are listed in
Table 1. Relative gene expression levels were calculated using
the 2−ΔΔCt method.

2.7. Western blotting

Total proteins were extracted using cell lysis buffer for western
and IP (Beyotime). Protein lysates were analyzed by standard
western blotting. 50 mg of lung tissue samples were studied
using a Tissue Lyser instrument (Hoder, China) with an oscil-
lation frequency of 60 Hz for 1 min. Lung tissue was lysed with
450 μL of lysate buffer for 30 min on ice. The mixture was col-
lected and centrifuged for 10 min at 14 000g at 4 °C. Protein
concentrations of the tissue extracts were determined using a
BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai,
China). Equal amounts of proteins (20 μg) were separated by
10% sodium dodecyl sulfate polyacrylamide gel electrophor-
esis (SDS-PAGE) and transferred to polyvinylidene difluoride
membranes. After being blocked in Tris-buffered saline-Tween
containing 5% nonfat dried milk for 1 h at room temperature,
the membranes were probed with specific antibodies against
phospho-ERK 1/2 (1 : 1000, ab31324, Multsciences), phosphor-
p38 (1 : 1000, ab30359, Multsciences), phospho-JNK1/2/3
(1 : 1000, ab30314, Multsciences), MAPK (1 : 1000, ab38476,
Multsciences), and NF-κB (1 : 1000, ab86299, Abcam) overnight
at 4 °C. Immunoreactive bands were detected using horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse IgG
antibodies (Beijing BioDee Bio-technology Co. Ltd, Beijing,
China) and visualized by an enhanced chemiluminescence
(ECL) detection system (ChemiScope 3600 Mini, ClINX,

Shanghai, China). Quantitative changes in the band intensities
were evaluated using the ImageJ software (NIH, Bethesda, MD,
USA).

2.8. Statistical analysis

All numerical data are presented as the mean ± SEM.
Statistical analysis was performed using the SPSS 19.0 statisti-
cal software (SPSS Inc., Chicago, IL, USA). All variables were
compared between the groups using the ANOVA-Tukey’s HSD.
A P value of less than 0.05 was considered significant.

3. Results
3.1. Comparison of allergic symptoms in peanut-, egg-, milk-,
and soybean-induced food allergic mice

A mouse model of food allergy was established to evaluate the
allergic symptoms (Fig. 1). Increased levels of specific IgE and
IgG1 are characteristic allergic markers. A drop in temperature
and allergic symptom score can be used as correlative para-
meters for anaphylaxis.20,21 Therefore, we determined them to
assess whether the food allergy mouse model was established
successfully. Specific IgE and specific IgG1 were significantly
elevated in the protein-sensitized mice (Fig. 2a and b). The
allergic symptom score was elevated after the final allergen
challenge (Fig. 2c). In addition, the groups sensitized with
peanut, egg, milk, or soybean showed a severe drop in body
temperature (Fig. 2d). In particular, the peanut group showed
more severe allergic symptoms.

Table 1 Sequence of primers for quantitative real-time PCR

Primers Sequence (5′ to 3′) Primers Sequence (5′ to 3′)

Arg1 Forward GCAGTTGGAAGCATCTCTGG IL-25 Forward ACAGGGACTTGAATCGGGTC
Reverse GAGAAAGGACACAGGTTGCC Reverse TGGTAAAGTGGGACGGAGTTG

Dcn Forward TTCCTACTCGGCTGTGAGTC IL-33 Forward TATCCACGGGATTCTAGGAAGAG
Reverse AAGTTGAATGGCAGAACGCA Reverse CTCATAGTAGCGTAGTAGCACCT

LTB4R1 Forward TACTAAGGCCTTTGCCCGAT TSLP Forward ACGGATGGGGCTAACTTACAA
Reverse ATAGTTCGGAGCGCAGATCA Reverse AGTCCTCGATTTGCTCGAACT

NFKBIA Forward TTGGTCAGGTGAAGGGAGAC β-actin Forward GATTACTGCTCTGGCTCCTAGC
Reverse GGATCACAGCCAGCTTTCAG Reverse GACTCATCGTACTCCTGCTTGC

Fig. 1 Establishment of the food allergy mouse model. BALB/c allergic mice (n = 12/group) were intragastrically sensitized five times with 10 mg of
protein in cholera toxin and challenged with five doses of peanut, egg, milk, or soybean via intragastric administration on day 42. The control group
(n = 12) was treated with PBS. Blood was taken on the 35th day for antibody analysis. After the allergen challenge, the mice were sacrificed and their
blood and organs were collected.
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3.2. Peanut allergy induces more serious hypersensitivity
reactions

