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Abstract: The functional  components  known as  milk  oligosaccharides  are  crucial  in  the  milk  of  diverse  animals.  Increasing  evidence  of
immunomodulatory effects of milk oligosaccharides suggests that they may have some therapeutic potential in allergy. Here, we assess the
effect  of  3′-sialyllactose  (3′-SL)  on  symptomatology  and  immune  responses  in  a β-lactoglobulin  (β-Lg)-sensitized  mouse  model  of  food
allergy. Furthermore, 3′-SL mixed with 2′-fucosyllactose (2′-FL) at weight ratios of 1:6 and 1 000:1 to explore whether they had a synergies
effect  on  alleviate  sensitization.  The  results  showed  that  3′-SL  and  the  mixture  of  3′-SL  and  2′-FL  can  regulate  immune  response  and
intestinal homeostasis. The intervention of 3′-SL and its mixture with 2′-FL can alleviate the symptoms of dermatitis, significantly reduce
the serum specific-immunoglobulin (Ig) E (s-IgE) and specific-IgG1 (s-IgG1) levels (P < 0.05), reduce the accumulation of mast cells in the
jejunum and maintain the diversity of the intestinal flora.  3′-SL could alleviate sensitization in a dose-dependent manner, and 3′-SL and
2′-FL have a synergies effect in reducing allergy. This study presented here opens the possibility that 3′-SL and the mixture of 3′-SL and
2′-FL in the form of nutritional ingredients could be used as adjuncts to existing treatment approaches to relieve food allergy in infants.
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1    Introduction
Oligosaccharides,  one of  the  most  important  components  of  milk,
are oligomeric carbohydrates consisting of 2 to 10 monosaccharides
linked  by  glycosidic  bonds[1].  Human  milk  oligosaccharides
(HMOs) are the third most abundant nutrient in human milk, with
concentrations of 20–23 g/L in colostrum and 12–14 g/L in mature
milk[2].  Although  soluble  oligosaccharides  are  not  unique  to  breast
milk  and  are  found  in  the  milk  of  almost  all  mammals,  their
content varied from species to species. The oligosaccharide content
of  bovine  milk  was  lower  than  that  of  human  milk,  with
oligosaccharide  concentrations  of  1–2  g/L  and  0.05  g/L  in  human
colostrum  and  mature  milk  respectively[3] and  0.03–0.06  g/L  in
bovine mature milk. Despite of the differences in the total amount
of  oligosaccharides,  there  are  also  differences  in  specific  types  of
milk  oligosaccharides  between  species.  In  our  previous  study,  30,
42,  32,  34  and  35  types  of  oligosaccharides  were  found  in  bovine,
caprine, ovine, camel and human milk, with camel milk having the
highest number of common oligosaccharides with the most closest
abundance  with  human  milk[4].  However,  human  milk  is  rich  in
2′-fucosyllactose  (2′-FL),  whereas  camel  milk  is  rich  in
3′-sialyllactose (3′-SL) and the ratio of 2′-FL and 3′-SL was the most
different between camel (1:1 000) and human milk (6:1)[4].

Milk  oligosaccharides  have many potential  health  benefits,  such
as  influencing  host–microbe  interactions  and  immune  system
regulation.  The vast  majority of  undigested HMOs reach the large
intestine,  where  they  provide  selective  substrates  for  specific

intestinal  bacteria,  modulate  the  immune  system  and  prevent
epithelial  adhesion  of  intestinal  pathogens.  For  example,  HMOs
have been shown to promote the growth of beneficial bifidobacteria
in  the  intestinal  tract  and prevent  pathogen adhesion[5−6].  Intestinal
bacteria  can  act  directly  or  indirectly  on  the  immune  system  by
stimulating  natural  immunity  and  controlling  inflammatory
responses,  as  well  as  by  inducing  adaptive  immune responses  and
tolerance  to  the  environment.  At  the  same  time,  HMOs  directly
strengthen  the  intestinal  epithelial  barrier  and  enhance  Th1  and
Th17 cell effector responses[7]. In addition, milk oligosaccharides are
believed  to  be  beneficial  for  brain  development  and  cognitive
improvement  function.  Sialic  acid  in  milk  oligosaccharides  had
been reported to function in brain development and improves the
function  of  the  cognitive  system[8].  Oral  administration  of  2′-FL
alone  was  also  found  to  enhance  cognitive  performance  in  both
childhood and adulthood of rat model[9].

In  addition,  milk  oligosaccharides,  as  a  kind  of  functional
ingredient to which infants are initially exposed, have been proven
to  have  the  potential  to  attenuate  allergic  reactions.  For  example,
oral treatment with 2′-FL and 6′-sialyllactose (6′-SL) could alleviate
anaphylactic  symptoms  induced  by  oral  ovalbumin  challenge  in
sensitized  mice[10].  Li  et  al.[11] showed  that  2′-FL  could  reduce  the
expression of pro-inflammatory factors interleukin 6 (IL-6), tumor
necrosis factor α (TNF-α) and interleukin 1β (IL-1β) in mRNA and
protein  levels  by  inhibiting  the  toll-like  receptor  4  (TLR4)/nuclear
factor  κB  (NF-κB)  pathway  and  alleviating  allergic  symptoms  in
sensitized mice. However, only 2′-FL and 6′-SL have been proven to
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potentially  attenuate  food  allergies.  3′-SL,  which  is  the  most
abundant in animal milk, has not been confirmed whether it has an
effect  on  attenuating  allergic  reactions.  In  addition,  these  studies
only investigated the effects of single fucosylated oligosaccharides or
single sialylated oligosaccharides on alleviating allergic symptoms. It
is  not  clear  whether  the  two  oligosaccharides  have  synergistic  or
antagonistic effects in alleviating food allergy with different ratios.

Therefore, the aim of this study was to assess the effect of 3′-SL
on modulating symptomatology and immune responses by using a
β-lactoglobulin  (β-Lg)-sensitized  mouse  model.  Furthermore,  the
mixture  of  2′-FL  and  3′-SL,  which  mixed  according  to  the
concentration ratio of oligosaccharides in human milk and animal
milk,  was  also  explored  by  intragastric  administration  in  the
β-Lg-sensitized  mouse  model.  The  allergic  degree  of  mice  under
different  intervention  amounts  and  mixture  ratios  of  milk
oligosaccharides  was compared through apparent  indexes  (specific
dermatitis lesion degree, allergic symptom score and tissue section)
and biochemical indexes (serum specific antibody, cytokine content
and intestinal flora), which could reflect the effect of 3′-SL and the
mixture of 2′-FL and 3′-SL in attenuating food allergy. In addition,
the  mechanism  of  milk  oligosaccharide  in  improving  allergic
symptoms in  vivo was  explored  through  the  expression  of  genes
related to TLR4/NF-κB pathway. This study aims to investigate the
feasibility of 3′-SL in the relieve of food allergy, which may provide
guidance on the improvement of infant formula for the babies who
are sensitized to bovine milk proteins. 

2    Materials and methods
 

2.1    Materials
2′-FL  and  3′-SL  were  purchased  from  Shanghai  Hepu
Biotechnology Co.,  Ltd. Calcipotriol hydrate (MC903 reagent) and
β-Lg  were  purchased  from  Sigma-Aldrich.  Female  BALB/c
(three-week-old)  mice  were  purchased  from  Charles  River
Laboratories  (Suzhou,  China)  with  license  number  JN.  No.
20211115b0901226[442],  and  all  animal  experiments  complied
with  the  ARRIVE  guidelines.  IL-2,  IL-4,  IL-6,  IL-10,  TNF-α,
β-hexosaminidase  (β-Hex)  enzyme  linked  immunosorbent  assay
(ELISA)  kits  (Mlbio,  Shanghai,  China)  were  purchased  from
Shanghai  Enzyme-linked  Biotechnology  Co.,  Ltd.  The  FastPure®
Cell/Tissue Total RNA Isolation Kit V2 (Vazyme, Nanjing, China)
and  quantitative  real-time  PCR  (qPCR)  reverse  transcription  kit,
Equalbit  dsDNA  HS  Assay  Kit  (Vazyme,  Nanjing,  China),  and

ChamQTM Universal  SYBR®  qPCR  Master  Mix  (Vazyme,  Nanjing,
China) were purchased from Vazyme Biotech Co.,  Ltd. TIANamp
Stool DNA Kit was purchased from Tiangen Biotech (Beijing) Co.,
Ltd.  All  other  experimental  reagents  were  analytically  pure  and
purchased from Sinopharm Chemical Reagent Co., Ltd. 

