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How to reduce peanut allergies has always been a main food safety concern. Plant polyphenol complex
peanut sensitizing protein was proposed as a new desensitization strategy. Gallic acid (GA), as a natural plant
polyphenol, has anti-inflammatory and immunomodulatory effects. Therefore, the aim of this study was to
investigate the effect of GA on peanut protein (PP) sensitization under high moisture extrusion conditions.
The contents of free sulfhydryl groups and disulfide bonds in the PP-GA complex were determined, and the
structure of the complex was characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Fourier transform infrared spectroscopy. The results showed that with increasing GA
content, the number of free sulthydryl groups increased while the number of disulfide bonds decreased. The
secondary structure of PP-GA showed that the random coils and f-turns were transformed to a-helices and
[-sheets. A BALB/c mouse model was also established, wherein AI(OH); was used as an adjuvant when the
complex was administered via intraperitoneal injection, and the mice showed mild allergic symptoms and a
decreased immune organ index. In addition, the serum levels of specific antibodies (immunoglobulin E (IgE),
immunoglobulin G1 (IgG1), and immunoglobulin G2a (IgG2a)), cytokines (interleukin-5 (IL-5), interleukin-
13 (IL-13), and interferon gamma (IFN-vy)) and histamine were reduced. In summary, this study proved that
GA can relieve the sensitization of PP induced by high moisture extrusion.
© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

gastrointestinal discomfort, erythema papules, urticaria, a drop in
blood pressure, angioedema and other symptoms. If the situation is

Food allergies have always been a key concern worldwide. The
Food and Agriculture Organization of the United Nations (FAO) has
identified milk, eggs, nuts, soybeans, peanuts, wheat, fish and
shellfish as the top 8 allergens!?. However, allergic reactions to
peanuts are of greater concern, and peanut allergy patients will show
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serious, anaphylactic shock may result, or the reaction could even be
life-threatening™*!. More than 50% of food allergy-related deaths are
caused by peanuts, and more than 40% of children with food allergies
are allergic to peanuts™. However, peanut products are widely used in
the daily diet, and there have been peanut allergy patients that directly
or indirectly ingest the peanut allergen due to accidental factors.

High water extrusion is a new representative modification
technology. Under high temperature, high pressure and high shear
force conditions, the original chemical bonds within or between
peanut proteins (PP) are destroyed, the molecular chains become
extended, the hydrophobic and sulfhydryl groups buried inside the
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protein are exposed, and association, aggregation, crosslinking,
decomposition, oxidation, reduction and other reactions can
occur within and between molecules'®. PP molecules rearrange
and polymerize to form a new ordered network structure,
resulting in changes in the structures of peanut-sensitizing
proteins, which can reduce PP sensitization. Although these
treatments (heat, high pressure, ultrasound, radiation or enzymatic
hydrolysis, etc.) can reduce PP sensitization to a certain extent, they
have certain limitations in terms of their safety and application
scope and will also lead to a loss in the nutritional value of the
food itselft’*!,

As a plant polyphenol, gallic acid (GA) is a natural active
substance that is green and safe, with antiaging, antioxidative and
antibacterial effects’”. In addition, polyphenols such as GA have a
strong binding affinity for proteins. Studies have shown that plant
polyphenols can reduce PP sensitization in two ways: (1) plant
polyphenols interfere with PP allergic reactions, and (2) plant
polyphenols and PP complexes indirectly regulate allergic reactions.
Therefore, plant polyphenols complexed with sensitizing proteins
have been proposed as a new desensitization strategy''”. He et al.['!
covalently bound epigallocatechin gallate (EGCG) and chlorogenic
acid (CHA) to the peanut-sensitizing protein Arahl. The experimental
data showed that the specific immunoglobulin E (IgE) antibody
binding ability of the peanut-sensitizing protein Arahl was reduced,
and histamine (HIS) release from basophils (KU812 cells) was
significantly lowered. Plundrich et al.'"” combined proanthocyanidin
C1 and CHA with Arah2, which resulted in significant 37% and 50%
reductions in IgE binding capacity.

In this study, PP was cotreated via high moisture extrusion and
with GA, and the effect of GA content on PP sensitization
was evaluated in a mouse model. The data here provide basic research
results and technical support for reducing PP sensitization in
the future.

2. Materials and methods
2.1 Materials

PP was purchased from Shandong Yuwang Industrial Co., Ltd.
(Shandong, China). GA was purchased from Shanghai McLean
Biochemical Technology Co., Ltd. (Shanghai, China) with a purity of
99.00%. Four- to six-week-old female BALB/c mice were supplied
by Shenyang Yuwang Biotechnology Co., Ltd. (Liaoning, China).
The enzyme-linked immunosorbent assay (ELISA) kit was
purchased from Jiangsu Jingmei Biotechnology Co., Ltd.
(Yancheng, China). All other chemicals were of analytical grade.

2.2 Extrusion experiments

A double screw extruder was used in the extrusion experiment
with 5 zones in the barrel. PP and polyphenols can interact under high
temperature, high pressure and high shear force conditions.
According to data from previous studies, the feeding speed was set to
6 kg/h, screw speed (SS) to 240 r/min, and moisture concentration
(MC) to 50%, and the temperatures (T) in the 5 zones were 60, 90,
150, and 110 °C to ensure that the components of the mixture would
interact in the extruder and be extruded at a constant rate. Based on
the weight of PP, the concentration of GA (GAC) was set to 0%, 2%,

4%, 6% and 8% (m/m) to investigate the effect of GAC on the PP
sensitization after extrusion.

