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Abstract

BACKGROUND: This study aimed to investigate the reduction in the potential allergenicity of soymilk, and its rheological
properties, after fermentation with Lactobacillus. Soymilk (SM) was fermented with Lactobacillus brevis and Lactobacillus
sp. The molecular weight of fermented soymilk (FSM) was characterized using sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE), and the potential allergenicity of FSM was analyzed using enzyme-linked immunosorbent assay
in vitro and the BALB/c mouse model to detect changes in histamine, mouse mast cell protease-1 (mMCP-1), allergen-specific
IgG/IgE, and cytokine levels and histomorphology of jejunum in vivo.

RESULTS: The SDS-PAGE and enzyme linked immunosorbent assay (ELISA) showed that allergens of soybean (𝜷-conglycinin and
acidic subunit of glycinin) were almost degraded, and their immunoreactivity was decreased. In the BALB/c mouse model, the
FSM group did not show anaphylactic shock symptoms compared with the SM group. Moreover, a tendency toward decreased
serum allergen-specific IgG/IgE levels, plasma histamine levels, and mMCP-1 concentrations was observed in the FSM group.
Furthermore, Th2-related cytokines were decreased, while IFN-𝜸 production increased in spleen cell cultures. The intestinal villus
was slightly damaged after the challenge. All these findings indicated that the Th1/Th2 balance in the FSM group shifted toward
a Th1 response, ultimately reducing the potential allergenicity of FSM. Rheological assessment suggested that FSM has good
viscous and pseudoplastic properties.

CONCLUSION: Fermentation might be a promising method for producing tasty, hypoallergenic soybean products.
© 2019 Society of Chemical Industry
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INTRODUCTION
Soy foods produced from soybean seeds, such as soymilk (SM)
and tofu, have been traditional foods in East Asia for a long
time. The consumption of SM, which is traditionally processed
through soaking, grinding, filtering, and heating,1,2 has greatly
increased as it provides an excellent source of proteins.3 How-
ever, as a raw material for food, soybean seeds are not widely
used in Western countries. Some consumers dislike the unpleas-
ant odor and ‘grass/bean’ flavor, and some prefer a bland or neu-
tral flavor from bean products.4 Soybean is also a major aller-
genic food for humans and animals. It is included in the list of
the ‘Big Eight’ allergenic foods.5 Allergic individuals who consume
soybean-containing foods may experience several immunological
symptoms, including urticaria, rhinitis, pruritus, asthma, anaphy-
lactic shock, and even death.6 An epidemiological survey showed
that approximately 0.5% of the general population, 0.4%–3.1% of
the referred population, and 12.9% of allergic children are allergic
to soybean products.7

So far, the only way to prevent food allergies is complete avoid-
ance of the offending food. Recently, the need to control soy-
bean allergy by processing treatments rather than avoidance
has promoted the development of new technologies,8 including
physical,9 chemical,10 and biological treatments.11 Fermentation is

a traditional processing technology in the food industry. Previous
studies have shown that fermentation can improve the bioavail-
ability of nutrients and reduce pathogenic bacteria in the gastroin-
testinal tract. It is also assumed that the allergenicity of the product
may be reduced by fermentation. Shiu et al.12 found that the con-
tent and profile of free amino acids in B. subtilis E20 fermented
soybean meal are respectively higher and better compared with
those in soybean meal and that the fermented soybean meal is a
good substitute for fish meal in feed. The content of Enterobacte-
riaceae in the intestine of pigs that were fed with fermented feed
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was significantly lower than in those fed with dry feed.13 Further-
more, Shi et al.14 found that fermentation with Lactobacillus casei
can effectively decrease the antigenicity and allergenicity of milk
proteins.

Recently, many studies have reported that SM fermented with
lactic acid bacteria has high nutritional value and is beneficial
to consumers due to its hypolipidemic, anti-atherogenic, and
anticancer properties.15 Despite the fact that fermented soymilk
(FSM) has several benefits for consumers, it has not yet been
widely accepted due to its beany flavor, rigid, and rough texture,
and potential allergenicity. Daisuke15 found that the addition of
L-valine to SM can control the metabolic flux of Streptococcus ther-
mophilus and reduce the amount of diacetyl, which was responsi-
ble for the unpleasant smell in FSM. In another report, the unpleas-
ant smell in FSM was reduced after soaking soybeans in NaHCO3.16

In terms of the texture of FSM, Peng et al.1 found that blanching at
temperature above 70 ∘C can result in a soft and weak SM gel.

