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Abstract

Introduction: The increase in high-fat diet (HFD)-induced
obesity and food allergy leads to an assumption that the 2 are
related. This study aims to (1) systematic verification of HFD-
induced obesity aggravates food allergy and (2) explore the
correlation and molecular mechanisms of HFD-induced obe-
sity promotes food allergy. Methods: Female BALB/c mice are
dividedinto the control group (control), the ovalbumin (OVA)-
sensitized group (OVA), the HFD-induced obesity group
(HFD), and HFD-induced allergic obesity group (HFD + OVA).
Results: In vivo data showed that HFD feed enhance clinical
symptoms and intestinal mucosa villi shed on allergic mice.
Moreover, we found that HFD and OVA irritation enhanced
levels of mast cell degranulation and Th2 humoral response.
Additionally, Western blot analysis showed the potentiation
of peroxisome proliferator-activated receptor y (PPAR y) re-
markably reduced on intestinal in HFD and OVA group, there-
by inhibiting the expression of nuclear factor kappa B (NF-kB)/
PPARYy signal the phosphorylation of NF-«kB P65. Conclusions:
Overall, our results suggest that HFD-induced obesity is a po-
tential risk factor for food allergy, which related to intestinal
barrier destruction and inflammation through the PPAR y/NF-
KB signaling pathway. ©2021S. Karger AG, Basel

Introduction

In recent years, improved living standards have led to
changes in diet composition. The prevalence of obesity
has increased significantly [1]; however, increased obe-
sity has also led to an increased incidence in food allergies
[2]. The increased risks of obesity make obesity a major
global health challenge [3]. Increasing epidemiological
evidence suggests that obesity is a potential risk factor for
allergic diseases. Obesity also has an important effect on
the treatment and prognosis of allergic diseases [4-6].
Food allergy is a common allergic disease that seriously
affects quality of life. Symptoms vary from mild abdomi-
nal discomfort to life-threatening anaphylaxis [7]. Diet-
induced obesity may affect the incidence of food allergies.
However, the relationship between these 2 factors re-
mains to be studied.

Obesity was termed “metaflammation,” which can in-
duce the release of pro-inflammatory cytokines and in-
hibit interferon (IFN)-vy release [8]. Food allergy is char-
acterized by the elevated immunoglobulin E (IgE) levels
and the degranulation of mast cells, which is accompanied
by the release of histamine and other allergy mediators [9].
Antigen-specific CD4+ T cells initiate and regulate IgE
production by B cells [10]. The synthesis of IgE is pro-
moted by cytokines such as interleukin-4 (IL-4), interleu-
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kin-5 (IL-5), and tumor necrosis factor-alpha (TNF-a),
whereas IFN-y inhibit IgE production [11, 12]. Therefore,
high-fat diet (HFD) induces obesity may disrupt the bal-
ance between Th1/Th2 cytokines and food allergy.

Changes in intestinal barrier function during obesity
are a potential link between obesity and food allergies.
The sensitization mechanism of food allergens is relevant
to intestinal permeability, which has a critical effect on
allergen sensitization ability [13, 14]. Recent research has
shown that the intestinal ecological imbalance, caused by
the destruction of intestinal barrier, may have a role in
HFD-induced obesity in mice [15-18].

Food allergy is an inflammatory disease that begins in
the gastrointestinal tract and has an important relation-
ship with intestinal inflammation [19]. Obesity weakens
the function of the intestinal barrier, which is associated
with intestinal inflammation induced by HFD [17, 20].
The composition of the gut microbiota is altered by satu-
rated fatty acids and cholesterol in HFD, which stimulates
intestinal epithelial cells to release inflammatory media-
tors, and directly increases intestinal permeability [21].
Recent studies have demonstrated that HFD-induced in-
testinal barrier dysfunction has a significant overlap in
mechanism in which TNF-a has an important role [22].
TNEF-a disrupts the tight junctions of Caco-2 cells, which
increase epithelial barrier permeability [23]. Nuclear fac-
tor kappa-B (NF-kB) can induce the production of the
TNF-a which has a significant increase in expression with
HED feeding [24]. Research has shown that feeding with
HFD for 2 weeks can decrease the transcription factor
NF-xB in intestine, and this process continues until the
end of the HFD feeding [20]. A speculated is that the in-
creased expression of NF-kB induced by the HFD can
promote intestinal inflammation by enhancing the pro-
duction of TNF-a, which destroys the intestinal barrier
and thereby increases the incidence of food allergy.