2.2    Construction of mouse allergy model
We  employed  a  model  in  which  mice  were  epicutaneously
sensitized  to  a  food  antigen β-Lg  on  a  developing  atopic
dermatitis-like  skin  lesion  induced  by  topical  treatment  with  the
vitamin  D  analog  MC903  based  on  a  previous  study[12].  Specific
experimental groupings are shown in Table 1.

The  mice  were  randomly  divided  into  nine  groups  (n =  10)
(Table 1):  control group (CON), MC903 group (MC903, inducing
atopic dermatitis, a chronic allergic disease), administration of β-Lg
allergy  after  MC903  group  (POS),  low-dose  3′-SL  group  (L-SL),
medium-dose  3′-SL  group (M-SL),  high-dose  3′-SL  group (H-SL),
medium-dose 2′-FL group (M-FL), medium-dose of the mixture of
2′-FL  and  3′-SL  with  the  proportion  of  oligosaccharide  content  in
camel milk group (M-CR, 1:1 000, m/m) and medium-dose of the
mixture of  2′-FL and 3′-SL with the proportion of  oligosaccharide
content in human milk group (M-HR, 6:1, m/m). The ratio of 2′-FL
and 3′-SL for M-CR and M-HR was referred to our previous study,
in  which  the  ratio  of  2′-FL and 3′-SL  ranging  from 1:1  000  to  6:1
from  camel  milk,  bovine  milk,  goat  milk,  and  human  milk[4].
Therefore,  we  choose  the  lowest  and highest  ratio  in  this  study  to
check the anti-allergenicity effect. The dosage was set by referring to
previous  study[11] as  the  additional  amount  of  galactose  and
fructose-oligosaccharide  (189.6–309.6  μg/kg  bw)  in  commercially
available  infant  milk  powder.  Three  dose  gradients  of  low
(200 μg/g bw), medium (400 μg/g bw) and high (600 μg/g bw) were
set respectively to assess whether 3′-SL had an effect on food allergy
symptoms  and  the  effect  was  dose  dependent.  Four  groups  of
different  oligosaccharide  interventions  were  set  at  the  same  dose
(M-FL,  M-SL,  M-CR  and  M-HR)  to  assess  whether  there  was  a
synergies effect of 3′-SL and 2′-FL in the alleviation of food allergies.
The  total  amount  of  mixture  was  all  set  at  a  medium  dose
(400 μg/g bw) level.

For  CON group,  only  phosphate  buffered  saline  (PBS)  solution
was applied to the ears of move every day. For MC903 group, mice
were treated daily with 0.1 mmol/L MC903 of ethyl alcohol (EtOH)
solution  applied  to  the  ears  and  after  natural  air  drying,  PBS
solution  without β-Lg  was  applied  to  the  ears  in  mice.  For  POS
group,  mice  were  treated  daily  with  0.1  mmol/L  MC903 of  EtOH

 

Table 1    Grouping and treatment of experimental animals.

Group Intragastric treatment
Sensitization treatment

Sensitization stage Challenge stage
CON Normal saline 20 μL PBS PBS

MC903 Normal saline 20 μL, 0.1 mmol/L MC903 in ethanol + PBS PBS
POS Normal saline

20 μL, 0.1 mmol/L MC903
in ethanol + 0.02 mL/g bw

10 g/L β-Lg in PBS

0.02 mL/g bw
250 g/L β-Lg in PBS

L-SL 200 μg/g bw 3′-SL
M-SL 400 μg/g bw 3′-SL
H-SL 600 μg/g bw 3′-SL
M-FL 400 μg/g bw 2′-FL
M-CR 400 μg/g bw (2′-FL:3′-SL = 1:1 000, m/m)
M-HR 400 μg/g bw (2′-FL:3′-SL = 6:1, m/m)
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solution  applied  to  the  ears,  and  then,  PBS  solution  containing
10 g/L β-Lg was applied to the ears after ears were dried by natural
air. These treatments were continued for 14 days. After sensitization
stage,  on the  morning of  day 15,  PBS solution containing 250 g/L
β-Lg was given to the mice except for CON and MC903 group for
the  first  challenge.  In  the  afternoon  of  day  18,  PBS  solution
containing 250 g/L β-Lg was given to the mice except for CON and
MC903  group  for  the  second  challenge.  For  CON  and  MC903
group,  PBS  solution  without β-Lg  was  intragastric  for  both
challenges. Specific intragastric samples and corresponding doses of
each group are shown in Table 1.

After  the  second  challenge,  anaphylactic  responses  were
evaluated  according  to  the  scoring  form  of  mouse  anaphylactic
symptoms (Table 2) within 20–40 min. The mice were sacrificed on
the  second  day  after  the  challenge.  Their  serum,  spleen,  small
intestine,  colon  and  feces  in  the  colon  were  collected  for  further
analysis.
  
Table 2    The scoring form of mouse anaphylactic symptoms.

Score Anaphylactic symptoms
0 Asymptomatic
1 Scratching frequency increases

2 Swollen eyes and mouth, reduced movement,
inactivity, increased breathing rate

3 Dyspnea and cyanosis of taste
4 Inactivity, muscle contraction and spasm
5 Shock or death

  

2.3    Measurement  of  specific-immunoglobulin  (Ig)  E
(s-IgE) and specific-IgG1 (s-IgG1) levels
The  serum  s-IgE  and  s-IgG1  levels  were  measured  by  ELISA.
Briefly,  covered  the  96-well  plate  with  100  μL β-Lg  solution
(10 μg/mL) and incubated it  overnight  at  4  °C.  The 96-well  plates
were  sealed  with  blocking  solution  (PBST  containing  2%  bovine
serum albumin) at 37 °C for 2 h after washing with 300 μL PBST.
Then  100  μL  serum  samples  (diluted  1:5  for  IgE  and  diluted  1:10
for IgG1) were added and incubated at 37 °C for 2 h after the wells
were  washed again with  300 μL PBST for  four  times.  Washed the
well with 300 μL PBST, and then added the horseradish peroxidase
(HRP)-conjugated IgE antibody (100 μL,  1:1 000 diluted,  Thermo,
Massachusetts,  USA)  or  HRP-conjugated  IgG1  antibody  (100  μL,
1:5 000 diluted,  Abcam, Shanghai,  China) following by incubation
at  37  °C  for  2  h.  Washed  the  plate  again  with  100  μL
tetramethylbenzidine  (TMB)  chromogenic  solution  (Beyotime,
Shanghai,  China)  and  added  freshly  prepared  TMB  chromogenic
solution  following  by  incubation  at  37  °C  for  20  min  for  color
development. Finally, added 2 mol/L H2SO4 (50 μL per well) to stop
the colorimetric reaction and read absorbance photometric value at
450  nm  by  using  Multiskan  Sky  Microplate  Spectrophotometer
(Thermo, Massachusetts, USA). 

2.4    Histological analysis
Samples  of  the  small  intestine  were  placed  in  the  tissue  fixative
containing 4% paraformaldehyde.  The samples  were  embedded in
paraffin to make a 5-micron paraffin section. The histopathological
assessment  of  the  samples  was  carried  out  with  hematoxylin  and
eosin  (H&E)  and  toluidine  blue  (TB)  staining.  The  image  was
observed  by  an  inverted  biological  microscope  (Eclipse  Ti,  Nikon
Co., Japan). 

2.5    Measurement of cytokine evaluation
According to the manufacturer’s  instructions,  the serum cytokines
(β-Hex,  IL-2,  IL-4,  IL-6,  IL-10  and  TNF-α)  concentrations  were
measured by commercial ELISA kits. 