As far as we are aware, only a few studies have focused on reduc-
ing the allergenicity of SM by using Lactobacillus. In addition, var-
ious Lactobacillus strains and fermentation conditions can influ-
ence the reduction of the allergenicity of FSMs. In our previous
study, we found that the immunoreactivity of SM was related to
the molecular weight (MW) of the SM protein. Song et al.17 also
suggested that hydrolyzed and fermented soy ingredients show
negligible immunoreactivity if the MW of the SM protein is less
than 20 kDa. We proposed that fermentation conditions should be
based on the analysis of percentage of total protein content with
a MW below 20 kDa in hypoallergenic FSM.

This research aimed to evaluate the allergenicity of FSM in vitro
(inhibition enzyme-linked immunosorbent assay – ELISA) and in
vivo (BALB/c animal model) via liquid state fermentation of SM
using Lactobacillus brevis (China Center of Industrial Culture Col-
lection (CICC) 23 474) and Lactobacillus sp. (CICC 23470) (specific
to growth in soymilk). Meanwhile, the rheological properties (rhe-
ological parameters and flow behaviors) were also analyzed.

MATERIALS AND METHODS
Materials
Soybean (Dong Nong 48) was provided by the Key Laboratory of
Soybean Biology at the Ministry of Education, Northeast Agricul-
tural University, China. Lactobacillus brevis CICC 23474 and Lacto-
bacillus sp. CICC 23470 were purchased from CICC. Polyclonal rab-
bit anti-soybean sera (IgG) were procured from Sigma-Aldrich (St
Louis, MO, USA). Horseradish peroxidase (HRP)-labeled mouse IgG,
IgG1, and IgE antibodies were also procured from Sigma-Aldrich
(St Louis, MO, USA). The sera containing specific IgE antibodies
against soybeans were collected from eight patients admitted to
the First Affiliated Hospital of Guangxi Medical University (Nan-
ning, China). The serum sample collection was approved by the
internal ethical committee of the hospital.

Preparation and fermentation of SM
Soybeans were soaked in deionized (DI) water at room temper-
ature overnight. Then, they were ground with an Oster blender
(1:6 w/v DI water) for 5 min and filtrated through 400 mesh filters.
The filtrate was termed raw SM, and the raw SM was boiled for
5 min to form SM. Fermentation conditions were as follows: inoc-
ulation amount, 1:24 (v/v); ratio of Lactobacillus brevis CICC 23474
to Lactobacillus sp. CICC 23470, 3:2; fermentation temperature, 33
∘C; and fermentation time, 24 h.

The pH values of all defatted SM and fermented samples (1:15,
w/v, N-hexane, 4 ∘C, 4 h) were adjusted to 8.0 with 1 M NaOH.
The samples were then mixed with a twofold volume of Tris–HCl
(0.05 M, pH 8.0), and the resulting slurry was stirred for 4 h. The
supernatant containing the extracted soy proteins was obtained
by centrifugation (9000×g, 30 min) at 4 ∘C. This procedure was
repeated twice. The proteins were lyophilized for further analysis.

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE)
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis was
performed using a Mini-PROTEAN system (Bio-Rad Laboratories,
Hercules, CA, USA) with 12% separating gel and 4% stacking gel.
The peptides with low MW were analyzed using tricine-SDS-PAGE
with 4%, 10%, and 16.5% acrylamide. The gels were immersed in
a fixative solution containing ethanol, acetic acid, and water (4:1:5,
v/v/v) for 30 min.18

The gel was stained with Coomassie Brilliant Blue (R-250)
and destained with destain buffer (acetic acid: methanol: water
=3:2:31, v/v). Subsequently, the gel was scanned using a SQ-GS800
scanning densitometer (Bio-Rad Laboratories, USA). The band
intensity was calculated using Quantity One (Bio-Rad Laborato-
ries, USA).