In order to further confirm that the peanut allergen exhibited
more severe hypersensitivity, we next assessed the inflamma-
tory mediators, cytokine content, lung histopathology, and
jejunum histopathology. mMCP-1, a mast cell protease
released from mucosal mast cells following allergen-depen-
dent IgE cross-linking, was used as a serum marker of experi-
mental food allergy severity.22 Histamine release is a major
factor in food allergies.23 Anaphylactic release of histamine
and mMCP-1 were significantly elevated in the serum of aller-
gen-sensitized mice compared with that of the control group
(Fig. 3a and b). An immediate-type allergic reaction was
induced by the intragastrically administered allergen protein.
Intravenous injections of Evans blue were used to assess the
vascular permeability in acute reactions.24 Mice in the aller-
gen-treated group showed increased vascular permeability
(Fig. 3c). Particularly, mice in the peanut group exhibited more
severe inflammatory mediators than those in the other groups
(Fig. 3). Because allergic reactions are associated with Th1/Th2
balance, we examined the Th1 cytokine IFN-γ and the Th2
cytokines IL-4, IL-5, and IL-13. The allergen-treated mice, as
compared with those in the control group, exhibited a decrease
in Th1 cytokine (IFN-γ) production and an increase in Th2
cytokine (IL-4, IL-5, and IL-13) production (Fig. 4). Next, the
histology of the lung and jejunum was evaluated via H&E and
toluidine blue staining. The results show that mast cell infiltra-

tion in the lungs increased significantly in the allergen-treated
mice. Reduced intestinal mast cells were also observed in the
jejunum (Fig. 5a). In addition, the hematoxylin and eosin
staining of the lungs revealed broadening of the pulmonary
alveolar wall and the recruitment of inflammatory cells. The
allergens disrupted the integrity of the jejunum crypt and
villus (Fig. 5b).

3.3. Expression of IL-25, IL-33, TSLP, and related asthma
genes in lung tissues

IL-25, IL-33, and TSLP promote type 2 inflammation and acti-
vate innate lymphocytes to produce IL-5 and IL-13 cytokines to
participate in the allergic asthma reaction.25,26 The results
show that the mRNA level of IL-25, IL-33, and TSLP detected
by qPCR were significantly higher in the lung tissue of the
allergic groups than those in the lung tissue of the control
group, and the content was the highest in the peanut group
(Fig. 6a). Given that the proteins ARG1, DCN, LTB4R1 and
NFKBIA are associated with asthma,27–29 we further compared
the expression levels of ARG1, DCN, LTB4R1, and NFKBIA in
lung allergic tissues with control lung tissues. The results
show that the lung allergic tissue showed a higher expression
of ARG1, DCN, LTB4R1 and NFKBIA than that of the control
lung tissue. We observed a significant increase in ARG1, DCN,
LTB4R1, and NFKBIA expression in the peanut lung tissues
with increasing allergy severity (Fig. 6b).

Fig. 2 Evaluation of the food allergy mouse model. (a) Specific IgE in serum and (b) IgG1 in serum, detected by ELISA. (c) Allergic symptoms score and
(d) body temperature levels, measured after intragastric challenge on day 42. Different lowercase letters depict significant differences (P < 0.05 by
ANOVA-Tukey’s HSD). Different lowercase letters in the figures represent significant differences between the groups (P < 0.05 by ANOVA-Tukey’s HSD).
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3.4. Peanut-induced activation of MAPK (ERK, JNK, p38)
pathways

MAPK pathways, which include the ERK, c-Jun N-terminal
kinase (JNK) and p38 pathways, play significant roles in
inflammatory responses. In addition, results in the literature
have shown that differentially expressed genes that have been
related to asthma such as ARG1, DCN and LTB4R1 are related
to the MAPK and NF-κB signaling pathways.30 Thus, we investi-
gated the MAPK signaling pathways using western blotting
(Fig. 7). Analyses of the signaling pathways revealed phos-
phorylation and activation of JNK, ERK and p38 in the lungs of
the peanut group. NF-κB p65 was also upregulated in the
peanut group.

4. Discussion

As is well-known, peanut, soybean, milk, and eggs are major
allergenic foods. The structure and function of proteins have
important implications on their allergenicity.31,32 To our
knowledge, the World Health Organization and International
Union of Immunological Societies (WHO/IUIS) Allergen
Nomenclature Sub-committee have currently affirmed 18

peanut allergens (Ara h 1–Ara h 18), 10 hen’s egg allergens
(Gal d 1–Gal d 10), 8 soybean allergens (Gly m 1–Gly m 8) and
12 cow’s milk allergens (Bos d 2–Bos d 13). A previous study
performed a retrospective analysis of the published data from
oral food challenges (OFCs) with peanut, milk, egg and soy
allergic individuals. An integrated grading system for scoring
the reaction severity of OFC reactions was established to assess
the potential relationship between the minimal eliciting dose
(MED) and reaction severities at the MED in individual
patients. There were no significant differences in the threshold
distributions for milk, egg, and soy by severity grading.
Another retrospective study analyzed 1843 consecutive OFCs,
which were performed for clinical purposes on children with 1
or more suspected food allergies based on their clinical
history. Compared with challenges with cow’s milk, hen’s egg,
soy, and wheat, respiratory symptoms were observed more
often in peanut-allergic children upon challenge. However,
these analyses have the following limitations: different studies
used for data analysis may have different challenge protocols,
different time intervals between doses, and different reporting
of symptoms and eliciting doses. In addition, the number of
individuals with allergies to peanut, milk, egg, and soy varied
among the analyzed cases.33,34 In addition, for OFCs, the