2.6    Determination of mRNA in spleen by qPCR
Six splenetic samples for each group were analyzed by using qPCR
through  mRNA-specific  primers.  mRNA-specific  primers  of
splenetic  sample  are TLR4,  myeloid  differentiation  protein  88
(MyD88),  tumor  necrosis  factor  receptor  activator  6  (TRAF6)  and
NF-κB.  The  forward  and  reverse  primer  sequences  are  shown  in
Table  3.  Total  RNA  extracted  from  samples  with  FastPure®
Cell/Tissue  Total  RNA Isolation Kit  V2.  Total  RNA samples  were
adjusted  uniformly  to  500  ng/μL  using  NanoDrop  (Thermo,
Massachusetts, USA). The cDNA was synthesized using HiScript® II
Q  Select  RT  SuperMix  for  qPCR  (Thermo,  Massachusetts,  USA).
The  test  samples  were  used  as  templates  for  qPCR  using  mRNA-
specific primers and ChamQTM Universal SYBR® qPCR Master Mix
(Vazyme,  Nanjing,  China)  in  Roche  LightCycler  96  (Roche,  Basel,
Switzerland).  Results  were  normalized  by  folds  with β-actin and
calculated using the 2–ΔΔCt algorithm. 

2.7    Microbiota 16S rRNA gene sequencing
Microbial  DNA  of  colon  contents  was  extracted  by  using  the
TIANamp  Stool  DNA  Kit.  The  DNA  concentration  was
determined by Equalbit  dsDNA HS Assay Kit.  Primers  (341F and
806R)  were  used  to  amplify  the  V3–V4  region  of  the  microbial
16S  rRNA  gene  under  PCR  conditions.  PCR  products  were
extracted by agarose gel electrophoresis, purified by magnetic beads,
quantified by NanoDrop (Thermo, Massachusetts, USA), and were
sequenced at Illumina MiSeq/Novaseq (Illumina, San Diego, USA). 

2.8    Statistical analysis

x̄

All  the  data  were  analyzed  using  software  SPSS  25.0.  Means  were
compared  among  groups  using  one-way  analysis  of  variance
(ANOVA).  Duncan test  was used when the variance was uniform
and  Tamhane  test  was  used  when  the  variance  was  not  uniform.
The  results  were  expressed  as  mean  ±  standard  deviation  (  ± s).
When the P < 0.05,  the difference between groups was considered
statistically significant. 

 

Table 3    The sequence of mRNA-specific primers.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)
β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
TLR4 ATGGCATGGCTTACACCACC GAGGCCAATTTTGTCTCCACA

MyD88 TCATGTTCTCCATACCCTTGGT AAACTGCGAGTGGGGTCAG
TRAF6 AAAGCGAGAGATTCTTTCCCTG ACTGGGGACAATTCACTAGAGC
NF-κB ATGGCAGACGATGATCCCTAC TGTTGACAGTGGTATTTCTGGTG
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3    Results
 

3.1    Degree of specific dermatitis and the changes in body
weight during modeling
Flow  chart  of  animal  experiment  was  shown  in Figure  1A.  As
shown  in Figure  1B,  the  application  of  MC903  ethanol  solution
(MC903  group)  to  the  ear  of  mice  caused  specific  ear  skin
dermatitis  lesions  in  the  sensitization  phase.  The  POS  group  had
even  server  atopic  dermatitis  with  darker  pink  color  ears,  drier
cochlea,  thicker  keratinization,  more  obvious  skin  lines  and
keratosis  caused  by  crusting  than  CON  group.  By  observing  the
specific  ear  dermatitis  lesions  in  mice,  we  found  that  the
intervention  of  H-SL  and  the  mixture  of  3′-SL  and  2′-FL  can
alleviate the symptoms of dermatitis in mice.

Changes  in  body  weight  were  monitored  throughout  the
modeling period. As shown in Figure 1C, the growth rate of mice in
MC903 group and POS group were significantly reduced compared
with the CON group in the sensitization stage (P <  0.05),  and the
average body weight of mice in the MC903 group, POS group and
M-FL group even lower than the initial body weight. However, the
body  weight  of  mice  in  M-SL,  H-SL,  M-CR  and  M-HR  group
increased  slightly  during  the  sensitization  stage,  while  the  L-SL
group remained almost unchanged. During the intervention group,
the  growth  rate  of  mice  in  the  M-HR  group  was  the  highest
compared  to  other  treated  groups.  After  being  challenged  with  a
large dose of β-Lg allergen, the body weight of mice in POS group
and M-FL group  continued  to  decrease,  while  the  body  weight  of
mice in H-SL, M-HR and M-CR group increased gradually. 

3.2    The  concentration  of  s-IgE  and  s-IgG1  in  the  serum
challenged by β-Lg
The s-IgE and s-IgG1 levels in mouse serum after allergen challenge
were shown in Figures 2A and B. The s-IgE and s-IgG1 levels in the
serum  of  POS  group  were  significantly  increased  (P <  0.05)
compared with  the  control.  The  intervention of  3′-SL significantly
reduced  the  s-IgE  and  s-IgG1  levels  of  mouse  serum,  and  this
efficacy  was  dose-dependent.  Among  the  groups  with  different
doses  of  3′-SL  intervention,  the  s-IgE  and  s-IgG1  in  the  serum  of
H-SL  group  were  the  lowest,  followed  by  M-SL  group  and  L-SL
groups.  Among  the  groups  with  different  oligosaccharides  at  the

same dose, the s-IgE and s-IgG1 levels in the serum of M-HR group
were  the  lowest,  followed  by  M-CR  group,  which  were  all  lower
than M-SL group. The levels of s-IgE and s-IgG1 suggested 3′-SL as
well  as  the  combination  of  3′-SL  and  2′-FL  had  effect  on  the
attenuation of allergy. 

3.3    Anaphylactic symptoms and activation of mast cells
After being challenged with a large dose of β-Lg, the mice appeared
to  have  obvious  anaphylactic  symptoms,  including  scratching  the
head,  slow movement,  diarrhea,  and decreased rectal  temperature,
as  shown  in Figure  2C.  The  anaphylactic  symptom  scores  of  the
mice  were  significantly  higher  in  the  POS  group  than  the  CON
group and the MC903 group (P < 0.05), indicating that food allergy
model was successfully established in this study. The intervention of
3′-SL and the mixture of 3′-SL and 2′-FL could alleviate the allergic
symptoms  of  mice  based  on  the  anaphylactic  symptom  scores.
M-HR group had the lowest anaphylactic symptom score, followed
by  the  H-SL  group,  but  there  was  no  statistically  significant
difference  in  the  scores  between  the  two  groups  (P >  0.05).  The
anaphylactic symptom score of M-FL group and M-SL groups were
in  the  middle,  which  were  all  lower  than  L-SL  and  POS  group.
However,  there  was  no  significant  difference  in  allergic  symptoms
between L-SL group and POS group (P > 0.05).

We  assessed  the  mast  activation  of  cell  by  measuring β-Hex
levels in mice serum and observed degranulation of mast cell.  The
levels  of β-Hex  in  the  mice  serum  of  each  group  is  shown  in
Figure  2D.  The  level  of β-Hex  in  the  serum  of  mice  in  the  POS
group was significantly higher than that in the CON group and the
MC903  group  (P <  0.05).  The  serum  levels  of β-Hex  in  the
oligosaccharides  treated  group  were  all  significantly  decreased
(P <  0.05)  compared  with  the  POS  group,  except  for  the  M-CR
group  and  the  L-SL  group  (P >  0.05).  Among  the  different
oligosaccharides and combination group, the levels of serum β-Hex
were  lower  in  the  H-SL  and  M-FL  groups  than  in  M-SL  and
M-HR groups.

The  jejunum  tissue  structure  of  mice  was  investigated  by  H&E
staining.  The jejunum of  mice  in  the  CON group had a  complete
morphological structure (Figure 3A), while the jejunum of mice in
the  POS  group  had  severe  villous  cell  necrosis  and  shedding.  The
necrosis  and  shedding  of  villous  cells  of  the  jejunum  of  the  mice
was  also  observed  in  the  L-SL  group,  which  had  no  significant
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Figure 2    The  levels  of  serum antibody,  cytokines  and mRNA expression of  TLR4 pathway-related  genes  in  mice  with  different  challenge  groups.  (A)  Serum level  of
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difference  from  the  mice  in  POS  group.  However,  the  jejunal
inflammation  of  the  mice  in  the  other  oligosaccharide  treated
groups were significantly improved, especially for H-SL and M-HR,
with the structure of the small  intestinal villi  kept intact and a few
shed of villous cells.