ELISA
The IgG- and IgE-binding capacity of SM and FSM proteins were
assessed through competitive inhibition ELISA, as previously
reported, with few modifications.19 In brief, the native SM protein
was coated (2 and 10 μg/mL for IgG and IgE tests, respectively,
100 μL per well) in carbonate buffer overnight at 4 ∘C. For the com-
petitive proteins, 60 μL/well of samples (1, 2, 5, 10, and 20 μg/mL
for IgG-binding; 20, 40, 80, 160, and 320 μg/mL for IgE-binding)
was mixed with 60 μL/well of rabbit anti-soybean sera (diluted
1:5000, for IgG binding test) or soybean-allergic patients’ serum
pool (diluted 1:10, for IgE binding test). For the IgE binding
test, HRP-conjugated streptavidin (diluted 1:60) was also added.
The reaction was developed in 100 μL of substrate solution of
o-phenylenediamine. Afterward, the reaction was terminated
with the addition of 2 mol L−1 H2SO4. Absorbance was read with a
microplate reader (Bio-Rad Laboratories) at 490 nm.

Animals
All animal-use protocols were previously reported by Meng et al.20

Twenty-four female BALB/c mice, which were bred for two gener-
ations with a soybean-free diet, were used in this study. Eight ani-
mals were housed in a stainless-steel cage, and room temperature
was controlled at 25± 2 ∘C, humidity was 40–60% with a 12 h/12 h
light / dark cycle. Animals used in this study were approved by the
Animal Care Committee of Nanchang University under the guide-
lines for the care and use of laboratory animals (NIH Publication
No. 86–23, Revised 1996).

Oral sensitization and challenge of mice
The sensitization and challenge of mice were based on the stud-
ies by Yang et al.21 and Meng et al. with slight modification.
Briefly, 10 mg of proteins was homogenized in 100 μL of phos-
phate buffered saline (PBS) and mixed with 10 μg of cholera toxin
(Sigma-Aldrich, St Louis, MO, USA) as an adjuvant (n = 8 per group).
On day 35, the mice were orally challenged with 50 mg of proteins
(100 μL). Then, 40 min after the final challenge, allergic or anaphy-
lactic symptoms were monitored using a validated anaphylactic

wileyonlinelibrary.com/jsfa © 2019 Society of Chemical Industry J Sci Food Agric 2019; 99: 6841–6849
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Table 1. Anaphylactic symptom scoring

Score Symptoms

0 No symptoms
1 Scratching nose and mouth
2 Swelling around the eyes and mouth; pillar erection;

reduced activity; high breathing rate
3 Shortness of breath; blue rash around the mouth and tail;

higher
breathing rate

4 No activity after stimulation, shivering and muscle
contractions

5 Death by shock

scoring table (Table 1). Blood samples and mouse spleens were
then collected to measure the following biomarkers: immunoglob-
ulins, cytokines. More specific instructions are shown in Fig. 1a.

Soybean-specific immunoglobulins
The soybean-specific serum levels of IgE, IgG, IgG1, and IgG2a
were measured using ELISA. Briefly, SM proteins (8 μg/mL) were
incubated in carbonate buffer. The sera of mice were then diluted
to analyze of specific IgE (1:10), IgG (1:100), specific IgG1 (1:40) and
IgG2a (1:40). Then, HRP-labeled goat anti-mouse IgE, IgG, IgG1,
or IgG2a (1:5000) antibodies were added to the plate, and the
reaction was developed.

Measurement of morphological structure of duodenum
The mice were slaughtered, 5 cm segments of the duodenum
were removed immediately. After fixed with paraformaldehyde
(40 g/kg), stained with hematoxylin and eosin, then the duodenum
was subject to a standard histological protocol.

Figure 2. (a) SDS–PAGE profiles of soymilk, b Tricine-SDS-PAGE profiles of
fermented soymilk, M: molecular mass markers; SM: soymilk protein; FSM:
fermented soymilk protein.

Mouse mast cell protease-1 (mMCP-1) levels
The content of mMCP-1 was measured using an ELISA kit (eBio-
science, San Diego, USA). Mouse serum was collected after 30 min
of challenge, and the operations were carried out according to the
manufacturer’s instructions.

Figure 1. Oral immunization of BALB/c mice with SM or FSM. (a) Experimental scheme. BALB/c mice were sensitized weekly by intragastric gavage with
SM or FSM using CT as adjuvant. Control group received CT only. (b) Score of hypersensitivity symptoms. The symptoms of hypersensitivity were scored
on a scale from 0 (no symptoms) to 5 (death).

J Sci Food Agric 2019; 99: 6841–6849 © 2019 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Figure 3. IgG a and IgE b binding ability of SM, heated SM, and FSM.