Fig. 3 Determination of allergen-induced histamine, mast cell protease and vascular permeability. (a) Serum levels of histamine and (b) serum
levels of mast cell protease mMCP-1 levels, measured by ELISA. (c) Sensitized and control mice were injected through the tail vein with 100 μL of
Evans blue solution, and the vascular permeability change was measured 30 min after the last intragastric provocation. Different lowercase letters
depict significant differences (P < 0.05 by ANOVA-Tukey’s HSD).
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thresholds for different foods were not comparable, and even
when adjusted for protein content, the induction dose of
foods was different.35 Accordingly, there is no generally
uniform method for discrimination in the allergenicity of
these proteins. Therefore, we compared the allergenicity of
these proteins in animal experiments at relatively quantitative
levels. Compared to the control group, allergic indicators,
increased specific IgE, IgG1, histamine, mMcp-1, and vascular
leakage and decreased temperature drop were found in the
allergic group. The results demonstrate that systemic anaphy-
laxis was more serious in peanut allergy. This is consistent
with prior reports in the literature that have demonstrated that
a peanut allergen reaction is often the most severe, and is the
leading cause of deadly anaphylaxis.36 Additionally, egg,
soybean and milk allergies were relatively mild compared to
peanut allergy. AllerCatPro (https://allercatpro.bii.a-star.edu.sg/
) was used to predict the potential allergenicity of the proteins
and it was found that allergenicity was associated with the epi-
topes (these data are provided in the ESI†). It was reported that
the conformational epitope typically accounts for 90% of the
total antibody binding to an antigen. Therefore, we speculate
that the strength of protein sensitization is related to its con-
formational epitope.37–39 Interestingly, Mondoulet et al.
reported that mice transferred with CD62L+ Tregs were pro-
tected from allergic reactions after peanut sensitization; the
CD62L+ Treg cells were isolated from milk-epicutaneous
immunotherapy-treated mice.11 Therefore, severe food aller-

gies can be treated with gradual induction of immune toler-
ance with hypoallergenic foods.

It has been reported that deadly anaphylaxis is associated
with asthma.40 Accordingly, we hypothesized that, as com-
pared with other food allergies, mice in the peanut group
exhibited a more severe allergic reaction due to the induction
of allergic asthma. It has been reported earlier that the signa-
ture cytokines of asthma are IL-4, IL-5, and IL-13, and inhibit-
ing the production of these cytokines has resulted in clinical
benefits in patients with asthma.41,42 Indeed, as we showed,
the level of IL-4, IL-5 and IL-13 increased after peanut, egg,
milk, and soybean allergen challenge. In addition, histamine
and mast cell proteases, through their receptors, were putative
mediators of asthma and histamine-mediated symptoms of
asthma, including bronchospasms, edema, and mucus
secretion.43,44

Enhanced histamine release and mast cell proteases were
found in the allergic group, and the levels of histamine and
mast cell proteases were significantly higher in the peanut
group than in the other groups. As expected, the number of
lung mast cells detected by toluidine blue staining increased
in the allergic group, which was in line with previous
reports.45 Furthermore, IL-25, IL-33 and TSLP, also known as
pro-Th2 cytokines, have been shown to participate in the
induction of food allergies, and are also involved in the patho-
physiology of allergic diseases, such as asthma and allergic
rhinitis.46 Our findings were in line with the previous literature

Fig. 4 The concentration of Th1- and Th2-associated cytokines in the serum of allergen-treated mice. The levels of (a) Th1 cytokines (IFN-γ) and
(b–d) Th2 cytokines (IL-4, IL-5, and IL-13) were measured by ELISA.
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data, and suggest that secretions of IL-25, IL-33, and TSLP
were increased by the induction of allergens.47

We also observed related asthma genes exhibiting changes
in expression during food allergen challenge (Fig. 6). One of
the key genes was arginase I (ARG1), which increases in
asthma and is strongly induced by Th2 cytokines, such as IL-4
and IL-13.48 Another key gene was leukotriene B4 receptor 1
(LTB4R1), which is required for the development of the Th2-

type immune response; LTB4R1 recruits/activates T cells,
which produce IL-13 in the lungs, and the dysregulation of
LTB4R1 has been associated with asthma. LTB4R1 is also a key
driver of peanut allergy.49–51 Decorin (Dcn), an extracellular
matrix proteoglycan, has demonstrated importance in allergic
models of asthma; a report also found that tissue inflam-
mation and the mRNA expression of IL-13 significantly
increased in OVA-challenged Dcn+/+ mice.52 NFKBIA, ARG1,

Fig. 5 Histological evaluation of the lung and jejunum in the allergic mice. Histological sections of the lung and jejunum from control mice and
allergic mice (a) stained with aqueous toluidine blue and (b) stained with hematoxylin and eosin stain (scale bars = 50 μm).