2.3 Determination of the GA binding rate

The content of GA in the PP-GA complex was determined by the
Folin-phenol method"". One milliliter of sample solution with a
concentration of 2 mg/mL was added to 2.5 mL of 0.2 mol/L Folin-
phenol reagent, and then 2 mL of 7.5 g/100 mL Na,CO; solution was
added for 5 min of reaction in the dark. After the reaction continued in
the dark for 2 h, the absorbance of the solution was measured at a
wavelength of 760 nm. The standard curve of GA was drawn, and the

binding rate of GA was calculated according to formula (1):
. Determination of GA
0, —
GA binding rate (%) = GA addition x 100 €8

2.4 Determination of the contents of free sulfhydryls and
disulfide bonds

A 5 mg/mL sample solution was prepared with Tris-glycine buffer
containing 8 mol/L urea (0.086 mol/L Tris, 0.09 mol/L glycine and
4 mmol/L ethylene diamine tetraacetic acid, pH 8.0), magnetically
stirred for 30 min, and then centrifuged for 10 min at 6 000 r/min. The
supernatant was collected for determination.

Determination of free sulthydryl group content: First, 5 mL of
supernatant was added to 50 pL of Ellman’s reagent (4 mg/mL), the
reaction was carried out in the dark for 15 min, after which the
absorbance was measured at 412 nm". A sample without added
protein was used as a blank control. The content of free sulthydryl
groups was calculated according to formula (2):

73.53 x A, ,m XD
R em I ()

Where, 44154 1S the absorption value of the sample at 412 nm,
D is the dilution ratio and C is the sample concentration (mg/mL).

Total sulfhydryl content (TSC) determination: First, 1 mL of
supernatant was added to 10 pL of f-mercaptoethanol and 4 mL of
Tris-glycine buffer, and the mixture was held at room temperature for
1 h. Then, 10 mL of 12% trichloroacetic acid was added, and the
mixture was shaken to homogeneity, allowed to fully react for 1 h,
and centrifuged at 6 000 r/min for 10 min, after which the precipitate
was collected. Next, 10 mL of Tris-glycine bufter was added, and the
mixture was oscillated to fully dissolve the precipitate. 4 mL of the
solution was added to 40 pL of Ellman’s reagent, and the reaction
was carried out in the dark for 15 min. The absorbance of the solution
was then measured at 412 nm, and a sample without added protein
was used as a blank control™. The disulfide bond content was
calculated according to formula (3):

Free sulfhydryl content ((umol/(L-g)) =

TSC - Free sulthydryl content

Disulfide bond content (umol/(L-g)) = > 3)

2.5 Sodium  dodecyl
electrophoresis (SDS-PAGE)

sulfate-polyacrylamide  gel

The molecular weight distributions of PP and its complex with
GA were analyzed by SDS-PAGE!®. First, a sample (2 mg) was
dissolved in 0.5 mL of sample buffer (0.08 mol/L Tris-HCI buffer,
pH 6.8), 1% SDS, 2% (V/V) 2-f-mercaptoethanol, 5% (V/V) glycerol,
and 0.025% bromophenol blue and mixed well. Each sample was
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heated in a boiling water bath for 10 min and centrifuged at 6 000 x g
for 10 min. The supernatant (4 uL) was placed in a stacked gel tank,
and commercial molecular weight markers with molecular weights
ranging from 5 kDa to 250 kDa were applied. Using the Mini-
PROTEAN® system, electrophoresis was performed in run tank
buffer (0.025 mol/L Tris, 0.192 mol/L glycine, pH 8.6-8.7) at 80 V
until the trace dye entered the stacked gel and then increased to 120 V
into the dissolved gel. The gel was stained for 30 min with staining
solution (500 mL of methanol, 68 mL of glacial acetic acid, and
432 mL of deionized water) and 40 min with a solution of Coomassie
bright blue (1 g of Coomassie bright blue (R-250), 500 mL of
methanol, 68 mL of glacial acetic acid, and 432 mL of deionized
water). The gel was then treated with decolorizing solution (75 mL of
glacial acetic acid, 50 mL of ethanol, and 875 mL of deionized water)
three times for 12 h overnight. Protein electrophoretic data were
imaged using an AlphaEase FC gel imaging system.

2.6 Scanning electron microscopy (SEM)

SEM was used to observe the microscopic morphology of the
samples"”. A small number of particles were fixed on the sample
table with conductive double-sided adhesive, and an ion sputtering
instrument was used to spray the surface with gold at 20 mA for 45 s.
The gold-treated sample was put into the sample room, observed at
15 kV and photographed.

2.7 Fourier transform infrared spectroscopy (FT-IR)

The samples scanned by a Nicolet SDXC infrared
spectrometer''™. Spectra were acquired in the range of 4 000-400 cm™

with a resolution of 4 cm™. Moreover, Peakfit version 4.12 software

were

was used for spectral processing, and the contents of each
secondary structure component in the sample was calculated by the
Peakfit software.