Cytokine levels
Splenic cell culture was based on the studies by Yang et al.22 Briefly,
each well was inoculated with 2× 106 cells (24-well plate), and then
PBS, SM, and FSM (50 mg/mL) were added to be incubated with
splenic cells for 72 h (37 ∘C and (CO2:air = 1:19, v/v)). Subsequently,
the supernatants were collected after centrifugation. The content
of Th 1 (IFN-𝛾) and Th 2 (IL-4, IL-5, IL-10, IL-13) cytokines were
measured through ELISA kits (eBioscience, San Diego, USA).

Plasma histamine levels
Plasma histamine levels were assessed with the ELISA kit
(Demeditec Diagnostics GmbH, Germany) after mouse plasma
was collected. All the operations were in accordance with the
manufacturer’s protocol.

Rheological measurements
The rheological properties of SM were measured using a
controlled-stress rheometer (DHR-2, TA, USA), as previously
reported, with a few modifications.23

Modulus (G′, G′′) was obtained using an oscillatory frequency
sweep test at a 100 mm gap oscillatory frequency varying from
0.01 Hz to 10 Hz at a constant strain of 0.1% to ascertain viscoelas-
tic properties. Shear rate sweep was used to assess the flow behav-
ior of FSM (upward curve: shear rate from 0/s to 100/s, downward
curve: shear rate from 100/s to 0/s). The power law or Ostwald-de
Waele model was used for the flow behavior data and is repre-
sented by the equation:

𝜂a = 𝜏∕𝛾 = k𝛾n−1

wileyonlinelibrary.com/jsfa © 2019 Society of Chemical Industry J Sci Food Agric 2019; 99: 6841–6849
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(a) (b)

(c)

(e)

(d)

Figure 4. mMCP-1a and plasma histamine b levels of mice among different exposure groups c Specific IgG, IgG1, IgG2a and IgE levels of the sera responses
in nonsensitized mice d IL-4, IL-5, IL-10, IL-13, e IFN-𝛾 secreted by the cultured spleen cells from mice treated with PBS, SM and FSM. *Significant difference
at P< 0.05, ** significant difference at P< 0.005, *** significant difference at P< 0.001.

J Sci Food Agric 2019; 99: 6841–6849 © 2019 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Figure 5. Morphological structure of jejunum in mice treated with PBS a, SM b and FSMc group (HE, 200×).

where 𝜂a is the apparent viscosity (Pa s), 𝜏 is the shear stress (Pa), 𝛾
is the shear rate (s−1), k is the consistency index (Pa sn), and n is the
flow behavior index.

Statistical analysis
Data were presented as means ± standard deviations (SD), and
were processed by Statistical Package for the Social Sciences 22.0
software (SPSS, Inc., Chicago, IL, USA). One-way ANOVA and Dun-
nett’s multiple comparison test were used to assess the differences
between groups. Differences were considered statistically signifi-
cant at P < 0.05.

RESULTS AND DISCUSSION
SDS-PAGE profile of FSM
The SDS-PAGE and tricine-SDS-PAGE patterns of FSM protein are
shown in Figs 2a and b, respectively. The SDS-PAGE patterns
indicated that almost all high-MW proteins in soybean includ-
ing 𝛽-conglycinin and acidic subunits of glycinin, considered to
be major allergenic proteins, were hydrolyzed to small peptides
(Fig. 2a). In tricine-SDS-PAGE, the patterns also showed that FSM
protein was almost hydrolyzed by protease into small peptides
with MW ranging from 3.4 kDa to 30 kDa, accounting for 56.5%
of the total protein. Meanwhile, the peptides with MW less than
20 kDa accounted for 45.6%. A new band with 32 kDa MW in the
lanes can be identified as a fragment of high-MW protein. More-
over, there was a slight change in the basic subunits of glycinin, and
this phenomenon was also observed in the study by Meinlschmidt
et al.24 Govindaraju and Srinivas25 concluded that acidic subunits
are more likely to undergo enzymatic hydrolysis than alkaline
subunits. The reduction of cleavage may be due to the more
hydrophobic amino acids in alkaline subunits, which formed resis-
tant hydrophobic core and make it difficult to hydrolyze. As with
the results of enzymactic hydrolysis, the fermentation exerted a
smaller effect on the basic subunits of glycinin than its acidic sub-
units.