Fig. 6 Expression of IL-25, IL-33, TSLP and related asthma genes in lung tissues. (a) The levels of IL-25, IL-33 and TSLP transcription in the lung
were detected by quantitative real-time PCR. (b) The related asthma genes including ARG1, DCN, LTB4R1 and NFKBIA were also detected by quanti-
tative real-time PCR. Different lowercase letters in the figures represent significant differences between the groups (P < 0.05 by ANOVA-Tukey’s
HSD).
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and DCN acted as hubs in the networks, promoted the differ-
entiation of the Th2 lineage, and regulated the acute phase
response.53,54 In addition, NFKBIA, ARG1, and DCN were all
involved in allergic inflammation.55–57 Related asthma genes
in various allergic groups were highly expressed, especially in
the peanut-allergic group.

NFKBIA, ARG1, and DCN related to the genetic risk of
asthma have also been associated with NF-κB and MAPK
regulation.58–60 In addition, Yu et al. demonstrated that pro-
tease allergens induced IL-25 and TSLP via Erk and p38 MAPK
signaling pathways.61 However, it is not known if these genes
play a role in the MAPK pathways in food allergies. In this
study, we evaluated the effect of allergens on markers of the
MAPK signaling pathways in the lungs, including p-JNK,
p-p38, p-ERK, and MAPK, using western blot analysis. Among
the three MAPKs, MAPK/ERKs, MAPK/JNKs, and MAPK/p38
were activated by peanut allergens. Surprisingly, the expression
of MAPK/ERKs was not found, which suggests that the egg
allergen regulated the asthma-related genes through MAPK/
JNKs and MAPK/p38.

5. Conclusions

In this study, we compared the severity of peanut, egg, soybean
and milk allergies, for the first time, which indicated that
mice in the peanut group exhibited more serious hypersensi-
tivity reactions. Particularly, we demonstrated that peanut
induced allergic asthma via the MAPKs pathway.

Author contributions

Junjuan Wang and Huilian Che: conceptualization, method-
ology, writing–original draft preparation, funding acquisition;
Ruolin song and Ruoxi Lan: investigation, resources;
Mengzhen hao, Guirong Liu and Manman Liu: software, vali-

dation, formal analysis; Shanfeng Sun and Cheng Chen:
writing–review and editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge the financial support by
the National Natural Science Foundation Project of China,
grant number 31972185.

References

1 R. Nuñez, M. J. Rodriguez, F. Palomares, F. Gomez,
F. M. Jabato, J. Cordoba-Caballero, P. Seoane, J. Losada,
J. Rojo, M. J. Torres, J. R. Perkins and C. Mayorga,
Transcriptional changes in dendritic cells underlying aller-
gen specific induced tolerance in a mouse model, Sci. Rep.,
2022, 12, 2797.

2 T. Thompson, R. R. Kane and M. H. Hager, Food Allergen
Labeling and Consumer Protection Act of 2004 in effect,
J. Am. Diet. Assoc., 2006, 106, 1742–1744.

3 I. Dalal, M. Goldberg and Y. Katz, Sesame seed food
allergy, Curr. Allergy Asthma Rep., 2012, 12, 339–345.

4 R. Patel and A. P. Koterba, Peanut Allergy, in StatPearls,
StatPearls Publishing Copyright © 2021, StatPearls
Publishing LLC., Treasure Island (FL), 2021.

5 D. R. Monaco, B. M. Sie, T. R. Nirschl, A. C. Knight,
H. A. Sampson, A. Nowak-Wegrzyn, R. A. Wood,
R. G. Hamilton, P. A. Frischmeyer-Guerrerio and
H. B. Larman, Profiling serum antibodies with a pan aller-
gen phage library identifies key wheat allergy epitopes, Nat.
Commun., 2021, 12, 379.

Fig. 7 The expression levels of MAPK (ERK, JNK, p38) and NF-κB proteins in the lungs. (a) Western blotting was used to detect the expression levels
of MAPK, P-JNK1/2/3, P-p38, P-ERK1/2 and NF-κB proteins in the lungs. GAPDH was used as a loading control. (b) Protein quantification. Different
lowercase letters in the figure represent significant differences between the groups (P < 0.05 by ANOVA-Tukey’s HSD).