2.8 Animal experimental design

Forty-nine female BALB/c mice aged 4-6 weeks were randomly
divided into 7 groups, with 7 mice in each group (the specifics of
which follow). The experiment was conducted in strict compliance
with Chinese Animal Welfare Guidelines and approved by Ethics

Sensitization (ip)

Committee of College of Grain Science and Technology, Shenyang
Normal University (date of approval 17 May 2023 and protocol
number 2023-000517). The mice were housed on a 12 h/12 h light/
dark cycle at a temperature of (22 £ 1) °C and humidity of 45%—55%
with free access to food and drink. The model was established after
1 week of adaptive feeding. Modeling and treatment were carried out
according to the experimental groupings. The experimental procedure
is shown in Fig. 1. The specific method was as follows: 0.5 mL of
normal saline (containing 100 pug of PP + 1 mg of AI(OH); adjuvant)
was intraperitoneally injected into the mice on the 7™, 14" 21* and
28™days, except for the mice in the blank control group. On the 35"
day, the model group was intraperitoneally injected with 0.5 mL of
normal saline (containing 200 pg of PP). The GA group was
intraperitoneally injected with 0.5 mL of PP-GA complex containing
different doses of gallate GA (2%, 4%, 6%, or 8% with 200 pg of PP
in the complex). The blank control group was given an equal volume
of normal saline throughout this whole process. Thirty minutes after
intraperitoneal injection of the samples, the eyeballs of the mice were
removed, blood was taken from the mice, and the spleen, peritoneal
lavage fluid, jejunum and lung tissues were removed. The blood was
stored at 4 °C overnight and centrifuged at 4 °C and 5 000 r/min for
10 min, and the upper serum (approximately 100 uL) was separated
and stored at —20 °C["".,

2.9  Mouse allergy symptom score

The symptoms of mice in each group were observed 30 min after
cach intragastric treatment, and allergy symptoms were scored
according to Table 177,

2.10  Mouse rate of body weight gain and splenic
mass fraction

The body weights of the mice in each group were recorded before
intragastric administration on days 0, 7, 14, 21 and 28. The spleens of
the mice were also weighed, and the rate of weight gain and splenic
mass fraction were calculated by formula (4) and formula (5):

m

Weight gain rate (%)= % x 100 4)
0
Splenic growth rate (%)= Ms3s %100 Q)
35

L Pre-feeding |
[ |

Time (day) 0 14 21

| |Challenge (ig)| Sacrifice
] | '

28 35

— |

| Lo

o

Normal saline

B

PP (100 pg) + AI(OH), (1 mg)

; @ Model

Extruded peanut protein (EPP) @ EPP-GA
(200 pg) + GA '

PP (200 pg)

Fig. 1 Establishment of the PP allergy BALB/c mouse model.
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Where, my, m;s and m, are the body weights of mice on day 0, day
35 and day n, respectively, and myg;s is the masses of the spleen on day
35, respectively.

Table 1
Anaphylactic symptom scoring of allergic mice.
Score Symptoms
0 Absence of symptoms
1 Scratching the nose and head, hair rising
Puffiness around the eyes and mouth, pilar erecti,
2 . ..
diarrhea and reduced activity or tachypnea
3 Wheezing, dorsiflexion and dyspnea
4 Loss of consciousness and tremors
5 Shock and death

2.11 Observation of mast cells and basophil granulocytes in
mouse peritoneal lavage fluid

During dissection of the BALB/c mice, 3 mL of Hank’s solution
was injected into the abdominal cavity, gentle massaging was
performed for 1 min, and then the solution was removed. The diluted
cell solution (200-500 pL) was added to a slide and left to dry. After
staining with toluidine blue solution for 2 min, the surface of the slide
was rinsed with water until the staining solution had been removed,
and then the slide was left to dry. The morphologies of the mast cells
and basophils in the peritoneal lavage solution were observed under
an optical microscope'*"”.

2.12  Hematoxylin and eosin (H&E) staining

The jejunum and lung tissues of BALB/c mice were cut into
pieces with appropriate volumes, soaked in 4% paraformaldehyde for
preservation, made transparent by treatment with xylene, embedded
in paraffin, sliced into 5 pm slices with a microtome, and stained with
H&E. Pathological changes in the mouse jejunum and lung were
observed under an optical microscope. Peribronchiolar inflammatory
cell infiltration, alveolar inflammatory cell infiltration, alveolar wall
thickening, alveolar stenosis and macrophage infiltration were used to
evaluate the degree of inflammation.

2.13  Assays for specific IgE, 1gG1 and IgG2a antibodies

The contents of PP-specific immunoglobulin E (IgE),
immunoglobulin G1 (IgG1), and immunoglobulin G2a (IgG2a) in
mouse samples were determined by a double antigen sandwich assay
using a commercial ELISA kit. A blank well (blank control well
without the addition of sample or enzyme-labeled reagent; the other
steps were the same), a standard well, and a sample well were used
for analysis. Fifty microliters of standard material was accurately
added to the enzyme label-coated plate, 40 pL of sample diluent was
added to the sample well to be tested, and then 10 puL of sample to be
tested was added at a final sample dilution of 5-fold. The sample was
added to the bottom of the well, taking care to not touch the wall, and
the plate was gently shaken and mixed. After sealing the plate with
film, the plate was incubated at 37 °C for 30 min. Next, concentrated
washing liquid was diluted 30-fold with distilled water for reserve
use, the film was carefully removed from the plate, and the liquid was

discarded and the plate was shaken to dry. Then, each well was filled
with washing liquid and left to stand for 30 s before discarding the
liquid; this step was repeated 5 times. After patting dry, 50 uL of
enzyme-labeled reagent was added to each well (except the blank
wells), the plate was incubated in a warm bath and washed again, and
color developing agent A (50 uL) was added to each well. Then, color
developing agent B (50 pL) was added and the plate was gently
shaken and mixed and incubated in the dark for 10 min at 37 °C. After
adding termination solution (50 pL/well) to terminate the reaction (at
this time, the blue wells immediately turned yellow), the blank well
was adjusted according to the standard, and the optical density (OD) value
of each well was measured at 450 nm. The contents of peanut-specific IgE,
IgG1 and IgG2a antibodies were determined according to the standard
curve. Cytokine and plasma HIS levels were also assessed.