Moreover, mast cells can act as effector cells and release
inflammatory mediators when food allergic reactions oc-
cur, and thereby cause various gastrointestinal symptoms
[25]. Studies have reported that HFD induces an increase in
mast cell activation in mice and humans [26]. Peroxisome
Proliferator-activated receptor y (PPAR ) is expressed in
immune cells and regulates the receptors of immune system
and inflammation-related genes [27]. It can play an anti-
inflammatory role by inhibiting pro-inflammatory genes
[28]. PPAR vy has a variety of anti-inflammatory mecha-
nisms, including the inhibition of NF-kB transcription fac-
tors [29]. In inflammatory bowel disease, PPAR y agonists
can improve disease symptoms by inhibiting NF-«B activa-
tion and reducing the expression of the inflammatory cyto-
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kine TNF-a in colonic epithelial cells [30]. Therefore, HFD-
induced intestinal inflammation may mediate the relation-
ship between obesity and food allergy, and NF-«xB, PPAR y,
and mast cells may be the key factors.

Previous studies on obesity and food allergy have fo-
cused on epidemiological evidences [31], diet, and associ-
ated gut microbial alterations [32]. How immunological
mechanisms and signaling pathway in systemic metabo-
lism induced by obesity affect food allergy has not been
reported. Thus, the mechanisms by which obesity in-
creases food allergy are crucial to elucidate. In our study,
we established an obesity allergy model in BALB/c mice
to study the relationship between obesity and food aller-
gies. We found that obese mice had more severe symp-
toms of food allergy. Further studies have demonstrated
that obesity can promote food allergy by promoting in-
testinal inflammation in BALB/c mice and destroying in-
testinal physical barrier. In this study, we investigated
whether HFD-induced obesity aggravates food allergy
and explored the correlation and molecular mechanisms
of HFD-induced obesity that promote food allergy.

Materials and Methods

Animals

In this study, female BALB/c mice (4-week-old) were pur-
chased from Vital River laboratory in Beijing, China, and admitted
to the special pathogen-free Animal Laboratory of School of food
science and Nutritional Engineering, China Agricultural Univer-
sity (Beijing, China). The animal room was kept at 22 + 1°C, 55 +
5% humidity, 12 h light/dark cycle, 15 times/h air exchange. All
animal experiments were carried out under the scheme approved
by the animal experiment welfare and ethics Inspection Commit-
tee of China Agricultural University and in accordance with the
ethical standard guidelines of China Agricultural University. All
the efforts aim to minimize the pain of experimental animals.

Establishment of the Animal Model

After adaptive feeding for a week, according to their body weight,
female BALB/c mice were divided into control and HFD group. The
control group was fed with normal diet (standard diet [SD]), and the
obesity group was fed with HFD. SD and HFD was obtained from
Beijing HFK Bioscience Co. In HFD (h10060), 60% of the calories
are provided by fat (lard), 20% by protein, and the remaining 20%
by carbohydrate. Mice were weighed 8 times a month and main-
tained on the above diets for 8 weeks. The mice had unlimited access
to food and water for 8 weeks. Measured the body length and body
mass index (BMI) of BALB/c mice. At the same time, blood samples
were collected from the inner canthus vein plexus to determine the
levels of triglyceride (TG), leptin, and adiponectin.

According to the results of weight, BMI, hematoxylin-eosin
(HE) staining of adipose tissue, particle size distribution of adipo-
cytes, TG, leptin, and adiponectin after 8 weeks of feeding, mice
that successfully constructed an obesity model were selected. Ran-
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Fig. 1. Establishment of the HFD-induced obesity model. a The
experimental protocol. b Body weight of the BALB/c mice during
the SD feeding and HFD feeding. ¢ HE staining of visceral adipose
tissue of animals fed with SD (scale bar, 50 um). d HE staining of
visceral adipose tissue fed with HFD (scale bar, 50 pm). e Distri-
bution of adipocyte size of visceral adipose tissue, as determined
by using histomorphometric analyses. f BMI of the BALB/c mice