Food & Function Paper

This journal is © The Royal Society of Chemistry 2022 Food Funct., 2022, 13, 8818–8828 | 8825

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

L
iv

er
po

ol
 o

n 
1/

27
/2

02
3 

4:
10

:3
0 

PM
. 

View Article Online

https://doi.org/10.1039/d2fo00777k


6 L. L. Reber, J. D. Hernandez and S. J. Galli, The pathophy-
siology of anaphylaxis, J. Allergy Clin. Immunol., 2017, 140,
335–348.

7 J. Wang and H. A. Sampson, Food anaphylaxis, Clin. Exp.
Allergy, 2007, 37, 651–660.

8 H. A. Sampson, Food anaphylaxis, Br. Med. Bull., 2000, 56,
925–935.

9 C. L. Lai, D. E. Campbell, D. J. Palmer, M. Makrides,
B. Santner-Nanan, M. Gold, J. W. Tan, C. Valerio, R. Nanan,
S. L. Prescott and P. S. Hsu, Longitudinal egg-specific regu-
latory T- and B-cell development: Insights from primary
prevention clinical trials examining the timing of egg intro-
duction, Allergy, 2021, 76, 1385–1397.

10 M. Krause, P. Crauwels, F. Blanco-Pérez, M. Globisch,
A. Wangorsch, T. Henle, J. Lidholm, G. van Zandbergen,
S. Vieths, S. Scheurer and M. Toda, Human monocyte-
derived type 1 and 2 macrophages recognize Ara h 1, a
major peanut allergen, by different mechanisms, Sci. Rep.,
2021, 11, 10141.

11 L. Mondoulet, V. Dioszeghy, F. Busato, C. Plaquet,
V. Dhelft, K. Bethune, L. Leclere, C. Daviaud, M. Ligouis,
H. Sampson, C. Dupont and J. Tost,
Gata3 hypermethylation and Foxp3 hypomethylation are
associated with sustained protection and bystander effect
following epicutaneous immunotherapy in peanut-sensi-
tized mice, Allergy, 2019, 74, 152–164.

12 L. Mondoulet, V. Dioszeghy, E. Puteaux, M. Ligouis,
V. Dhelft, C. Plaquet, C. Dupont and P. H. Benhamou,
Specific epicutaneous immunotherapy prevents sensitiz-
ation to new allergens in a murine model, J. Allergy Clin.
Immunol., 2015, 135, 1546-57.e4.

13 C. L. Van Hove, T. Maes, G. F. Joos and K. G. Tournoy,
Prolonged inhaled allergen exposure can induce persistent
tolerance, Am. J. Respir. Cell Mol. Biol., 2007, 36, 573–584.

14 X. Liu, Research on mechanism of allergic reactions caused by
soybean glycinin and β-conglycinin in Balb/c mice, Doctoral
dissertation, Zhejiang University, Hangzhou, China, 2008.

15 A. A. Tu, T. M. Gierahn, B. Monian, D. M. Morgan,
N. K. Mehta, B. Ruiter, W. G. Shreffler, A. K. Shalek and
J. C. Love, TCR sequencing paired with massively parallel 3′
RNA-seq reveals clonotypic T cell signatures, Nat. Immunol.,
2019, 20, 1692–1699.

16 R. Luo, X. Zhou, Y. Chen, S. Tuo, F. Jiang, X. Niu, F. Pan
and H. Wang, Lysozyme Aptamer-Functionalized Magnetic
Nanoparticles for the Purification of Lysozyme from
Chicken Egg White, Foods, 2019, 8, 67.

17 R. Curciarello, P. L. Smaldini, A. M. Candreva, V. González,
G. Parisi, A. Cauerhff, I. Barrios, L. B. Blanch, C. A. Fossati,
S. Petruccelli and G. H. Docena, Targeting a cross-reactive Gly
m 5 soy peptide as responsible for hypersensitivity reactions
in a milk allergy mouse model, PLoS One, 2014, 9, e82341.

18 P. Lianto, S. Han, X. Li, F. O. Ogutu, Y. Zhang, Z. Fan and
H. Che, Quail egg homogenate alleviates food allergy
induced eosinophilic esophagitis like disease through
modulating PAR-2 transduction pathway in peanut sensi-
tized mice, Sci. Rep., 2018, 8, 1049.

19 J. J. Dolence, T. Kobayashi, K. Iijima, J. Krempski,
L. Y. Drake, A. L. Dent and H. Kita, Airway exposure
initiates peanut allergy by involving the IL-1 pathway and T
follicular helper cells in mice, J. Allergy Clin. Immunol.,
2018, 142, 1144–1158.e8.