2.14  Determination of IL-5, IL-13, IFN-y and HIS in
mouse serum

The contents of interleukin-5 (IL-5), interleukin-13 (IL-13),
interferon gamma (IFN-y) and HIS in serum were determined by a
double antibody sandwich ELISA kit. The specific experimental steps
are given in Section 2.13. The OD values of the prepared solutions
from the BALB/c mice were measured by the enzyme labeling method at
a wavelength of 450 nm. The levels of IL-5, IL-13, IFN-y and HIS in the
serum of mice were determined by the standard curve method.

2.15 Statistical analysis

The mentioned tests were performed in at least triplicate. All data
are expressed as the mean = SD. Data were analyzed by one-way
ANOVA and Duncan’s test by using SPSS software. P < 0.05 was
considered to indicate a significant difference.

3. Results and discussion
3.1 Analysis of binding rates

According to the results in Fig. 2, with the addition of GA in the
range of 2%—8%, the amount of PP bound increased from 17.35 pg to
77.38 pg. This was because the carbonyl or amide groups in the
amino acid sequence of the PP bind to the hydroxyl groups of GA®,
However, when 6% GA was present, the PP-GA combination rate was
the highest, reaching 50.30%. When there was 8% GA, the binding
rate decreased, which may be due to two reasons: 1) After PP binds to
GA, the structure of the protein changes, and some GA and PP
binding sites are buried; 2) After the binding of GA and PP
approaches saturation, the addition of more GA will make the
denominator in the calculation formula (the added amount of GA)
continue to increase, resulting in a decrease in the overall calculated
value; this is consistent with the report of Jin et al.*".

3.2 Analysis of the contents of free sulfhydryl groups and
disulfide bonds

Disulfide bonds play important roles in the secondary and tertiary
structures of proteins®. Sulfhydryl groups exist as free groups or
disulfide bonds, and changes to the free sulthydryl groups cause
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Fig.2 Amount and rate of GA and PP binding under high moisture
extrusion conditions. Different lowercase letters in same index indicate
significant differences among all groups (P < 0.05). The same as below.

structural changes in proteins. Free sulthydryl groups and disulfide
bonds are important components that maintain the structural stability of
the PP-GA complex™. As shown in Fig. 3, the content of free sulfhydryl
groups in PP increased from 6.69 umol/(L - g) to 9.58 umol/(L - g) and the
content of disulfide bonds decreased from 8.35 pmol/(L-g) to
6.75 pmol/(L-g) after extrusion. After high moisture extrusion
processing, the intermolecular disulfide bonds were broken due to the
mechanical shear and high temperature conditions, exposing more
sulfhydryl groups™. The results showed sulfhydryl group-disulfide
bond exchange after high moisture extrusion of PP. With increasing
GA supplementation, the content of free sulfhydryl groups in the
complex significantly increased, while the content of disulfide bonds
significantly decreased (P < 0.05). When the content of GA was 8%,
the content of free sulfhydryl groups increased to 5.96 umol/(L - g),
and the content of disulfide bonds decreased to 51.83 pumol/(L - g).
Urea was added to determine the content of free sulfhydryl groups in
the PP-GA complex, as this method can exclude changes in the free
sulthydryl group content caused by the transformation of disulfide
bonds*!. Therefore, the reduction in the content of free sulfhydryl
groups is the result of the sulthydryl groups in PP combining with the
phenolic hydroxyl groups in GA®. Meng et al.® also reached the same
conclusion: whey protein isolate formed noncovalent interactions with
polyphenols, which significantly reduced the content of sulfhydryl
groups. The decrease in disulfide bond content is mainly due to the
introduction of phenolic hydroxyl groups in the PP structure, and the
steric effects of the GA aromatic ring causes the disulfide bonds in PP
to break. In addition, the lowered disulfide bond content is also due to
the antioxidant effects of GA, which inhibits the oxidation of sulthydryl
groups to quinones and prevents the formation of more new disulfide
bonds™". Many studies have shown that the amount of added polyphenol is
positively correlated with its antioxidant capacity. Therefore, when more
GA is added, the antioxidant capacity becomes stronger and the lower
the disulfide bond content in the PP-GA complex is.

3.3 SDS-PAGE analysis

SDS-PAGE can indicate the molecular weight distribution of the
subunits in PP and its complexes with GA. Arahl, Arah2 and Arah3
were the main peanut sensitizing proteins, and their molecular weights

10 —458
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g.3 Effect of GA on the contents of free sulfhydryl groups and disulfide
bonds in PP after high moisture extrusion.

were 64, 16—18, and 61 kDa, respectively. These proteins accounted for
12%—16%, 5.9%—9.3%, and 3.7%—4.3% of the total PP, respectively,
and could be recognized by 90% of the serum samples from allergic
patients®*. As shown in Fig. 4, after high moisture extrusion, the PP
bands with molecular weights of 18, 37 and 65 kDa became obviously
lighter. These changes were attributed to the fact that under high
moisture extrusion conditions, PP was subjected to high temperature,
high pressure and mechanical shear forces, which cleaved peptide bonds
and decomposed the protein into subunits with relatively small
molecular weights. With the increase in the amount of GA, the bands of
the PP-GA complexes at approximately 18, 37 and 65 kDa became
lighter to varying degrees. When the amount of GA was 8%, the band at
approximately 65 kDa disappeared. These results showed that an
interaction between PP and GA occurred under high moisture extrusion
conditions, and the content of sensitizing protein subunits decreased.
According to the SDS-PAGE results, sensitization to PP-GA is lower
than that to untreated PP, and sensitization to the complex is lowest
when the amount of GA is 8% under high water extrusion conditions.