domly divided into obese group and obese food allergy group ac-
cording to body weight, 7 animals in each group (n = 7). The con-
trol group was randomly divided into control group and food al-
lergy group by body weight (n = 7). Mice with food allergy were
gavaged with ovalbumin (OVA), as shown in Figure 1a. One mil-
ligram OV A and 1 mg cholera toxin (Sigma Aldrich, St. Louis, MO,
USA) dissolved in 100 pL saline were given by oral gavage on days
0,7, 14, 21, and 28, respectively. After fasting overnight on day 42,
mice were challenged with 15 mg OVA in 200 pL saline via oral
gavage. The rectal temperature was measured by digital thermom-
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at the eighth weeks of SD and HFD feeding. g The TG levels.
h, i Adipocytokine levels: lepin levels (h) and ADPN levels (i). The
error bars indicate the mean + the standard error of the mean.
*p < 0.05 versus the control group, **p < 0.01 versus the control
group, ***p < 0.001 versus the control group. i.g., Intragastric;
HFD, high-fat diet; SD, standard diet; HE, hematoxylin-eosin;
BMI, body mass index; TG, triglyceride; ADPN, adiponectin.

eter at 0.5 h after challenge. The scoring criteria of allergic symp-
toms were as follows: 0, no symptoms; 1, scratching at nose and
head; 2, puffiness around eyes and mouth; 3, wheezing, labored
respiration, cyanosis around mouth and tail; 4, no activity after
stimulation or convulsion; 5, death.

Pathological Section and Mast Cell Staining Analysis

Visceral fat tissues (uterine fat) and intestinal tissues were fixed
with 4% paraformaldehyde, then paraffin embedded and stained
with HE. Tissues sections were digitalized by using microscope
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(DM2500; Laica). Meanwhile, the small intestine mast cells were
stained with toluidine blue, and the number of mast cells and the
degranulation reaction were observed. The images were obtained
from a fluorescent microscope.

ELISA

On the 35th day, the female mice collected serum through the
orbital vein and stored at —80°C. Before use, OV A-specific IgE and
IgGl1 levels were measured by ELISA. Add 100 ug OVA into each
well, which dissolved in 0.1 M sodium carbonate (pH 9.5), and in-
cubate the microtitration plate at 4°C overnight. On the second
day, the plates were washed 5 times with PBST (0.05% Tween 20/
PBS) and incubated with 1% bovine serum albumin in PBS for 1 h.
Then, serum samples were added to the plate and incubated at
room temperature (RT) for 2 h. The plate was incubated with bio-
tin-labeled antibody (Abcam) in RT for 1 h. Next, washing the
plate for 5 times and add TMB substrate solution (100 pL per/well).
Measuring the absorbance at 450 nm. The serum histamine, lepin,
adiponectin, and cytokine levels were quantified using the com-
mercial histamine ELISA kit (Neogen Corporation, Lexington,
KY, USA). The ELISA analysis mentioned above was carried out
according to the manufacturer’s protocol.

Immunohistochemistry

For paraffin-embedded small intestinal tissue sections, the an-
tigen was first exposed to 95°C buffer for 10 min. The endogenous
peroxidase was then quenched in 3% hydrogen peroxide for 10
min. After blocking with 5% normal goat serum, the sections were
cultured overnight in primary antibody at 4°C. Finally, HRP com-
bined with secondary antibody and diaminobenzidine showed the
expression and localization of antigen.

Western Blot

Cold RIPA lysis buffer (Beyotime, Shanghai, China) containing
a protease inhibitor (BioDee, Beijing, China) was used to homog-
enize intestinal and splenic tissues to obtain protein extracts. The
samples were loaded into 10% 12 sodium sulfate-polyacrylamide
gel electrophoresis gel and transferred to poly (vinylidene fluoride
2) film. Then, the membrane was sealed in tris buffer saline tween
containing 5% bovine serum albumin for 1 h, gently shaken, and
incubated with the primary antibodies of TNF-a, PPAR y, NF-x B
p65, and phosphorylated p65 (p-p65) at 4°C overnight. The mem-
brane was incubated with horseradish peroxidase bound anti-rab-
bit IgG secondary antibody at RT for 1 h and then washed again.
After treatment with enhanced chemiluminescence system re-
agent, Image] software was used for analysis.

RBL-2H3 Cell-Based Immunological Assay

As described in the previous studies in our laboratory [33], the
cells were pre incubated with 1 pug/mL anti-DNP IgE for 2 h. Then,
using PBS to wash, ROSI, GW9662, DPN, and PHDTT with final
concentration of 0.1, 1, or 10 um were added and incubated for 1
h. Finally, cells were stimulated with 50 uL DNP-human serum
albumin (100 ng/mL) at 37°C for 45 min.