Next,  TB staining was used to observe the mast  cell  granules in
the  jejunum  tissue  of  mice  (Figure  3B).  The  mast  cells  in  the
jejunum of  mice  had  no  obvious  aggregation  phenomenon in  the
CON  group,  while  the  number  of  jejunal  mast  cells  significantly

increased  in  the  POS  group.  The  intervention  of  3′-SL  and  the
mixture of 3′-SL and 2′-FL reduced the accumulation of mast cells
in  the  jejunum  of  mice.  In  the  intervention  group,  there  was  less
mast  cell  aggregation  in  the  jejunum  of  mice  in  the  H-SL,  M-FL
and M-HR groups compared with the POS group. 

3.4    The secretion levels of cytokines in the serum
In  addition,  we  evaluated  the  immune  response  of  mice  by  the
secretion  levels  of  cytokines  in  the  serum  of  mice  (Figures  2E–I).
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The  expression  levels  of  pro-inflammatory  factors  (IL-2,  TNF-α,
IL-4,  and  IL-6)  in  the  serum  of  mice  in  the  POS  group  were
significantly up-regulated compared with CON group (P < 0.05). The
pro-inflammatory  factors  in  the  serum  of  the  M-FL,  M-SL,  H-SL
and M-HR were significantly reduced (P < 0.05) compared to POS
group,  whereas  there  were  no  significant  changes  in  M-CR group
and  the  L-SL  group  (P >  0.05).  On  the  other  hand,  the  level  of
anti-inflammatory factor IL-10 in the serum of the mice in the POS
group was significantly down-regulated compared with CON group
(P < 0.05). The intervention of H-SL and the M-HR could increase
the level of IL-10 in the serum of mice. 

3.5    Allergy  induced  activation  on  the  TLR4/NF-κB
pathway
To further investigate the mechanism of the allergy reduction effect
of oligosaccharides, we investigated the expression of genes related
to  TLR4/NF-κB pathway.  Activation  of  the  TLR4/NF-κB pathway
in  allergic  immune  responses  is  shown  in Figures  2J–M.  The
expression of TRL4, MyD88, TRAF6 and NF-κB mRNA in mice of
the POS group was significantly up-regulated than the CON group
(P < 0.05), whereas they were significantly lower in 3′-SL, 2′-FL, and
the mixture of 3′-SL and 2′-FL groups than POS group. 

3.6    Gut microbiota in allergy mice
The gut microbes in the mice of the three groups (M-FL, L-SL and
M-HR), which showed better desensitization effects in the previous
indicators,  were  selected  for  further  16S  rRNA  gene  sequencing
analysis.  According  to  the  Chao1  index  and  Shannon  index,  the
α-diversity of the intestinal flora of the POS group was significantly
lower than that of the mice in the CON group (Figures 3C and D,
P < 0.05), but they were considerably increased in M-FL, L-SL and
M-HR groups compared to POS group.

Principal  component  analysis  (PCA)  was  used  for β-diversity
analysis  of  the  intestinal  flora  of  mice  (Figure  3E).  The  separation
along the first principal component shows the distance between the
flora  composition  of  allergic  mice  and  healthy  mice  (the  CON
group).  All  the  oligosaccharide  intervened  groups  were  well
separated from that of CON group, of which H-SL group and the
M-HR group were much more significantly different from the POS
group (P < 0.05). Separating along the second principal component,
we observed that the microbiota composition of mice in the H-SL
and M-FL groups was closer to that of healthy mice than POS and
M-HR groups.

With respect to the species composition of gut microbiota at the
phylum level of mice (Figure 3F). Bacteroidota and Firmicutes were
the  two  dominant  intestinal  flora  in  the  CON  group,  which
accounted  for  98.05%  of  the  total  microbita.  The  abundance  of
Bacteroidota  was  all  increased  in  the  gut  of  allergic  mice,  and  the
abundance  of  Firmicutes  was  decreased.  The  elevation  level  of
Bacteroidota and reduction level of Firmicutes in M-FL group were
much more than that of POS group. No significant differences were
found  in  Bacteroidota  and  Firmicutes  between  POS  and  H-SL
group.  Only  M-HR  group  had  the  closest  abundance  of
Bacteroidota and Firmicutes compared to CON group. 

4    Discussion
The “Dual  Allergen  Exposure  Hypothesis” proposes  that  early
exposure to allergens and persistent inflammation resulting from a
compromised  skin  barrier  may  induce  and  exacerbate  food
allergies.  In  this  study,  topical  treatment  of  mouse  skin  with  the

vitamin  D derivative  MC903  resulted  in  an  impaired  skin  barrier.
Consistent  with  the  results  of  Noti  et  al.[12],  application  of  MC903
ethanol solution to the ear of mice would cause specific dermatitis
lesions of the ear skin (Figure 1B). Specific dermatitis lesions could
affect the growth rate of mice, resulting in stunted growth and even
body weight loss in severe cases (Figure 1C). The group with more
severe ear inflammation, the more affected the growth rate of mice
by atopic dermatitis. This means that early skin barrier damage and
early  exposure  to  allergens  may  affect  infant  growth  and
development.  In  fact,  studies  have  shown  that  persistent
inflammation  caused  by  specific  diseases  can  lead  to  growth
retardation in children[13].

During the challenge stage, the average body weight of the mice
in  the  POS  group  and  the  M-FL  group  continued  to  decrease,
which  may  be  due  to  the  stimulation  of  large  doses  of β-Lg  to
induce  an  immune  response  in  the  mice,  resulting  in  allergic
symptoms such as dyspnea and diarrhea, which in turn affects the
normal activities and food intake of mice, resulting in body weight
loss.  In addition,  we found that  the group with a  higher degree of
atopic  dermatitis  after  sensitization  treatment  had  a  more  severe
allergic  reaction  after  the  high-dose β-Lg  challenge,  which  is
consistent  with  a  previous  study[14].  Thus,  protecting  early  skin
barrier  function  is  very  important  to  maintain  body  health.
However,  the  body  weight  loss  of  mice  intervened with  3′-SL  and
the mixture of 3′-SL and 2′-FL were significantly reduced in atopic
dermatitis lesions (Figure 1C). The reduction of body weight loss of
oligosaccharides  administration  group  was  in  line  with  previous
study  which  showed  that  the  2′-FL  intervention  was  effective  in
alleviating  body  weight  loss  due  to β-Lg-induced  allergy[15].  Other
studies  also  reported  that  dietary  supplementation  with
oligosaccharides  had  been  shown to  reduce  the  risk  of  developing
allergic  disease  and  suppresses  acute  allergic  symptoms,  such  as
allergic  skin  responses  and  food  allergy,  in  animal  and  clinical
studies[16−18].

As  foreign  antigens  penetrate  the  damaged  mice  skin  barrier,
dendritic  cells  recognize  the  antigen  and  activate  Th2  cells.  The
activated Th2 cells secreted IL-4, IL-6, and atopic-related cytokines,
of which IL-4 could active B cells to secrete IgE[19]. The reduction of
3′-SL and mixture of 3′-SL and 2′-FL intervention on IgE and IgG1
levels  in the serum of  allergic  mice was consistent  with a  previous
study,  which  showed  feeding  a  mixture  of  short-chain
galacto-oligosaccharides and long-chain fructo-oligosaccharides led
to a decrease in total levels of IgE and IgG1 in serum of infants at
high  risk  of  allergy[20].  The  relatively  low  concentration  of  Th2
cytokines (IL-4) in 3′-SL and the mixture of 3′-SL and 2′-FL groups
were also in line with a previous study[21]. On the other hand, IL-10
is  an  important  anti-inflammatory  factor  that  inhibits  the
proliferation  and  differentiation  of  Th1  cells  and  suppresses  the
release  of  pro-inflammatory  factors,  significantly  attenuating  the
IgE-dependent  allergic  response  in  mice[22−23].  The  increase  of
anti-inflammatory  factor  IL-10  in  3′-SL  and  the  mixture  of  3′-SL
and 2′-FL groups agreed with a previous study, which reported that
lacto-N-neotetraose  intervention  increased  spontaneous
IL-10  production  and  reduced  inflammatory  cytokine  production
from peritoneal T cells[24]. Another study also reported that increase
of IL-10 in 6′-SL-treated animals sensitized by ovalbumin[10].