135 kDa
100 kDa
75 kDa
65 kDa
45 kDa
35 kDa

Arahl
Arah3

25 kDa

15 kDa Argh2

10 kDa

M 1 2 3 4 5 6

Fig. 4 SDS-PAGE of PP and the PP-GA complexes under high moisture
extrusion conditions. M. Standard molecular weight protein marker, 1. PP, 2.
EPP, 3. EPP-2% GA, 4. EPP-4% GA, 5. EPP-6% GA, and 6. EPP-8% GA.

3.4 Analysis of microstructural changes in the PP-GA complexes

According to Fig. 5, the PP particle sizes were different after
complexation, their surfaces were rough, and the particle gap was
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small at 400x magnification. After extrusion, the number of small
particles was significantly reduced, and the particle size tended to be
average. Under the combined actions of high temperature, high
pressure and mechanical shear force of the twin screw extruder, the
PP structure stretched, hydrogen bonds were broken, hydrophobic
groups decomposed into smaller particles, and the particles reunited
at the reducing end, thus forming particles of relatively average size*.
The 5 000x magnification images showed that after the addition of GA,
the morphology of the PP complex changed significantly, the particle size
decreased, the surface was smooth, and the distribution was relatively
dispersed, which may be because the binding of GA with PP
weakened the forces of aggregation between the PPs. The particle size
of the PP-GA complex formed under extrusion tended to be average, and
the surface was smooth. Other experiments came to this same conclusion,
as GA changed the microstructure of casein due to hydrophobic
interactions, resulting in casein having a loosely distributed structure™.

3.5  Analysis of the changes in the secondary structure of
PP-GA complex

FT-IR mainly relies on the stretching vibrations between
atoms inside a molecule to effectively detect the changes in
protein functional groups and can effectively identify the
functional groups contained in proteins. Proteins have 4 major
amide bands as follows: the amide A band appears at 3 100-3 700
cm™', amide B at 2 800-3 000 cm™', amide I at 1 600-1 700 cm™, and

100 -

100 pm

10:0 um

amide IT at 1 500-1 600 cm™". Fig. 6 shows that the infrared spectra of
PP and its complexes with GA have a strong absorption peak in the
range of the amide A band, which is related to intermolecular
hydrogen bonding and the stretching vibrations of O-H and N—HP,
The changes in the positions of the amide A and amide B bands
indicate that GA mainly forms hydrogen bonds and hydrophobic
interactions with PP®”. The changes in the amide I and amide II
bands were due to interactions between the oxygen atoms and the
hydroxyl groups on GA with the C—O and C-N groups on the protein,
resulting in a rearrangement of the PP chain and changes in its
secondary structure, which is related to C=0 stretching, N-H bending
and C-N stretching vibrations™*.,
absorption peak of PP-GA decreased significantly with increasing
amounts of GA, indicating that the interaction between PP and
GA exposed more nonpolar groups, such as hydrophobic groups,
and changed the structure of PP under the conditions of high

In the amide I region, the

moisture extrusion.

To further study the effect of GA addition on the conformational
changes in PP and determine if the secondary structure of the protein
in the amide [ region was 39 Fourier
deconvolution and second derivative fitting of the absorption peak

within its range were conducted, the secondary structure composition

sensitive to change

was analyzed, and the content of each secondary structure feature was
calculated according to the peak area for each sample. Generally,
secondary structures have bands in certain ranges as follows: S-sheets
(1 600-1 640 cm™), random coils (1 640-1 650 cm™), a-helices

100 um

100 pm

100 pm

10.0 um

10.0 um

10.0 pm

Fig. 5 Microstructures of PP and PP-GA obtained by SEM in the process of high moisture extrusion. (A;-F,) The microstructures of the PP and PP-GA complex
samples were observed by SEM at 400x magnification. (A,-F,) The microstructures of the PP and PP-GA complex samples were observed by SEM at 5 000%
magnification. (A) PP, (B) EPP, (C) EPP-2% GA, (D) EPP-4% GA, (E) EPP-6% GA, and (F) EPP-8% GA.
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(1 650-1 660 cm™), and p-turns (1 660-1 700 cm™) “*“". The
stability of the f-sheet structure was determined by hydrogen bonds
between polypeptide chains, a-helices are usually formed by intramolecular
hydrogen bonds between amino hydrogen (NH-) and carbonyl oxygen
(=CO) groups, S-turns form via weak hydrogen bonding structures, and

random coils are generated in the unfolded configuration and are

related to the flexibility of the protein'*.

— PP

— EPP

- EPP-2% GA
EPP-4% GA

— EPP-6% GA

EPP-8% GA

1 | | | |
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig. 6 FT-IR of PP and the PP-GA complexes under high moisture extrusion
conditions in the range of 5004 000 cm ™.