After stimulated by DNP-human serum albumin, 30 pL super-
natant was transferred to 96-well plate and incubated with 50 uL
p-nitrophenyl-n-acetyl-B-D-glucosamine (1.3 mg/mL in 0.1 M cit-
ric acid buffer, pH 4.5) at 37°C for 1 h. Then 200 uL termination
solution (0.1 M Na2CO3/NaHCO3, pH 10.0) was added. The absor-
bance of each well was measured at 405 nm using a Thermo Science
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Varioskan flash microtitration plate reader (Thermo, Waltham, MA,
USA). The calculation formula of B-hex is as follows:

absorbance of test samples — absorbance of Tyrode's solution

B-hex release (100%) = —.
absorbance of total samples — absorbance of Tyrode's solution

Statistical Analysis

All data were expressed as the mean + standard SEM of 6 inde-
pendent samples. The statistical significance was determined by
one-way ANOVA using Graphpad Prism 5.01 (Graphpad Soft-
ware Company, San Diego, CA, USA). p < 0.05 was considered to
be statistically significant.

Results

Establishment of Obesity Model Induced by HFD

The incidence rate of obesity and food allergies is in-
creasing; therefore, we suspect that these processes may
be related. Obesity is associated with increased IgE re-
sponse and allergic symptoms; however, whether obesity
is likely to increase the risk of food allergy remains to be
tested. To investigate whether a HFD induces obesity and
increases the risk of food allergy, female BALB/c mice
were fed with HED for 8 weeks before inducing experi-
mental food allergy.

Asshown in Figure 1b, after 8 weeks of HFD consump-
tion, the HFD mice gained 30% more body weight com-
pared to the control mice (p < 0.001), which was much
higher than the modeling standard of 20% [34]. HE stain-
ing showed that the adipocyte size (i.e., diameter) in the
HFD group was primarily in the range of 20-45 um,
whereas the adipocyte size in the control group was pri-
marily in the range of 15-35 um (shown in Fig. 1c-e). The
BMI levels increased in the HFD-fed mice, which were
expected (shown in Fig. 1f, p < 0.001). TG and serum
leptin levels were higher in the HFD group than in the
control group (shown in Fig. 1g, h). Significantly in-
creased levels of serum TG in HFD-fed mice enter adi-
pose tissue with blood circulation, thereby resulting in
excess energy. On day 0, the leptin level of HFD mice
reached 5.90 ng/mL (shown in Fig. 1g). A notable finding
was that the serum adiponectin levels did not decrease
after 8 weeks of HFD feeding, which was similar to the
results of Acin et al. [35]. This finding may be associated
with disordered adipose tissue metabolism in obese
BALB/c mice (shown in Fig. 1i) [36, 37].

Effects of HFD Induces Obesity on Susceptibility to

Food Allergy

Eight weeks after establishing the BALB/c obesity
model by using the HFD, the mice were intragastrically
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Fig. 2. Effects of HFD induce obesity on susceptibility to food al-
lergy and effects of HFD induce obesity on Th1/Th2 cytokines.
a Clinical allergy score of control mice and mice with food allergy.
b Rectal temperature. ¢ Histamine levels. d OV A-specific IgE and
IgGl1 levels. e Cytokines level of IL-4, IL-5, and IFN-y. Different

administered OV A to induce food allergy. HFD-fed food
allergy mice had higher food allergy scores than did the
SD-fed food allergy mice (shown in Fig. 2a). After 42
days, the body temperature of the mice was measured
within 30 min after stimulation with OVA. As shown in
Figure 2b, the body temperature of OVA mice and HFD-
fed OV A mice decreased significantly after the last stim-
ulation. Moreover, weight loss in the HFD-induced al-
lergic mice was 3 times than that of allergic mice. An
important finding is that mice with food allergies that
were fed the HFD exhibited higher histamine and aller-
gen-specific serum IgE and IgG1 levels than mice fed a
SD (shown in Fig. 2c-e). The IgE levels in the serum of
the OV A-sensitized mice were significantly increased by
the HED (p < 0.05), and the serum IgE and IgG1 levels in
OVA-sensitized HFD mice increased by 40.4 and 5.9%,
respectively, compared to these levels in the OV A-sensi-
tized mice (shown in Fig. 2d). Thus, our data suggest that
long-term HFD feeding increases susceptibility to food
allergies.