Immunoreactivities of FSM
The effects of heating combined with fermentation on the
immunoreactivities of SM were investigated. Native SM exhibited
the highest IgG-binding inhibition curve, and heat treatment low-
ered the curve. By contrast, FSM showed the lowest IgG-binding
inhibition curve. The IC50 values of native and heated SM were
0.76 and 18.26 μg/mL, respectively (Fig. 3a). The IC50 value of
FSM was higher than that of heated SM. These findings were also
observed in IgE-binding, and the IC50 values of native, heated, and
FSM were 36.15, 62.67, and 294.93 μg/mL, respectively. The results

suggested that the IgG- and IgE-binding capacity of SM could be
reduced to some extent by thermal denaturation. However, ther-
mal denaturation is not the best processing method to reduce the
immunoreactivities of SM because the denaturation temperature
of soybean protein is high.26

The immunological characteristics of allergens are closely
related to the structure of proteins. Alterations in allergenicity
are based on changes in protein structure, especially in allergenic
epitopes. After being heated, the structure of SM protein was
unfolded, and some critical epitopes were destroyed, leading to
a reduction in SM immunoreactivities. Moreover, the denatured
proteins could be hydrolyzed or modified by the protease pro-
duced from the metabolism of lactic acid bacteria, and several
epitopes were destroyed during fermentation. Fermented soymilk
therefore showed the lowest immunoreactivities among the sam-
ples, and it can be speculated that fermentation could reduce the
potential allergenicity of SM.

Anaphylactic shock score
After challenging with corresponding proteins (SM, FSM) or PBS,
the symptoms of anaphylactic shock were observed in Fig. 1b.
Eight mice in SM group showed anaphylactic shock symptoms
(median score 2, P < 0.001 compared with PBS mice), which indi-
cated that the allergic response was induced when the mice were
sensitized to SM. Moreover, FSM group showed a relatively mild
anaphylactic shock symptom, and there was no significant differ-
ence between the FSM and PBS groups.

Release of bioactive medium
There was a significantly increased trend in plasma histamine lev-
els in the SM group when compared with the PBS group at 30 min
after the challenge. This suggested that SM activated the effector
cells. Interestingly, the content of plasma histamine was dramat-
ically decreased in the FSM group, which was reduced by 78.83%
compared with the SM group, while there was no significant differ-
ence between the PBS and the FSM group (Fig. 4a). Furthermore,
serum mMCP-1 was measured as another marker, which could
indicate allergen-induced activation of mast cells (Fig. 4b). A sim-
ilar trend was observed between histamine and mMCP-1 levels.
The SM group exhibited higher serum mMCP-1 levels than the PBS
group (P < 0.001). The serum mMCP-1 levels were lower in mice
orally challenged with FSM than those with SM (42.71%, P < 0.05).
The results suggested that FSM exerts an inhibitory effect on the
development of allergic clinical manifestations, which was consis-
tent with the observed anaphylactic shock symptoms.

In food allergy, the specific IgE binds to the high-affinity IgE
receptor (Fc𝜀RI) and cross-links with allergens in mast cells, thereby

wileyonlinelibrary.com/jsfa © 2019 Society of Chemical Industry J Sci Food Agric 2019; 99: 6841–6849



6847

Reducing the allergenicity of soymilk after fermented by Lactobacillus www.soci.org

(a)

(b)

(c)

Figure 6. Frequency sweeps of fermented soymilk at 0, 7, 14, 21 days of
storage at 4 ∘C.) G′ = storage, G′′ = loss modulus and tan 𝛿 = G′/G′′ .

triggering the degranulation of effector cells. Subsequently, his-
tamine, mMCP-1, and various proteases are released, which causes
allergic symptoms.27 When the sensitized mice were challenged
with FSM, the serum mMCP-1 concentrations decreased compared
with those of the SM group, indicating that FSM might alter the
activation and function of mast cells. Moreover, as another marker
of effector cells, basophils play a key and non-redundant role in

the immune system, representing less than 1% of peripheral blood
leukocytes.28 Histamine is another marker of allergen-induced cell
activation, and the level of histamine can indicate the activation of
mast cells and basophils. The FSM group had a lower content of his-
tamine than SM group, which suggested that histamine released
from the activated mast cells or basophils was consistent with the
weaker systemic allergic symptoms.