As shown in Table 2, the main secondary structure of PP is the
p-sheet with a content of 32.36%, and the contents of random coils,
o-helices and S-turns were 22.04%, 21.22% and 24.71%, respectively.
After high moisture extrusion, the contents of a-helices and f-sheets
in the PP secondary structure decreased by 4.07% and 3.87%,
respectively, while the contents of random coils and f-turns increased
by 4.38% and 1.56%, respectively. Hydrogen bonding was the main
force that maintained the a-helices structure. Under the conditions of
high moisture extrusion, PP was subjected to high temperature, high
pressure and mechanical shear, breaking the internal hydrogen bonds
and resulting in a reduction in the a-helices content. a-Helices and
f-sheets are related to the ordered structure of the protein. The
transformation of f-sheets and a-helices to random coils and f-turns
indicated that the structure of PP tended to be disordered due to high
water compression®!. After the addition of GA and its increase in
concentration, the contents of random coils and f-turns decreased
gradually, while the contents of a-helices and p-sheets increased
gradually. This was attributed to the fact that the chemical groups of
GA can participate in hydrogen bonding and hydrophobic interactions
with PP residues, changing the contents of each type of secondary
structure with a tendency to make the molecular structure of PP-GA
ordered. However, when the amount of GA was 8%, the f-sheet
content decreased because under the actions of GA, the S-sheets in the PP
structure were transformed into more stable a-helices. Zhao et al.**! also
reached the same conclusion: EGCG had a regulatory effect on
protein secondary structure. Therefore, GA could interact with PP
under the conditions of high moisture extrusion, thus changing the
structure of PP and inducing it to be more ordered.

3.6 Analysis of the mouse allergy symptom scores

Food allergy symptoms are the result of a comprehensive immune
response that includes the systemic, gastrointestinal, and mucosal

immune systems. The allergy symptom score is the most direct
method by which allergies in mice can be reflected and can be used as
an important index to evaluate the occurrence and severity of food
allergies™®. The symptoms of the mice in each group were scored
30 min after intraperitoneal injection of the appropriate sample on day
35 according to the reference table. According to Fig. 7, the NS group
of mice showed normal performance, good activity, and no allergic
reaction symptoms. Mice in the Model group and GA group showed
different degrees of allergic symptoms after the final sensitization
stimulation. To a certain extent, these results indicate that
intraperitoneal injection of PP solution with Al(OH), as an adjuvant
can successfully establish a BALB/c mouse model of peanut
allergy™”. As shown in Fig. 7, there was no significant difference in
allergic symptoms between the Model group and the 0% GA group
(P > 0.05). Specifically, four mice in each the Model group and 0%
GA group showed dyspnea and cyanosis of the mouth and tail, three
mice showed edema around the eyes, diarrhea, pilar erecti, reduced
activity and an increased respiratory rate. With the increase in GA
supplementation, the allergic symptom scores of the mice decreased,
and the extent of the allergic reaction was reduced. Compared with
the Model group (2.57), the average allergy symptom score of the
mice in the 8% GA group was reduced to 1.71, showing only grade
1 to 2 allergy symptoms. The allergy symptom score results showed
that the extent of the allergic reaction caused by PP combined with

GA was reduced.

Table 2
Proportions (%) of each secondary structure in PP and the PP-GA complexes
under high water extrusion conditions.

Group f-Sheet Random coil a-Helix S-Turn
PP 3236+0.18" 22.04+0.73°  2122+039°  24.71£0.29°
EPP 28.49+0.40%  2642+0.09°  17.15+£0.74° 2627 +0.16
EPP-2% GA  29.53+0.26°  2551+£0.42°  19.51+£0.34"  24.45+040°
EPP-4% GA  29.71+027°  24.54+038  21.58+036°  23.29+0.17°
EPP-6% GA  30.51+0.30° 24.42+0.04° 23.50+031°  22.46+0.38¢
EPP-8% GA  29.65+0.39° 2335+031¢  25.66+026"  21.34+0.38

Note: Different lowercase letters in same index indicate significant differences among all
groups (P <0.05).

4 -

w
1

\AAAS vvv v v

vy vYY  VVVVY T
YYVVY ¥www vgviv

vvyvv

Clinical score
o
 §

T T T T T T T
NS Modﬁ\ \:’?\:‘i??’l% CJEP?‘? _A% GE%?_()L]U G EA? P _%0]0 GA
Group

Fig. 7 Clinical allergy symptom scores of mice in each group (n = 7).
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3.7  Analysis of the mouse rate of body weight gain and
splenic mass fraction

Peanut allergy affects the body’s digestive functions and a
reaction could result the adverse effects of diarrhea, vomiting, and
constipation, thus affecting weight“”. The body weights of the mice
in each group were observed and recorded throughout the
sensitization period. As shown in Fig. 8, the weights of the mice in
each group increased steadily. The rates of body weight gain of the
mice in the NS group were 17.77%, 18.40%, 18.81%, 19.21% and
19.71% at days 7, 14, 21, 28 and 35, respectively, showing the highest
overall growth rate, while the rates of body weight gain of the mice in
the Model group were lower than those of the mice in the NS group
during the same period. These rates in the Model group were 17.66%,
18.03%, 18.36%, 18.69% and 19.00%, respectively, indicating that
these mice suffered from inflammation, decreased appetite or anxiety
due to peanut allergy, which reduced the body weight gain. The rate
of body weight gain in the GA group was between those in the NS
group and Model group. There was no significant difference in body
weight growth rate between GA groups (P > 0.05). It could thus be
inferred that mice that had received intraperitoneal injection of
PP-GA had a mild allergy, which had little influence on appetite and

digestive ability, resulting in a smaller change in weight!**.