High-Fat Diet-Induced Obesity
Aggravates Food Allergy

lowercase letter indicates significance differences between groups
(p < 0.05). The error bars indicate the mean + the standard error
of the mean. p < 0.05, n=7. OVA, ovalbumin; IFN, interferon; IgE,
immunoglobulin E; HFD, high-fat diet.

Effects of HFD Induces Obesity on Th1/Th2 Cytokines

To further explore the effects of the HFD and food al-
lergy on the differentiation of Th1and Th2 cellsin BALB/c
mice, we detected Th2-related cytokines (i.e., IL-4 and
IL-5) and Th1-related cytokines (i.e., IFN-y). A striking
finding was that, when food allergy was induced in HFD-
fed mice, the IL-4 and IL-5 levels increased significantly,
compared to their levels in the control animals (p < 0.05),
whereas IFN-y was significantly decreased (shown in
Fig. 2e, p < 0.05). The balance of Th1/Th2 is apparently
disrupted, and the immune response is inclined toward
the Th2 cell response.

HFD Induces Obesity Promotes Mucosal Mast Cell

Accumulation

Given the increase in the food allergy score and the
influence of lipid composition on allergic diseases, we hy-
pothesized that effector mast cells in the intestine (espe-
cially jejunum) would become dysregulated because of
the HFD and food allergy. To verify this hypothesis, we
examined the frequency and number of mast cells in the

Int Arch Allergy Immunol 5
DOI: 10.1159/000517866

Color version available online

151.81.225.156 - 8/20/2021 10:13:53 AM

Downloaded by: C. Alessandri - 87218



Control

OVA

] 80

<

£ 2 60 Control OVA  HFD HFD +OVA £

88 NG ——————

5= GAPDH I —

5 £ 20 d z

[a)

) 0 0

[ Control  OVA HFD HFD Control  OVA HFD HFD
+ OVA e + OVA

HFD

HFD + OVA

Fig. 3. HFD induces obesity promotes mucosal mast cell accumu-
lation. a Toluidine blue staining of the BALB/c small intestine
(scale bar, 50 pm). b Immunohistochemical staining of mast cell
tryptase of female the BALB/c small intestine (scale bar, 50 pm).
c Quantitative analysis of immunohistochemical staining results of

jejunum. The mast cells increased in the HFD-fed nonal-
lergic mice, compared to SD-fed nonallergic mice. Food
allergies were remarkable when OVA-sensitized mice
were fed an SD or an HFD, and intestinal mast cell accu-
mulation was significantly increased in HFD-fed mice,
compared to its accumulation in the control animal
(shown in Fig. 3a).

Tryptase is a sign of mast cell activation. As shown in
Figure 3b, HFD and OVA stimulation significantly in-
creased the expression of tryptase (p < 0.05). The level of
tryptase was 24.6% higher in the obese food allergy group
than in the food allergy group (shown in Fig. 3b, c). After
mast cells are activated by food allergens, mast cells in the
intestine degranulate and release inflammatory factor
TNF-a, which has a significant role in allergic inflamma-
tion [38, 39]. The expression level of TNF-a protein was
significantly higher in the small intestine of food allergy
group and obesity group than in the control group (p <

6 Int Arch Allergy Immunol
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Figure 3b. d Western blotting of TNF-a of the BALB/c small intes-
tine. e Quantitative analysis of Western blot results of Figure 3d.
Different lowercase letter indicates significance differences be-
tween groups (p < 0.05). The error bars indicate the mean + the
standard error of the mean. HFD, high-fat diet.

0.05). This finding indicated that obesity-induced an in-
crease in intestinal inflammatory mediators, similar to
food allergy (shown in Fig. 3d, e).