The relatively low level of serum IgE and IgG1 and Th2 cytokine
IL-4,  as well  as the high level  of  Th1 cytokine IL-10 in the allergic
mice  administered  with  oligosaccharides  suggested  that  3′-SL  and
the mixture of 3′-SL and 2′-FL could alleviate the allergic reaction in
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mice  through  balancing  Th1  and  Th2  cell  related  immune
response, and the alleviation effect of oligosaccharides mixture were
more  significant  than  a  single  type  of  oligosaccharide,  indicating
that there is a certain synergistic effect of 2′-FL and 3′-SL .

Activation of TLR4 and its signaling pathway plays an important
role  in  the  pathogenesis  of  various  immune  diseases  or
inflammatory responses. TLR4 could recognize relevant ligands and
trigger  the  high  expression  of  downstream  signaling  pathways.
MyD88  is  a  major  ligand  of  the  TLR4  pathway.  The  activation  of
TLR4  stimulated  the  recruitment  of  TRAF6,  and  lead  to  the
phosphorylation  of  NF-κB  and  nuclear  translocation,  which
subsequently activated pro-inflammatory mediators and stimulated
the  release  of  inflammatory  factors[25−26].  Previous  studies  have
confirmed that β-Lg  stimulation  could  significantly  upregulate  the
TLR4  pathway[27].  Kang  et  al.[28] found  that  oral  administration  of
3′-SL could inhibit the expression of related cytokines by regulating
NF-κB  in  ear  tissues,  alleviating  AD-like  symptoms  due  to  house
dust  mite  and  2,4-dinitrochlorobenzene.  Another  study  showed
that  3′-SL  had  anti-inflammatory  activity,  mediated  by  NF-κB,
reduction  of  IL-12  and  IL-8  expression  in  Caco-2  cells,  and
stimulates  the  anti-inflammatory  nuclear  receptor  peroxisome
proliferative  activated  receptor  γ[29].  The  significantly  reduction  in
the  expression levels  of  the  TLR4/NF-κB pathway related  proteins
in  allergic  mice  administered  with  different  oligosaccharides  were
consistent  with  previous  studies.  These  results  suggested  that  the
effect of 3′-SL and the mixture of 3′-SL and 2′-FL on the alleviation
of  allergy  symptom  in  mice  model  was  related  to  the  suppression
on the inflammation factors of TLR4/NF-κB pathway.

Mast  cells  are  important  effector  cells  in  food  allergy  and  are
present between the submucosa and lamina propria of the intestine.
Mast  cell  aggregation  is  closely  related  to  the  severity  of
inflammation when the body is  allergic.  When an allergic reaction
occurs in the organism, mast cells release allergic mediators such as
β-Hex  leading  to  bronchoconstriction,  vasodilation,  increased
vascular  permeability  and  aggregation  of  inflammatory  cells,
resulting in allergic symptoms such as tissue edema, stomach pain
and diarrhea[30]. The attenuation of H-SL, M-FL and M-HR groups
in mast cell aggregation of mouse jejunum as well as reduced levels
of β-Hex  (Figure  2)  suggested  both  3′-SL  and  2′-FL  could  reduce
mucosal  mast  cell  activation.  Kang  et  al.[28] observed  that  oral
administration of  3′-SL alleviated intradermal  mast  cell  infiltration
of  mice  with  allergic  contact  dermatitis.  The  antigen-activation  of
mast  cells  in  the  intestine  may  result  in  the  diarrhea[31].  Therefore,
the relief of 3′-SL and its mixture with 2′-FL on allergic symptoms
may  be  related  to  the  inhibition  of  mast  cell  activation  and
reduction in the secretion of β-Hex.

Furthermore, the intestine can efficiently absorb nutrients, water,
and electrolytes from food, which constitutes a tight barrier against
harmful  substances  and  pathogens  and  their  toxins  from  the
external  environment.  The  damage  and  dysfunction  of  the
intestinal barrier are related to the susceptibility and aggravation of
various  autoimmune  and  inflammatory  diseases,  including  food
allergies.  3′-SL  and  its  mixture  with  2′-FL  at  certain  doses  could
keep  the  structural  integrity  of  jejunal  tissue  and  reduce  the
inflammatory  conditions  such  as  necrosis  and  detachment  of
villous  cells  in  POS  mice.  HMOs  had  been  reported  to  directly
strengthen the intestinal epithelial barrier and protect the host from
pathogens[7].  Salivary  acidified  HMOs  could  balance  the  dynamic
homeostasis  of  intestinal  cells[32].  As  the  destruction  of  intestinal
barrier may cause the leakage of harmful substance and thus induce

the  inflammation  or  allergy  induced  immune  response[33],  the
protection  of  3′-SL  and  its  mixture  with  2′-FL  at  certain  doses  on
the  intestinal  barrier  was  probably  related  to  the  reduction  in  the
allergy  symptom.  The  differences  in  the  protection  effect  between
3′-SL  and  3′-SL  and  2′-FL  mixture  might  be  due  to  differences  in
the  manner  or  extent  of  absorption  of  different  oligosaccharides,
which in turn leads to differences in the degree of protection of the
intestinal  barrier  by  different  oligosaccharides.  Acid
oligosaccharides  pass  through  enterocytes  only  via  a  nonspecific
paracellular  pathway,  and  neutral  oligosaccharides  pass  through
enterocytes  via  a  paracellular  or  transcellular  pathway  involving  a
receptor  pathway[34].  The  differences  in  the  intestinal  barrier
protection  between  3′-SL  and  2′-FL  still  need  further  studies  to
confirm.

The symbiotic microbiota plays a crucial role in food allergies[35].
There  is  growing  evidence  that  the  gut  microbiota  early  in  life  is
linked  to  allergic  disease[36].  Dysbiosis  can  be  detected  before  the
onset  of  clinical  signs  of  allergy,  and  there  is  a  causal  relationship
between  disturbances  in  microbial  colonization  early  in  life  and
susceptibility to allergic disease later in life[37−38]. At 1 week, 1 month,
and  3  months[39] of  infants,  lower  gut  microbiota  diversity  was
associated  with  eczema  at  18  and  24  months,  and  food  allergy  at
1  year.  Recent  studies  have  shown  that  colonizing  the  guts  of
germ-free  mice  with  gut  microbiota  from  healthy  infants  reduces
the  chance  of  cow’s  milk  allergy  in  mice[40].  It  could  be  seen  that
there was a close relationship between the homeostasis of intestinal
flora and the development of allergic diseases in infants and young
children. The decreased richness and diversity of gut microbiota of
H-SL  group  suggested  that  the  attenuation  of  H-SL  on  the  food
allergy  is  not  related  to  regulation  of  gut  microbiota;  whereas  the
increased richness and diversity of gut microbiota of M-HR group
(3′-SL  and  2′-FL  mixture  groups  formulated  in  proportion  to  the
content  of  human  milk  oligosaccharides)  indicated  that  the
alleviation  effect  of  3′-SL  and  2′-FL  could  be  involved  in  their
function  in  regulating  the  destabilized  gut  microbiome  in  allergic
mice.  The  higher  level  of  Shannon  index  in  M-HR  group
suggesting  that  3′-SL  and  2′-FL  had  synergetic  effect  on  the
regulation  of  gut  microbiota.  Based  on  the  results  of  clinical
indicators  and Th2 related cytokines,  this  synergetic  effect  may be
highly related to the ratio between 3′-SL and 2′-FL as the function
of  different  oligosaccharides  on  regulating  intestinal  microbes  and
influencing  intestinal  permeability  are  different[41−42].  Therefore,  the
effect  of  mixture  of  3′-SL  and  2′-FL  with  different  ratio  on  the
attenuation of food induced allergy deserved further exploration. 