20 *
A
—_ i// -
S 19 == =
2 = #
2 .=
= 2
5 181 =
- y a — NS
S '/ oo
=z 17T EPP-2% GA
/) EPP-4% GA
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Fig. 8 Weight gain of the mice in each group during the immunization
period (days 0-35). Significant differences between NS group and other
groups, *P < 0.05; Significant differences between Model group and other
groups, P <0.05.

As an important immune organ, the spleen plays a major
regulatory role in the immune response. When an antigen is present,
macrophages and lymphocytes in the spleen mount an immune
response and engulf the antigen, causing the spleen to swell.
Therefore, the spleen index can be used as an index to evaluate the
degree of sensitization*”. As shown in Fig. 9, compared with the NS
group (0.54%), the spleen index of the Model group mice was the
largest (0.68%), and this increase in the spleen index indicated that
the spleen produced an immune response to the antigen and that the
immune function in the animal was enhanced™. However, with the
increase in GA supplementation, the spleen indices of the mice
decreased gradually but remained higher than that in the NS group.
Within a certain range, with increasing GA content, the inhibitory
effect was more obvious. When the GA content was 8%, the spleen
index of the mice was 0.58%. These results showed that peanut
allergy could lead to splenomegaly in mice, while the presence of
GA could inhibit splenomegaly. Therefore, it could be inferred that

the combination of PP and GA can alleviate spleen enlargement
in mice.
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Fig. 9 Spleen index in mice in each group after the 35-day experimental
period (n =17).

3.8 Analysis of mast cells and basophils

During an immune reaction, mast cells in the mucosa or
connective tissue will degranulate under the stimulation of the
allergen, releasing HIS, heparin, interleukin and other bioactive
mediators”™!l. Basophilic particles can be stained with toluidine blue
to appear purple. As shown in Fig. 10, degranulation was not
observed in the NS group, but the Model group and GA group showed
degranulation to varying degrees. The degranulation of mast cells and
basophilic granulocytes was the highest and most obvious in the
Model group, indicating that untreated PP may produce higher
sensitization. With the addition of different amounts of GA, the
degree of aggregation of mast cells and basophils was significantly
reduced, and the proportion of aggregation was smaller with 8% GA.
These results indicated that GA could effectively inhibit the
degranulation of mast cells and basophils, and this effect was the best
when the amount of GA was 8%. The extent of degranulation caused
by the PP-GA complex is relatively small, so it could be inferred that
sensitization to the PP and GA complex formed under high moisture
extrusion conditions was lower than that to untreated PP that combining
PP with GA is an effective way to reduce sensitization to PP.

3.9 Physical analysis of intestinal and lung disease

Food allergies are related to defects in intestinal barrier function,
and when antigens cross the dysfunctional intestinal barrier, this leads
to mast cell recruitment, the production of specific IgE antibodies, the
secretion of T helper 2 cell (Th2)-related cytokines, and finally the
allergic reaction in the bodyP”. Therefore, observations of the
intestinal morphology could be used to indicate and evaluate
intestinal structure and function.

As shown in Figs. 11A,-Gy, the intestinal villi of mice in the NS
group were slender and tightly arranged, the intestinal mucosa

structure was complete, the lamina propria was abundant in columnar
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Fig. 10 Morphologies of mast cells and basophilic granulocytes in peritoneal lavage were observed under an optical microscope. (A) NS, (B) PP, (C) EPP,
(D) EPP-2% GA, (E) EPP-4% GA, (F) EPP-6% GA, and (G) EPP-8% GA.

and goblet cells, and no obvious inflammation was observed. In the
Model group, the intestinal villi were severely ruptured, blood cells
had infiltrated, the villi were atrophied and broken, and the number of
endothelial cells decreased. The intestinal wall of mice in the 0% GA
group was thickened and inflammation was more obvious, indicating
continued sensitization to PP after high water extrusion treatment;
however, the immune response caused by the allergy was reduced.
Moreover, the intestinal villi in the GA-supplemented mice were
broken to varying degrees, but the extent of damage to the jejunum
structure was reduced. Morphological analysis showed that PP-GA
could repair the structure and function of the intestinal barrier and
improve peanut allergy in mice.

As shown in Figs. 11A,-G,, the lung tissue structure in the mice
in the NS group was clear, and the bronchus was intact.
Endobronchial epithelium hyperplasia and thickening of the alveolar
septum were observed in the Model group. The immune phenomenon
in the lung bronchus in the 0% GA group was weaker than that in the
Model group. It could thus be inferred that PP sensitization decreased
under the action of high temperature, high pressure and mechanical
shear during extrusion. After the addition of GA, the alveolar interval

Fig. 11 Sections of the jejunum and lung were observed under an optical microscope. (A;-G,) Jejunum and (A,-G,) lung. (A) NS, (B) PP, (C) EPP,

and the degree of tissue damage was reduced in the mice, among
which the lung tissue structure of mice in the 8% GA group was the
most complete and clear. The results showed that the lung and
intestinal tissue damage caused by PP allergy was minimal when 8%
GA was added, and sensitization to PP could be reduced
most effectively.