HFD-Induced Obesity Promotes Mechanical Barrier

Destruction

Previous studies have shown that HFD-induced in-
testinal barrier dysfunction and inflammatory bowel
disease-induced barrier dysfunction have a mechanism
overlap. Thus, obesity may also promote food allergy by
damaging intestinal mechanical barrier function. We
found mucosal erosion and villi shedding in HFD-fed
mice (shown in Fig. 4a). The change in intestinal bar-
rier integrity in HFD-fed food allergic mice is associ-
ated with a decrease in Diamine oxidase (Dao) expres-
sion level in serum (shown in Fig. 4c) and tight junction
protein 1 (ZO-1) (shown in Fig. 4b, d). Food allergy re-
sulted in a more significant reduction level of ZO-1 pro-
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tein. Compared to the ZO-1 level in food allergic mice,
the ZO-1 level of HFD-induced food allergy mice was
decreased by 39.6% (shown in Fig. 4d). Thus, obesity
promotes mucosal mast cell accumulation and me-
chanical barrier destruction, which may aggravate food
allergies by increasing intestinal permeability to food
allergens.

HFD-Induced Obesity Promotes Food Allergy by

Changing PPAR y/p65 Complex and Reducing NF-xB

Signal Transduction

Owing to the pro-inflammatory effect of NF-xB in
obesity-induced intestinal inflammation and the regula-
tory effect of PPAR y on intestinal inflammation by in-
hibiting NF-kB [40, 41], we evaluated the expression lev-
els of PPAR y and NF-kB in intestine of the HFD mice
and the control mice. P65 is one of the important mem-
bers of NF-«B transcription factor family [42], so the ex-

High-Fat Diet-Induced Obesity
Aggravates Food Allergy

pression of NF-«kB was evaluated by measuring the level
of p65.

The expression of intestinal PPAR y was downregu-
lated in the HFD mice and OV A mice (shown in Fig. 5a,
b). In these groups, NF-kB signaling was activated and the
intestinal NF-kB p65 expression was significantly in-
creased (shown in Fig. 5a, b). In addition, the expression
of NF-k B p65 in allergic mice fed the HFD was 8.9%
higher than that in nonallergic mice fed the HFD. To fur-
ther prove whether the mechanism of obesity-induced in-
testinal inflammation is related to the activation of NF-
kB, the phosphorylation level of p65 (i.e., p-p65) in the
intestine of mice was determined. Obesity significantly
increased the expression of p-p65 in the intestine of fe-
male mice, which indicated that obesity promotes the ac-
tivation of NF-«xB in the intestine of female mice, which
may induce intestinal inflammation and increase the risk
of food allergy (shown in Fig. 5¢, d). The expression levels
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of PPAR vy, NF-kB p65, and p-p65 in spleen reflect the
mechanism of systemic inflammation, and the results
were consistent with those in intestine (shown in Fig. 6a—

d).

PPAR y Inhibited the Release of 3-Hex from RBL-2H3

Cells

To further verify the function of PPAR y on food al-
lergy, we use a PPAR y agonist (ROSI) and a PPAR y in-
hibitor (GW9662) to explore the effect on the release of
B-hex from RBL-2H3 cells stimulated. By using a formu-
la, B-hex release by ROSI and GW9662 was calculated
(Table 1). As shown in Table 1, the release rates of f-hex
of RBL-2H3 cells decreased to 48.2, 39.9 or 35.9% after
treating the cells with 0.1, 1 or 10 uM/L, respectively, of
the ROSI extract. GW9662 treatment significantly pro-
moted the release of 3-hex. After treated with 0.1, 1, or
10 uM/L of GW9662, the maximum release of P-hex,
162.1%, occurred with 10 um/L GW9662 (Table 1). Thus,
the inhibition of PPAR y promoted mast cell degranula-
tion, which indicated that the effect of obesity on PPAR
y expression is the possible that obesity promotes intes-
tinal inflammation and increases the risk of food aller-

gy.

8 Int Arch Allergy Immunol
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female BALB/c small intestine. Different lowercase letter indicates
significance differences between groups (p < 0.05). The error bars
indicate the mean =+ the standard error of the mean. HFD, high-fat
diet; PPAR v, peroxisome proliferator-activated receptor y; NF-
kB, nuclear factor kappa-B.