20 J. Kearley, K. F. Buckland, S. A. Mathie and C. M. Lloyd,
Resolution of allergic inflammation and airway hyperreac-
tivity is dependent upon disruption of the T1/ST2-IL-33
pathway, Am. J. Respir. Crit. Care Med., 2009, 179, 772–781.

21 F. Storni, A. Zeltins, I. Balke, M. D. Heath, M. F. Kramer,
M. A. Skinner, L. Zha, E. Roesti, P. Engeroff, L. Muri,
D. von Werdt, T. Gruber, M. Cragg, M. Mlynarczyk,
T. M. Kündig, M. Vogel and M. F. Bachmann, Vaccine
against peanut allergy based on engineered virus-like par-
ticles displaying single major peanut allergens, J. Allergy
Clin. Immunol., 2020, 145, 1240–1253.e3.

22 W. S. Lexmond, J. A. Goettel, B. F. Sallis, K. McCann,
E. Rings, E. Jensen-Jarolim, S. Nurko, S. B. Snapper and
E. Fiebiger, Spontaneous food allergy in Was(–/–) mice
occurs independent of FcεRI-mediated mast cell activation,
Allergy, 2017, 72, 1916–1924.

23 B. Yang, J. J. Li, J. J. Cao, C. B. Yang, J. Liu, Q. M. Ji and
Z. G. Liu, Polydatin attenuated food allergy via store-oper-
ated calcium channels in mast cell, World J. Gastroenterol.,
2013, 19, 3980–3989.

24 C. H. Piao, M. Kim, T. T. Bui, E. Hyeon, Y. Fan, C. H. Song,
H. J. Jeong and O. H. Chai, Anti-Inflammatory Effects of
Cold Thermal Therapy on Allergic Skin Inflammation
Induced by Trimellitic Anhydride in BALB/c Mice,
Mediators Inflamm., 2019, 2019, 1936769.

25 J. G. Perrigoue, S. A. Saenz, M. C. Siracusa, E. J. Allenspach,
B. C. Taylor, P. R. Giacomin, M. G. Nair, Y. Du, C. Zaph,
N. van Rooijen, M. R. Comeau, E. J. Pearce, T. M. Laufer
and D. Artis, MHC class II-dependent basophil-CD4+ T cell
interactions promote T(H)2 cytokine-dependent immunity,
Nat. Immunol., 2009, 10, 697–705.

26 P. Sui, D. L. Wiesner, J. Xu, Y. Zhang, J. Lee, S. Van Dyken,
A. Lashua, C. Yu, B. S. Klein, R. M. Locksley, G. Deutsch
and X. Sun, Pulmonary neuroendocrine cells amplify aller-
gic asthma responses, Science, 2018, 360, eaan8546.

27 H. Piyadasa, A. Altieri, S. Basu, J. Schwartz, A. J. Halayko
and N. Mookherjee, Biosignature for airway inflammation
in a house dust mite-challenged murine model of allergic
asthma, Biol. Open, 2016, 5, 112–121.

28 A. S. Tulah, B. Beghé, S. J. Barton, J. W. Holloway and
I. Sayers, Leukotriene B4 receptor locus gene characteris-
ation and association studies in asthma, BMC Med. Genet.,
2012, 13, 110.

29 C. L. Marchica, V. Pinelli, M. Borges, J. Zummer,
V. Narayanan, R. V. Iozzo and M. S. Ludwig, A role for
decorin in a murine model of allergen-induced asthma,
Am. J. Physiol. Lung Cell Mol. Physiol., 2011, 300, L863–L873.

30 R. Liu, J. Du, J. Zhou, B. Zhong, L. Ba, J. Zhang, Y. Liu and
S. Liu, Elevated microRNA-21 Is a Brake of Inflammation
Involved in the Development of Nasal Polyps, Front.
Immunol., 2021, 12, 530488.

Paper Food & Function

8826 | Food Funct., 2022, 13, 8818–8828 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

L
iv

er
po

ol
 o

n 
1/

27
/2

02
3 

4:
10

:3
0 

PM
. 

View Article Online

https://doi.org/10.1039/d2fo00777k


31 J. L. Madsen, S. Kroghsbo, C. B. Madsen, I. Pozdnyakova,
V. Barkholt and K. L. Bøgh, The impact of structural integ-
rity and route of administration on the antibody specificity
against three cow’s milk allergens - a study in Brown
Norway rats, Clin. Transl. Allergy, 2014, 4, 25.

32 R. Waldron, J. McGowan, N. Gordon, C. McCarthy,
E. B. Mitchell and D. A. Fitzpatrick, Proteome and allergen-
ome of the European house dust mite Dermatophagoides
pteronyssinus, PLoS One, 2019, 14, e0216171.