5    Conclusion
In  general,  both  3′-SL  and  the  combination  of  3′-SL  and  2′-FL
showed the positive effect on the relief of food allergy, however, the
effect  differed between different  groups.  3′-SL could relieve  allergy
in  a  dose-dependent  manner  with  H-SL  group  having  the  most
relieve  effect.  However,  M-SL  group  showed  lower  attenuation
effect  compared to  M-HR group,  suggesting  that  the  combination
of  3′-SL  and  2′-FL  at  the  ratio  of  1:6  have  a  synergistic  effect  in
reducing  allergy.  On  the  other  hand,  the  M-CR  group  with  the
combination of  3′-SL and 2′-FL at  ratio of  1 000:1 didn’t  have the
synergistic  effect.  The reduction effect  of  3′-SL and the  mixture  of
3′-SL  and  2′-FL  on  allergic  symptoms  could  be  related  to  their
function  in  inhibiting  the  aggregation  and  secretion  of β-Hex  of
mast  cell,  regulating  the  inflammatory  response  of  the  body  as  an
immune  regulatory  factor,  as  well  as  inhibiting  TLR4/NF-κB
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signaling  pathway  and  thus  inhibiting  the  expression  of
pro-inflammatory  factors.  In  addition,  the  mixture  of  3′-SL  and
2′-FL  could  also  reduce  allergic  symptoms  by  regulating  the
diversity  and  structure  of  intestinal  flora;  whereas  the  3′-SL  didn’t
have positive effect on the recovery of allergy induced decreasing in
the richness of the gut microbiota. This study presented here open
the possibility that 3′-SL and the mixture of 3′-SL and 2′-FL in the
form of nutritional ingredients could be used as adjuncts to reduce
the  severity  of  symptoms,  and  provides  a  new  effective  way  to
relieve food allergy in infants. 

Conflict of interest
The authors declare that they have no conflict of interest. 

Acknowledgement
This work was supported by National Natural Science Foundation
of China (32372246).

References 

 L.  Zhu,  H.  Li,  T.  Luo,  et  al.,  Human milk  oligosaccharides:  a
vritical review on structure, preparation, their potential as a food
bioactive  component,  and  future  perspectives,  J.  Agric.  Food
Chem. 71 (2023) 15908–15925. https://doi.org/10.1021/acs.jafc.
3c04412.

[1]

 M.  Wiciński,  E.  Sawicka,  J.  Gębalski,  et  al.,  Human  milk
oligosaccharides: health benefits, potential applications in infant
formulas, and pharmacology, Nutrients 12 (2020) 266. https://doi.
org/10.3390/nu12010266.

[2]

 T. Urashima,  E.  Taufik,  K.  Fukuda,  et  al.,  Recent  advances in
studies on milk oligosaccharides of cows and other domestic farm
animals, Biosci. Biotech. Bioch. 77 (2013) 455–466. https://doi.org/
10.1271/bbb.120810.

[3]

 Y. Shi, B. Han, L. Zhang, et al., Comprehensive identification and
absolute  quantification  of  milk  oligosaccharides  in  different
species, J. Agric. Food Chem. 69 (2021) 15585–15597. https://doi.
org/10.1021/acs.jafc.1c05872.

[4]

 C. Lordan, A. K. Roche, D. Delsing, et al., Linking human milk
oligosaccharide  metabolism  and  early  life  gut  microbiota:
bifidobacteria and beyond, Microbiol. Mol. Biol. Rev. 88 (2024)
e0009423. https://doi.org/10.1128/mmbr.00094-23.

[5]

 S. Li,  X. You, A. Rani,  et  al.,  Bifidobacterium infantis  utilizes
N-acetylglucosamine-containing human milk oligosaccharides as a
nitrogen source, Gut Microbes. 15 (2023) 2244721. https://doi.org/
10.1080/19490976.2023.2244721.

[6]

 E.  J.  Boll,  D.  V.  Lopez,  M.  Terne,  et  al.,  Human  milk
oligosaccharides differentially support gut barrier integrity and
enhance  Th1  and  Th17  cell  effector  responses  in  vitro,  Front.
Immunol. 15 (2024) 1359499. https://doi.org/10.3389/fimmu.2024.
1359499.

[7]

 R.  K.  Golden,  L.  T.  Sutkus,  S.  M.  Donovan,  et  al.,  Dietary
supplementation  of  3′-sialyllactose  or  6′-sialyllactose  elicits
minimal influence on cognitive and brain development in growing
pigs, Front. Behav. Neurosci. 17 (2024) 1337897. https://doi.org/
10.3389/fnbeh.2023.1337897.

[8]

 A.  E.  Seppo,  C.  A.  Autran,  L.  Bode,  et  al.,  Human  milk
oligosaccharides and development of cow’s milk allergy in infants,
J. Allergy Clin. Immun. 139 (2017) 708–711. https://doi.org/10.
1016/j.jaci.2016.08.031.

[9]

 L. Castillo-Courtade, S. Han, S. Lee, et al., Attenuation of food
allergy  symptoms  following  treatment  with  human  milk
oligosaccharides in a mouse model, Allergy 70 (2015) 1091–1102.
https://doi.org/10.1111/all.12650.

[10]

 A. Li, Y. Li, X. Zhang, et al.,  The human milk oligosaccharide
2′-fucosyllactose attenuates β-lactoglobulin-induced food allergy
through  the  miR-146a-mediated  toll-like  receptor  4/nuclear
factor-κB  signaling  pathway,  J.  Dairy  Sci.  104  (2021)
10473–10484. https://doi.org/10.3168/jds.2021-20257.

[11]

 M.  Noti,  E.  D.  T.  Wojno,  B.  S.  Kim,  et  al.,  Thymic  stromal
lymphopoietin-elicited basophil responses promote eosinophilic
esophagitis, Nat. Med. 19 (2013) 1005–1013. https://doi.org/10.
1038/nm.3281.

[12]

 C.  E.  Price,  R.  J.  Rona,  S.  Chinn,  Height  of  primary  school
children and parents’ perceptions of food intolerance, Br. Med. J.
296  (1988)  1696–1699.  https://doi.org/10.1136/bmj.296.6638.
1696.

[13]

 J. E. Obbagy, L. K. English, Y. P. Wong, et al., Complementary
feeding and food allergy, atopic dermatitis/eczema, asthma, and
allergic rhinitis: a systematic review, Am. J. Clin. Nutr. 109 (2019)
890S–934S. https://doi.org/10.1093/ajcn/nqy220.

[14]

 T.  Liu,  P.  Chen,  M.  Munir ,  e t  a l . ,  HMOs  modulate
immunoregulation and gut microbiota in a β-lactoglobulin-induced
allergic mice model, J. Funct. Foods 70 (2020) 103993. https://doi.
org/10.1016/j.jff.2020.103993.

[15]

 S.  Arslanoglu,  G.  E.  Moro,  J.  Schmitt,  et  al.,  Early  dietary
intervention with a mixture of prebiotic oligosaccharides reduces
the incidence of allergic manifestations and infections during the
first two years of life, J. Nutr. 138 (2008) 1091–1095. https://doi.
org/10.1093/jn/138.6.1091.

[16]

 B. Schouten, B. C. van Esch, G. A. Hofman, et al., Oligosaccharide-
induced whey-specific CD25+ regulatory T-cells are involved in the
suppression  of  cow milk  allergy  in  mice,  J.  Nutr.  140  (2010)
835–841. https://doi.org/10.3945/jn.109.116061.

[17]

 L. van der Aa, W. van Aalderen, H. Heymans, et al., Synbiotics
prevent asthma-like symptoms in infants with atopic dermatitis,
Allergy 66 (2011) 170–177. https://doi.org/10.1111/j.1398-9995.
2010.02416.x.

[18]

 J. Klonowska, J. Gleń, R. J. Nowicki, et al., New cytokines in the
pathogenesis of atopic dermatitis-new therapeutic targets, Int. J.
Mol. Sci. 19 (2018) 3086. https://doi.org/10.3390/ijms19103086.

[19]

 E. van Hoffen, B. Ruiter, J. Faber, et al.,  A specific mixture of
short-chain  galacto-oligosaccharides  and  long-chain  fructo-
oligosaccharides induces a beneficial immunoglobulin profile in
infants at high risk for allergy, Allergy 64 (2009) 484–487. https://
doi.org/10.1111/j.1398-9995.2008.01765.x.