Allergen-specific immunoglobulin levels
The levels of serum-specific IgE, IgG, IgG1, and IgG2a against SM
were measured (Fig. 4c). The SM group generated a significantly
higher IgG (P < 0.001) and IgE (P < 0.01) response compared with
the PBS group. In the FSM group, a significant increase in IgG and
IgG1 levels (P < 0.001) was observed, while the level of IgE was
decreased. For IgG2a, a slight increase was found in the SM group,
and the content of IgG2a significant increase in the FSM group
(P < 0.05).

Previous studies have shown that both IgE and IgG are involved
in an allergic reaction in murines. BALB/c mice sensitized with
soybean proteins by gavage could produce high levels of IgE and
IgG antibodies.29 Similarly, a significant increase in specific IgE
and IgG levels was observed in mice that were orally sensitized
with soybean proteins. After SM was fermented, the IgE level was
decreased. The analysis of the subclasses of IgG antibodies showed
that the increase in IgG level was mainly due to the increase
in IgG1. Our result is consistent with Chin et al.’s results: when
the mice were subjected to FSM, IgG1 and IgG2a levels were
increased.30 In addition to the induction of specific IgE and IgG,
the IgG1 isotype is also important to evaluate the allergenicity of
animal models. Combine the results of specific immunoglobulin,
it implied that fermentation led to a change of immune response
to SM.

Cytokine production in splenic cells
To determine whether FSM can alter the production of cytokines
in the immune response, the content of Th1-related (IFN-𝛾) and
Th2-related cytokines (IL-4, IL-5, IL-10, and IL-13) was analyzed.
As shown in Fig. 4d, the levels of IL-4, IL-5, and IL-13 secreted
by Th2 cells were significantly increased in the SM group (IL-4,
IL-5, P < 0.001; IL-13, P < 0.01) and significantly decreased in the
FSM group (IL-4, IL-5, P < 0.001; IL-13, P < 0.01) compared with the
control (PBS) group. However, IL-10 showed an opposite trend.
The levels of IL-10 in the FSM group were significantly increased.
On the other hand, the level of IFN-𝛾 in the FSM group (Fig. 4e)
was significantly higher than that of SM group, and there was
significant difference compared with the control group (P < 0.001).

IL-10 exerted a regulatory effect on inflammation, which might
be attributed to the reduction of specific IgE. This observation is
consistent with the increased levels of IL-10 in the FSM group. This
finding led us to speculate that IL-10 is not derived from Th2 cells
but from Th1 cells or regulatory T cells. O’Garra31 also reported this
hypothesis.

As far as we are aware, IL-4, IL-5, and IL-13 are Th2-related
cytokines and induce the growth and differentiation of B cells.
Given that soybean allergy is mainly mediated by IgE hypersensi-
tivity reactions of Th2-related cytokines, these cytokines are the
key factors in the sensitization and effector stages of the aller-
gic inflammatory reaction.32 In the sensitized mice, FSM inhib-
ited the production of IL-4 but induced high levels of IL-10 and
IFN-𝛾 , which was consistent with the study by Velez et al.33 IFN-𝛾
can promote the maturation of B-lymphocytes and production

J Sci Food Agric 2019; 99: 6841–6849 © 2019 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Table 2. Flow behavior of fermented soymilk

up down

Samples 𝜅(Pa.sn) n R 𝜅(Pa sn) n R

FSM 0 day 6.87 ± 0.017b 0.359 ± 0.009d 0.9941 7.89 ± 0.02c,d 0.326 ± 0.008c 0.9977
FSM 7 day 9.28 ± 0.072a 0.343 ± 0.009a 0.9872 12.19 ± 0.06d 0.327 ± 0.006c 0.9975
FSM 14 day5.85 ± 0.049c 0.414 ± 0.021b 0.9234 9.79 ± 0.206b 0.376 ± 0.003a 0.9976
FSM 21 day5.62 ± 0.101d 0.451 ± 0.003c 0.9433 8.50 ± 0.187a 0.369 ± 0.005a 0.9974

Means in the same row with different small letter superscripts are significantly different.

of IgG2a. As FSM can reduce IgE synthesis and increase IgG syn-
thesis, it can shift the Th1/Th2 balance toward Th1 by regulat-
ing B cells to produce IgG instead of IgE. Dong et al.34 also found
that the allergen-specific IgG2a and IFN-𝛾 increased and IgE levels
decreased after the immunomodulating properties of the antigen
were modified.