33 J. Zhu, R. Pouillot, E. K. Kwegyir-Afful, S. Luccioli and
S. M. Gendel, A retrospective analysis of allergic reaction
severities and minimal eliciting doses for peanut, milk,
egg, and soy oral food challenges, Food Chem. Toxicol.,
2015, 80, 92–100.

34 B. Ahrens, B. Niggemann, U. Wahn and K. Beyer, Organ-
specific symptoms during oral food challenge in children
with food allergy, J. Allergy Clin. Immunol., 2012, 130, 549–
551.

35 E. Eller, T. K. Hansen and C. Bindslev-Jensen, Clinical
thresholds to egg, hazelnut, milk and peanut: results from
a single-center study using standardized challenges, Ann.
Allergy Asthma Immunol., 2012, 108, 332–336.

36 H. Venkataratnam, O. Cahill, C. Sarangapani, P. J. Cullen
and C. Barry-Ryan, Impact of cold plasma processing on
major peanut allergens, Sci. Rep., 2020, 10, 17038.

37 A. C. Gstoettner, U. Baranyi, M. Focke-Tejkl, I. Swoboda,
F. Stolz, T. Wekerle, B. Linhart and R. Valenta, Antibodies
induced by immunization with a hypoallergenic mutant of
the major fish allergen Cyp c 1 inhibit allergic symptoms
in a mouse model of fish allergy, Clin. Transl. Allergy.,
2013, 3, 1–1.

38 H. Bernard, B. Guillon, M. F. Drumare, E. Paty,
S. C. Dreskin, J. M. Wal, K. Adel-Patient and S. Hazebrouck,
Allergenicity of peanut component Ara h 2: Contribution of
conformational versus linear hydroxyproline-containing
epitopes, J. Allergy Clin. Immunol., 2015, 135, 1267–74.e1-8.

39 P. Haste Andersen, M. Nielsen and O. Lund, Prediction of
residues in discontinuous B-cell epitopes using protein 3D
structures, Protein Sci., 2006, 15, 2558–2567.

40 S. A. Bock, A. Muñoz-Furlong and H. A. Sampson, Fatalities
due to anaphylactic reactions to foods, J. Allergy Clin.
Immunol., 2001, 107, 191–193.

41 L. Fang, B. Adkins, V. Deyev and E. R. Podack, Essential
role of TNF receptor superfamily 25 (TNFRSF25) in the
development of allergic lung inflammation, J. Exp. Med.,
2008, 205, 1037–1048.

42 G. Seumois, C. Ramírez-Suástegui, B. J. Schmiedel,
S. Liang, B. Peters, A. Sette and P. Vijayanand, Single-cell
transcriptomic analysis of allergen-specific T cells in
allergy and asthma, Sci. Immunol., 2020, 5, eaba6087.

43 M. V. White, The role of histamine in allergic diseases,
J. Allergy Clin. Immunol., 1990, 86, 599–605.

44 S. Bhattacharya, D. Go, D. L. Krenitsky, H. L. Huyck,
S. K. Solleti, V. A. Lunger, L. Metlay, S. Srisuma, S. E. Wert,
T. J. Mariani and G. S. Pryhuber, Genome-wide transcrip-
tional profiling reveals connective tissue mast cell accumu-

lation in bronchopulmonary dysplasia, Am. J. Respir. Crit.
Care Med., 2012, 186, 349–358.

45 J. S. Dahlin, A. Malinovschi, H. Öhrvik, M. Sandelin,
C. Janson, K. Alving and J. Hallgren, Lin- CD34hi
CD117int/hi FcεRI+cells in human blood constitute a rare
population of mast cell progenitors, Blood, 2016, 127, 383–
391.

46 H. Hong, S. Liao, F. Chen, Q. Yang and D. Y. Wang, Role of
IL-25, IL-33, and TSLP in triggering united airway
diseases toward type 2 inflammation, Allergy, 2020, 75,
2794–2804.

47 H. Kouzaki, K. Matsumoto, H. Kikuoka, T. Kato, I. Tojima,
S. Shimizu, H. Kita and T. Shimizu, Endogenous Protease
Inhibitors in Airway Epithelial Cells Contribute to
Eosinophilic Chronic Rhinosinusitis, Am. J. Respir. Crit.
Care Med., 2017, 195, 737–747.

48 A. Lara, S. B. Khatri, Z. Wang, S. A. Comhair, W. Xu,
R. A. Dweik, M. Bodine, B. S. Levison, J. Hammel,
E. Bleecker, W. Busse, W. J. Calhoun, M. Castro,
K. F. Chung, D. Curran-Everett, B. Gaston, E. Israel,
N. Jarjour, W. Moore, S. P. Peters, W. G. Teague, S. Wenzel,
S. L. Hazen and S. C. Erzurum, Alterations of the arginine
metabolome in asthma, Am. J. Respir. Crit. Care Med., 2008,
178, 673–681.