[20]

 M. Good,  C.  P.  Sodhi,  Y.  Yamaguchi,  et  al.,  The human milk
oligosaccharide  2′-fucosyllactose  attenuates  the  severity  of
experimental necrotising enterocolitis by enhancing mesenteric
perfusion  in  the  neonatal  intestine,  Brit.  J.  Nutr.  116  (2016)
1175–1187. https://doi.org/10.1017/S0007114516002944.

[21]

 G. Gri, S. Piconese, B. Frossi, et al., CD4+CD25+ regulatory T cells
suppress mast cell degranulation and allergic responses through
OX40-OX40L  interaction,  Immunity  28  (2008)  771–781.
https://doi.org/10.1016/j.immuni.2008.08.018.

[22]

 M. Kashyap, A. M. Thornton, S. K. Norton, et al., Cutting edge:
CD4+ T cell-mast cell interactions alter IgE receptor expression and
signaling, J. Immunol. 180 (2008) 2039–2043. https://doi.org/10.
4049/jimmunol.180.4.2039.

[23]

 L. I. Terrazas, K. L. Walsh, D. Piskorska, et al., The schistosome
oligosaccharide lacto-N-neotetraose expands Gr1+ cells that secrete
anti-inflammatory cytokines and inhibit proliferation of naive CD4+

cells: a potential mechanism for immune polarization in helminth
infections, J. Immunol. 167 (2001) 5294–5303. https://doi.org/10.
4049/jimmunol.167.9.5294.

[24]

 T.  Kawai,  O.  Adachi,  T.  Ogawa,  et  al.,  Unresponsiveness  of
MyD88-deficient mice to endotoxin, Immunity 11 (1999) 115–122.
https://doi.org/10.1016/s1074-7613(00)80086-2.

[25]

Food Sci. Anim. Prod. 2 (2024) 9240070 Zhang et al.

https://www.sciopen.com/journal/2958-4124 9 https://doi.org/10.26599/FSAP.2024.9240070

https://doi.org/10.1021/acs.jafc.3c04412
https://doi.org/10.1021/acs.jafc.3c04412
https://doi.org/10.1021/acs.jafc.3c04412
https://doi.org/10.3390/nu12010266
https://doi.org/10.3390/nu12010266
https://doi.org/10.3390/nu12010266
https://doi.org/10.1271/bbb.120810
https://doi.org/10.1271/bbb.120810
https://doi.org/10.1271/bbb.120810
https://doi.org/10.1021/acs.jafc.1c05872
https://doi.org/10.1021/acs.jafc.1c05872
https://doi.org/10.1021/acs.jafc.1c05872
https://doi.org/10.1128/mmbr.00094-23
https://doi.org/10.1128/mmbr.00094-23
https://doi.org/10.1128/mmbr.00094-23
https://doi.org/10.1128/mmbr.00094-23
https://doi.org/10.1080/19490976.2023.2244721
https://doi.org/10.1080/19490976.2023.2244721
https://doi.org/10.1080/19490976.2023.2244721
https://doi.org/10.3389/fimmu.2024.1359499
https://doi.org/10.3389/fimmu.2024.1359499
https://doi.org/10.3389/fimmu.2024.1359499
https://doi.org/10.3389/fnbeh.2023.1337897
https://doi.org/10.3389/fnbeh.2023.1337897
https://doi.org/10.3389/fnbeh.2023.1337897
https://doi.org/10.1016/j.jaci.2016.08.031
https://doi.org/10.1016/j.jaci.2016.08.031
https://doi.org/10.1016/j.jaci.2016.08.031
https://doi.org/10.1111/all.12650
https://doi.org/10.1111/all.12650
https://doi.org/10.3168/jds.2021-20257
https://doi.org/10.3168/jds.2021-20257
https://doi.org/10.3168/jds.2021-20257
https://doi.org/10.3168/jds.2021-20257
https://doi.org/10.1038/nm.3281
https://doi.org/10.1038/nm.3281
https://doi.org/10.1038/nm.3281
https://doi.org/10.1136/bmj.296.6638.1696
https://doi.org/10.1136/bmj.296.6638.1696
https://doi.org/10.1136/bmj.296.6638.1696
https://doi.org/10.1093/ajcn/nqy220
https://doi.org/10.1093/ajcn/nqy220
https://doi.org/10.1016/j.jff.2020.103993
https://doi.org/10.1016/j.jff.2020.103993
https://doi.org/10.1016/j.jff.2020.103993
https://doi.org/10.1093/jn/138.6.1091
https://doi.org/10.1093/jn/138.6.1091
https://doi.org/10.1093/jn/138.6.1091
https://doi.org/10.3945/jn.109.116061
https://doi.org/10.3945/jn.109.116061
https://doi.org/10.1111/j.1398-9995.2010.02416.x
https://doi.org/10.1111/j.1398-9995.2010.02416.x
https://doi.org/10.1111/j.1398-9995.2010.02416.x
https://doi.org/10.1111/j.1398-9995.2010.02416.x
https://doi.org/10.1111/j.1398-9995.2010.02416.x
https://doi.org/10.3390/ijms19103086
https://doi.org/10.3390/ijms19103086
https://doi.org/10.1111/j.1398-9995.2008.01765.x
https://doi.org/10.1111/j.1398-9995.2008.01765.x
https://doi.org/10.1111/j.1398-9995.2008.01765.x
https://doi.org/10.1111/j.1398-9995.2008.01765.x
https://doi.org/10.1017/S0007114516002944
https://doi.org/10.1017/S0007114516002944
https://doi.org/https://doi.org/10.1016/j.immuni.2008.08.018
https://doi.org/10.4049/jimmunol.180.4.2039
https://doi.org/10.4049/jimmunol.180.4.2039
https://doi.org/10.4049/jimmunol.180.4.2039
https://doi.org/10.4049/jimmunol.167.9.5294
https://doi.org/10.4049/jimmunol.167.9.5294
https://doi.org/10.4049/jimmunol.167.9.5294
https://doi.org/10.1016/s1074-7613(00)80086-2
https://doi.org/10.1016/s1074-7613(00)80086-2
https://doi.org/10.1016/s1074-7613(00)80086-2
https://doi.org/10.1016/s1074-7613(00)80086-2
https://doi.org/10.1016/s1074-7613(00)80086-2
https://doi.org/10.1016/s1074-7613(00)80086-2
https://www.sciopen.com/journal/2958-4124
https://www.sciopen.com/journal/2958-4124
https://www.sciopen.com/journal/2958-4124
https://doi.org/10.26599/FSAP.2024.9240070


 U. Koedel, U. M. Merbt, C. Schmidt, et al.,  Acute brain injury
triggers MyD88-dependent,  TLR2/4-independent inflammatory
responses, Am. J. Pathol. 171 (2007) 200–213. https://doi.org/10.
2353/ajpath.2007.060821.

[26]

 J.  J.  Wang,  S.  H.  Li,  A.  L.  Li,  et  al.,  Effect  of  Lactobacillus
acidophilus KLDS 1.0738 on miRNA expression in in vitro and in
vivo models of β-lactoglobulin allergy, Biosci. Biotech. Bioch. 82
(2018)  1955–1963.  https://doi.org/10.1080/09168451.2018.
1495551.

[27]

 L.  J.  Kang,  E.  Oh,  C.  Cho,  et  al.,  3′-Sialyllactose  prebiotics
prevents skin inflammation via regulatory T cell differentiation in
atopic  dermatitis  mouse  models,  Sci.  Rep.  10  (2020)  1–13.
https://doi.org/10.1038/s41598-020-62527-5.

[28]

 M.  Zenhom,  A.  Hyder,  M.  de  Vrese,  et  al. ,  Prebiotic
oligosaccharides reduce proinflammatory cytokines in intestinal
Caco-2  cells  via  activation  of  PPARγ  and  peptidoglycan
recognition protein 3, J. Nutr. 141 (2011) 971–977. https://doi.org/
10.1016/j.jaci.2013.11.020.