Morphological structure of jejunum
As shown in Fig. 5, the intestines of the SM and FSM groups
were damaged, and focal necrosis and exfoliation of villus were
observed in the jejunum compared with the PBS group. However,
the mice in the FSM group exhibited relatively mild symptoms, but
there was a certain degree of atrophy of intestinal villus compared
with that in the PBS group.

In parallel with the increased concentration of histamine and
mMCP-1, however, the epithelium was less damaged by FSM,
suggesting that FSM led to a weaker immune reaction than
SM. This phenomenon may be explained by the downregula-
tion of mast cell activation, thus reducing epithelial permeability,
which decreases the Th2-type inflammatory responses that might
result in an intermediate- or late-phase response in food allergy.
Yang et al.21 and Watanabe et al.35 observed similar morphological
changes in animals with food allergy.

Rheological measurements
Storage modulus (G′), loss modulus (G′′), and loss tangent (tan
𝛿 = G′/G′′) for the samples during cold storage are represented
in Fig. 6. G′ and G′′ are measured to characterize the degree of
solid-like and liquid-like characteristics of a gel, respectively.36 The
FSM showed weak gel-like and dominant elastic properties (G′ was
higher than G′′ with tan𝜃 less than 1, Fig. 6c).37 The differences in
storage modulus reflected the gelation characteristics of various
FSMs. The values of G′ during the storage time were higher than its
initial value (day 0), and the highest value was observed at 14 days,
which then decreased, indicating that gel strength changed along
with storage time. Donkor et al.23 also measured the value of G′

in set-type soy yogurt, and their results were consistent with our
study. The increased values during storage time may be due to
the change in pH. As the pH decreases during storage time, the
negative charge of the denatured protein is neutralized, which
reduces the electrostatic repulsion between protein complexes;
then, the structure of the gel becomes harder.38 Furthermore, the
soy protein subunit composition also contributed to the changes
in G′. Nik et al.39 found that G′ is related to the soy protein subunit
composition and that its value increases with the absence of
subunits. For this situation, we can speculate that the soy protein
subunits (almost all 𝛽-conglycinin and acidic subunits of glycinin,
Fig. 2a), which are regarded as major allergens, were hydrolyzed
to small peptides along the increase of the G′ values (Fig. 6).

For the flow behavior, the values of parameters n, k, 𝛾 , and 𝜂a

are presented in Table 2. The experimental data fitted well with the
power law with R2 values ranging from 0.92 to 0.99 for the ascend-
ing curves and 0.99 for the descending curves. High k values
and low n values (n< 1) indicated that the products were viscous
and had pseudoplastic properties (Table 2). A similar rheological
behavior was reported by Donkor et al.23 in set-type soy yogurt.
Similar to the G′ values, the values of k shared the same trend
in the ascending and descending curves. The highest values of
k were observed at 7 days, which then decreased. A high consis-
tency index value may be attributed to the metabolic activity of
probiotic organisms, which contributed to greater pseudoplastic
properties of the newly formed gels. Furthermore, changes were
observed as the number of probiotic organisms increased in the
early days of storage. This finding suggested that the allergenic-
ity of FSM might decrease during the storage time. Unfortunately,
we failed to measure the allergenicity of FSM at the end of storage
time. Our findings contradicted those of Bueno and Garcia-Cruz40

and Charles,41 who reported that the microorganism contribution
in fermented broths was insignificant.

CONCLUSION
In the present study, the allergenicity of FSM both in vitro and in
vivo was assessed. Fermented soymilk exhibited low immunore-
activities in vitro. In the animal model, FSM also presented a low
potential allergenicity in vivo, suppressing serum-specific IgE anti-
body and plasma histamine levels and mast cell activation and
slightly damaging the morphological structure of the jejunum.
Moreover, FSM shifted the Th2/Th1 balance toward a Th1-type
response relative to the response against native SM. These findings
suggested that FSM has the potential to be a safe food for individ-
uals at risk of soybean allergy. However, the clinical relevance of
these findings still needs to be confirmed by further research – for
example, controlled human challenge studies. The rheological
properties of FSM were also measured. FSM showed a clear gel-like
behavior and had viscous and pseudoplastic properties and there
was no difference between FSM and set-type soy yogurt.
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