3.10  Analysis of the specific antibodies IgE, IgG1 and IgG2a

Food allergy symptoms are mainly caused by specific IgE that
mediate the release of hypersensitive mediators from mast cells and
basophils’®. A specific antibody response is an indicator by which
allergen sensitization can be directly evaluated, while serum
immunoglobulin levels are the most commonly used indicators of the
degree of a specific antibody response®". As shown in Figs. 12A-C,
compared with the NS group, the serum-specific antibody content in
the mice in the Model group was significantly increased (P < 0.05).
The contents of IgE, IgG1 and IgG2a increased from 8.32 ng/mL to
10.52 ng/mL, 12.00 ng/mL to 16.57 ng/mL and 6.56 ng/mL to
8.69 ng/mL, respectively. The results were consistent with the

(D) EPP-2% GA, (E) EPP-4% GA, (F) EPP-6% GA, and (G) EPP-8% GA.
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Fig. 12 Changes in the levels of specific antibodies (IgE, IgG1, and 1gG2a), cytokines (IL-5, IL-13, and IFN-y) and HIS in the serum of mice in each group.
(A) IgE, (B) IgGl, (C) IgG2a, (D) IL-5, (E) IL-13, (F) IFN-y, and (G) HIS.

research of Yu et al.””, and the serum levels of specific antibodies
IgE, IgGl and IgG2a in BALB/c type mice were significantly
increased after epidermal sensitization (P < 0.01). However, the serum-
specific antibody content in the GA group was lower than that in the
Model group. Except for the 8% GA group, there were no significant
differences in the other GA groups (P > 0.05). Additionally, the serum
specific antibody content in the 8% GA group was the lowest, and the
contents of IgE, IgG1 and IgG2a were 8.59, 13.00 and 6.95 ng/mL,
respectively. Therefore, sensitization in the EPP-8% GA group was the
lowest. The ability of PP to bind specific antibodies is related to the
linear epitope and conformational epitope of the protein. The decreased
sensitization to the PP-GA complex may be due to the interaction
between GA and PP, which directly covers the binding sites of some
specific antibodies®™. Moreover, the addition of GA led to changes in
the secondary and tertiary structures of PP, and since the conformational
epitopes are related to the structure of PP, this affected the binding of PP
to specific antibodies, thereby reducing sensitization to PP.

3.11 IL-5, IL-13, IFN-y, and HIS content analysis

IL-5, IL-13, and IFN-y are Th2 cytokines that are involved in Th2
differentiation and IgE isomerization. IFN-y is a Thl cytokine that
causes IgG2a isoconversion””. As shown in Figs. 12D-F, the contents
of IL-5, IL-13 and IFN-y in the serum of mice in the NS group were
42.28 pg/mL, 87.08 ng/L and 857.89 ng/L, respectively; additionally,
the contents of cytokines in this group were very small, indicating
that the immune response of the mice in the NS group was very weak.
Compared with the NS group, the serum contents of IL-5, IL-13 and
IFN-y in the Model group were significantly increased (P < 0.05) to
54.43 pg/mL, 117.408 ng/L and 1 186.28 ng/L, respectively. This
showed that PP stimulated a severe immune response in these mice
and many related cytokines were secreted. The contents of serum
cytokines (IL-5, IL-13, and IFN-y) in the GA group were significantly
lower than those in the Model group (P < 0.05). These results showed

the following: 1) the extent of the immune response induced by PP
after high water extrusion is relatively mild, that is, high water
extrusion treatment could reduce PP sensitization to a certain extent,
possibly because the IgE binding epitope of the sensitized protein was
destroyed”; and 2) the combination of PP and GA can effectively
inhibit the release of cytokines and reduce sensitization to PP. As the
GA concentration increased from 0% to 8%, the serum cytokine
content in mice showed a generally decreasing trend. When the GA
supplementation was 8%, the contents of IL-5, IL-13 and IFN-y were
reduced by 18.81%, 19.43% and 23.82%, respectively, compared
with those in the Model group.

HIS in serum is mainly produced by mast cells and basophil
degranulation and can reflect the severity of an allergic reaction™”. As
shown in Fig. 12G, there was a significant difference in HIS content
in serum between the NS group and Model group (P < 0.05), giving
values of 19.47 and 25.75 pg/L, respectively. The HIS content in
serum in the GA group was lower than that in the Model group, and as
the GA content increased, the HIS content gradually decreased.
When GA supplementation reached 8%, the HIS content in the
serum of mice was 20.45 pg/L, and there was no significant
difference between this group and the NS group (P > 0.05). The
results showed that GA could inhibit the release of HIS in mice, and
as more GA was added in the range of 0% — 8%, the stronger the
inhibition was. Therefore, it can be inferred that PP combined GA
could reduce sensitization to PP.

4. Conclusion

After BALB/c mice were intraperitoneally injected with the PP-
GA complex with a GA concentration of 8%, the contents of serum
specific antibodies (IgE, IgGl, and IgG2a) were 8.59 ng/mL,
13.00 ng/mL and 6.95 ng/mL, respectively. Additionally, the release
of cytokines (IL-5, IL-13, and IFN-y) and HIS decreased by 18.81%),
19.43% and 23.82%, respectively. Moreover, the average allergy
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symptom score of these mice dropped to 1.71, and the aggregation of
mast cells and basophils was significantly reduced. In addition, this
group of mice also had the least damage to their spleen, intestinal and
lung tissues. Sensitization to PP after treatment with EPP-8% GA was
the lowest, which is due to the interaction between PP and GA under
high moisture extrusion conditions, which increases the content of
free sulfhydryl groups, decreases the number of disulfide bonds, and
changes the PP secondary structure from random coils/f-turns to
more a-helices/f-sheets. Our results indicate that high moisture
extrusion of PP combined with GA is a feasible and effective method to
reduce PP sensitization, which is of great significance when studying
reducing PP sensitization with plant polyphenols.
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