[29]

 S.  H.  Sicherer,  H.  A.  Sampson,  Food  allergy:  epidemiology,
pathogenesis, diagnosis, and treatment, J. Allergy Clin. Immun.
133 (2014) 291–307. https://doi.org/10.1016/j.jaci.2013.11.020.

[30]

 K.  Yamaki,  S.  Yoshino,  Preventive  and  therapeutic  effects  of
rapamycin, a mammalian target of rapamycin inhibitor, on food
allergy in mice, Allergy 67 (2012) 1259–1270. https://doi.org/10.
1111/all.12000.

[31]

 O. Perdijk,  P.  van Baarlen,  M.  M.  Fernandez-Gutierrez,  et  al.,
Sialyllactose and galactooligosaccharides promote epithelial barrier
functioning and distinctly modulate microbiota composition and
short  chain  fatty  acid  production  in  vitro,  Front.  Immunol.  10
(2019) 94. https://doi.org/10.3389/fimmu.2019.00094.

[32]

 A. Nowak-Wegrzyn, H. Szajewska, G. Lack, Food allergy and the
gut, Nat. Rev. Gastro. Hepat. 14 (2017) 241–257. https://doi.org/10.
1038/nrgastro.2016.187.

[33]

 S.  J.  ten  Bruggencate,  I.  M.  Bovee-Oudenhoven,  A.  L.
Feitsma, et al., Functional role and mechanisms of sialyllactose and

[34]

other  sialylated  milk  oligosaccharides,  Nutr.  Rev.  72  (2014)
377–389. https://doi.org/10.1111/nure.12106.

 A. Legatzki, B. Rösler, E. von Mutius, Microbiome diversity and
asthma and allergy risk, Curr. Allergy Asthma R. 14 (2014) 1–9.
https://doi.org/10.1007/s11882-014-0466-0.

[35]

 S.  Bunyavanich,  N.  Shen,  A.  Grishin,  et  al.,  Early-life  gut
microbiome composition and milk allergy resolution, J. Allergy
Clin. Immun. 138 (2016) 1122–1130. https://doi.org/10.1016/j.jaci.
2016.03.041.

[36]

 Y.  J.  Huang,  B.  J.  Marsland,  S.  Bunyavanich,  et  al.,  The
microbiome in allergic disease: current understanding and future
opportunities-2017  PRACTALL  document  of  the  American
Academy of Allergy, Asthma & Immunology and the European
Academy of Allergy and Clinical Immunology, J. Allergy Clin.
Immun. 139 (2017) 1099–1110. https://doi.org/10.1016/j.jaci.2017.
02.007.

[37]

 A.  S.  Paller,  H.  H.  Kong,  P.  Seed,  et  al.,  The  microbiome  in
patients with atopic dermatitis, J. Allergy Clin. Immun. 143 (2019)
26–35. https://doi.org/10.1016/j.jaci.2018.11.015.

[38]

 M. B. Azad, T. Konya, D. S. Guttman, et al., Infant gut microbiota
and food sensitization: associations in the first year of life, Clin.
Exp.  Allergy  45  (2015)  632–643.  https://doi.org/10.1111/cea.
12487.

[39]

 T. Feehley, C. H. Plunkett, R. Bao, et al., Healthy infants harbor
intestinal bacteria that protect against food allergy, Nat. Med. 25
(2019) 448–453. https://doi.org/10.1038/s41591-018-0324-z.

[40]

 K.  Salli,  H.  Anglenius,  J.  Hirvonen,  et  al.,  The  effect  of
2′-fucosyllactose  on  simulated  infant  gut  microbiome  and
metabolites; a pilot study in comparison to GOS and lactose, Sci.
Rep. 9 (2019) 1–15. https://doi.org/10.1038/s41598-019-49497-z.

[41]

 F. Chleilat, T. Klancic, K. Ma, et al., Human milk oligosaccharide
supplementation affects intestinal barrier function and microbial
composition in the gastrointestinal tract of young Sprague Dawley
rats,  Nutrients  12  (2020)  1532.  https://doi.org/10.3390/
nu12051532.

[42]

Zhang et al. Food Sci. Anim. Prod. 2 (2024) 9240070

https://doi.org/10.26599/FSAP.2024.9240070 10 https://www.sciopen.com/journal/2958-4124

https://doi.org/10.2353/ajpath.2007.060821
https://doi.org/10.2353/ajpath.2007.060821
https://doi.org/10.2353/ajpath.2007.060821
https://doi.org/10.1080/09168451.2018.1495551
https://doi.org/10.1080/09168451.2018.1495551
https://doi.org/10.1080/09168451.2018.1495551
https://doi.org/https://doi.org/10.1038/s41598-020-62527-5
https://doi.org/https://doi.org/10.1038/s41598-020-62527-5
https://doi.org/https://doi.org/10.1038/s41598-020-62527-5
https://doi.org/https://doi.org/10.1038/s41598-020-62527-5
https://doi.org/https://doi.org/10.1038/s41598-020-62527-5
https://doi.org/https://doi.org/10.1038/s41598-020-62527-5
https://doi.org/https://doi.org/10.1038/s41598-020-62527-5
https://doi.org/10.1016/j.jaci.2013.11.020
https://doi.org/10.1016/j.jaci.2013.11.020
https://doi.org/10.1016/j.jaci.2013.11.020
https://doi.org/10.1016/j.jaci.2013.11.020
https://doi.org/10.1016/j.jaci.2013.11.020
https://doi.org/10.1111/all.12000
https://doi.org/10.1111/all.12000
https://doi.org/10.1111/all.12000
https://doi.org/10.3389/fimmu.2019.00094
https://doi.org/10.3389/fimmu.2019.00094
https://doi.org/10.1038/nrgastro.2016.187
https://doi.org/10.1038/nrgastro.2016.187
https://doi.org/10.1038/nrgastro.2016.187
https://doi.org/10.1111/nure.12106
https://doi.org/10.1111/nure.12106
https://doi.org/10.1007/s11882-014-0466-0
https://doi.org/10.1007/s11882-014-0466-0
https://doi.org/10.1007/s11882-014-0466-0
https://doi.org/10.1007/s11882-014-0466-0
https://doi.org/10.1007/s11882-014-0466-0
https://doi.org/10.1007/s11882-014-0466-0
https://doi.org/10.1007/s11882-014-0466-0
https://doi.org/10.1007/s11882-014-0466-0
https://doi.org/10.1016/j.jaci.2016.03.041
https://doi.org/10.1016/j.jaci.2016.03.041
https://doi.org/10.1016/j.jaci.2016.03.041
https://doi.org/10.1016/j.jaci.2017.02.007
https://doi.org/10.1016/j.jaci.2017.02.007
https://doi.org/10.1016/j.jaci.2017.02.007
https://doi.org/10.1016/j.jaci.2018.11.015
https://doi.org/10.1016/j.jaci.2018.11.015
https://doi.org/10.1111/cea.12487
https://doi.org/10.1111/cea.12487
https://doi.org/10.1111/cea.12487
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.1038/s41591-018-0324-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.3390/nu12051532
https://doi.org/10.3390/nu12051532
https://doi.org/10.3390/nu12051532
https://doi.org/10.26599/FSAP.2024.9240070
https://www.sciopen.com/journal/2958-4124
https://www.sciopen.com/journal/2958-4124
https://www.sciopen.com/journal/2958-4124

	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Construction of mouse allergy model
	2.3 Measurement of specific-immunoglobulin (Ig) E (s-IgE) and specific-IgG1 (s-IgG1) levels
	2.4 Histological analysis
	2.5 Measurement of cytokine evaluation
	2.6 Determination of mRNA in spleen by qPCR
	2.7 Microbiota 16S rRNA gene sequencing
	2.8 Statistical analysis

	3 Results
	3.1 Degree of specific dermatitis and the changes in body weight during modeling
	3.2 The concentration of s-IgE and s-IgG1 in the serum challenged by β-Lg
	3.3 Anaphylactic symptoms and activation of mast cells
	3.4 The secretion levels of cytokines in the serum
	3.5 Allergy induced activation on the TLR4/NF-κB pathway
	3.6 Gut microbiota in allergy mice

	4 Discussion
	5 Conclusion
	Conflict of interest
	Acknowledgement
	References