49 E. W. Gelfand, Importance of the leukotriene B4-BLT1 and
LTB4-BLT2 pathways in asthma, Semin. Immunol., 2017, 33,
44–51.

50 K. Terawaki, T. Yokomizo, T. Nagase, A. Toda,
M. Taniguchi, K. Hashizume, T. Yagi and T. Shimizu,
Absence of leukotriene B4 receptor 1 confers resistance to
airway hyperresponsiveness and Th2-type immune
responses, J. Immunol., 2005, 175, 4217–4225.

51 C. T. Watson, A. T. Cohain, R. S. Griffin, Y. Chun,
A. Grishin, H. Hacyznska, G. E. Hoffman, N. D. Beckmann,
H. Shah, P. Dawson, A. Henning, R. Wood, A. W. Burks,
S. M. Jones, D. Y. M. Leung, S. Sicherer, H. A. Sampson,
A. J. Sharp, E. E. Schadt and S. Bunyavanich, Integrative
transcriptomic analysis reveals key drivers of acute peanut
allergic reactions, Nat. Commun., 2017, 8, 1943.

52 M. C. Borges, V. Narayanan, R. V. Iozzo and M. S. Ludwig,
Deficiency of decorin induces expression of Foxp3 in
CD4+CD25+ T cells in a murine model of allergic asthma,
Respirology, 2015, 20, 904–911.

53 H. X. Gao, M. B. Wang, S. J. Li, J. Niu, J. Xue, J. Li and
X. X. Li, Identification of Hub Genes and Key Pathways
Associated with Peripheral T-cell Lymphoma, Curr. Med.
Sci., 2020, 40, 885–899.

54 A. M. Ogrodowczyk, M. Zakrzewska, E. Romaszko and
B. Wróblewska, Gestational Dysfunction-Driven Diets and
Probiotic Supplementation Correlate with the Profile of
Allergen-Specific Antibodies in the Serum of Allergy
Sufferers, Nutrients, 2020, 12, 2381.

55 M. L. North, N. Khanna, P. A. Marsden, H. Grasemann and
J. A. Scott, Functionally important role for arginase 1 in the
airway hyperresponsiveness of asthma, Am. J. Physiol. Lung
Cell Mol. Physiol., 2009, 296, L911–L920.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2022 Food Funct., 2022, 13, 8818–8828 | 8827

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

L
iv

er
po

ol
 o

n 
1/

27
/2

02
3 

4:
10

:3
0 

PM
. 

View Article Online

https://doi.org/10.1039/d2fo00777k


56 C. L. Marchica, V. Pinelli, M. Borges, J. Zummer,
V. Narayanan, R. V. Iozzo and M. S. Ludwig, A role for
decorin in a murine model of allergen-induced asthma,
Am. J. Physiol. Lung Cell Mol. Physiol., 2011, 300, L863–L873.

57 M. K. Oyoshi, R. He, Y. Li, S. Mondal, J. Yoon, R. Afshar,
M. Chen, D. M. Lee, H. R. Luo, A. D. Luster, J. S. Cho,
L. S. Miller, A. Larson, G. F. Murphy and R. S. Geha,
Leukotriene B4-driven neutrophil recruitment to the skin is
essential for allergic skin inflammation, Immunity, 2012,
37, 747–758.

58 H. C. Huang, B. H. Cai, C. S. Suen, H. Y. Lee, M. J. Hwang,
F. T. Liu and R. Kannagi, BGN/TLR4/NF-B Mediates
Epigenetic Silencing of Immunosuppressive Siglec Ligands
in Colon Cancer Cells, Cells, 2020, 9, 397.

59 P. Li, J. Cao, J. Li, Z. Yao, D. Han, L. Ying, Z. Wang and
J. Tian, Identification of prognostic biomarkers associated
with stromal cell infiltration in muscle-invasive bladder
cancer by bioinformatics analyses, Cancer Med., 2020, 9,
7253–7267.

60 I. Plastira, E. Bernhart, L. Joshi, C. N. Koyani,
H. Strohmaier, H. Reicher, E. Malle and W. Sattler, MAPK
signaling determines lysophosphatidic acid (LPA)-induced
inflammation in microglia, J. Neuroinflammation, 2020, 17,
127.

61 H. S. Yu, P. Angkasekwinai, S. H. Chang, Y. Chung and
C. Dong, Protease allergens induce the expression of IL-25
via Erk and p38 MAPK pathway, J. Korean Med. Sci., 2010,
25, 829–834.

Paper Food & Function

8828 | Food Funct., 2022, 13, 8818–8828 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

L
iv

er
po

ol
 o

n 
1/

27
/2

02
3 

4:
10

:3
0 

PM
. 

View Article Online

https://doi.org/10.1039/d2fo00777k

	Button 1: 