Discussion/Conclusion

HFD-induced obesity is a common method used to
construct animal models obesity. By referring to studies
Hussain et al. [43] and Tomas et al. [44], we success-
fully induced obesity in mice by feeding them the HFD
for 8 weeks. Body weight, BMI, physiological and meta-
bolic changes in adipose tissue showed that the mice
had obesity characteristics. The negative effects of obe-
sity on the immune system led to the mice being sus-
ceptible to food allergies. Previous studies have found
that obesity can affect the accumulation of immune
cells in adipose tissue, thereby making the body in a
state of chronic low-grade inflammation, which is as-
sociated with food allergy [8]. In the present study, obe-
sity increased mast cell activation, which released more
histamine, and led to more severe food allergy symp-
toms with OVA stimulation. Obesity significantly in-
creased serum TG level. Medium-chain fatty acids pro-
duced by TG reduce the amount of allergens entering
the blood; however, they increase the number of aller-
gens entering the Peyer’s lymph nodes, which may in-
crease the presentation of intestinal dendritic cells to
allergens [2].
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a Western blotting of PPAR y, NF-kB p65, p-p65 in spleen.
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www.karger.com/doi/10.1159/000517866 for all online suppl. ma-
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d Quantitative analysis of p-p65 (online suppl. Fig. 6d). Lowercase
letters indicate significant differences between groups. The error
bars indicate the mean =+ the standard error of the mean. PPAR vy,
peroxisome proliferator-activated receptor y.

Table 1. HFD-induced obesity inhibited

the release of B-hex from RBL-2H3 cells Control  ROSI Gw9662
0.1 uM 1 um 10 um 0.1 pm 1uM 10 uMm
Release rate, % 100 51.8 60.1*  64.1%* 115.5 147.3* 162.1

ROSI and GW9662 release rate of B-hex in RBL-2H3. * p < 0.05 versus control, ** p <
0.01 versus control, *** p < 0.001 versus control. HFD, high-fat diet.

HFD-induced obesity can also affect food allergies by
affecting the metabolic homeostasis of adipose tissue. Ad-
ipose tissue, as an important endocrine organ, can bal-
ance the secretion of pro-inflammatory factor leptin and
anti-inflammatory factor adiponectin under normal con-
ditions. When adipose tissue expansion leads to adipo-
cyte dysfunction (e.g., overnutrition or lack of physical
activity), the imbalance of adipokines may have local or
systemic effects on the inflammatory response and lead
to inflammation-related pathological processes [36]. In
the present study, leptin levels in HFD-induced obese
mice were significantly increased. This change may de-

High-Fat Diet-Induced Obesity
Aggravates Food Allergy

crease immune tolerance to allergens and promote food
allergy. A speculation is that this finding may be related
to a disorder of adipose tissue metabolism in obese
BALB/c mice, and the difference between human and
mouse strains [36, 37].

In this study, we successfully established a BALB/c
mouse model of obesity. Compared to the control group
mice, the obesity mice were more susceptible to OVA
and had more severe food allergy symptoms. Vieira et al.
[45] found that the frequency of the positive rate of spe-
cific IgE is 3 times higher in obese people than in normal
people. Hussain et al. [32] reported that high dietary fat
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intake promotes food allergies. This finding may be as-
sociated with the impact of HFD [46]. First, lard is the
main energy-supplying lipid in HFD. Long-chain TGs
are one of the main components in lard, which can pro-
mote the secretion of chylomicrons [46]. Chylomicrons
combine with dietary allergens to protect them from de-
composition, thereby increasing the absorption of aller-
gens. When more complexes are captured by macro-
phages, the immune response inclines to the Th2 cell re-
sponse, thereby promoting food allergy [46, 47]. In
addition, obesity decreases the Thl-type immune re-
sponse. However, obesity had no effect on the Th2-type
immune response in female mice. Therefore, obesity
leads to food allergies in mice by disrupting Th1/Th2 bal-
ance.

Similar to food allergy, obesity-induced enteritis can
increase the accumulation and activation of intestinal
mast cells in mice. This finding confirms conclusion in
a previous study [26] that HFD can increase the activa-
tion level and quantity of mast cells. Mast cells are effec-
tor cells in food allergies, which can release inflamma-
tory mediators and cause gastrointestinal symptoms
[48]. In OV A-induced food allergy model, the number
of mast cells in colonic mucosa of mice increased [49].
The increase of tryptase induced by HFD can lead to
mast cells being more prone to degranulation during
OVA stimulation, and thereby promote food allergy.
However, it can also activate protease-activated recep-
tor-2 and increase intestinal epithelial permeability [50],
thereby increasing the susceptibility to food allergy.
Moreover, obesity also increased the expression of
TNEF-a released by mast cells in the small intestine of
mice and promoted intestinal inflammation. These
findings are consistent with those of Lam et al. [24].
Studies [23] have shown that TNF-a participates in the
pathogenesis of allergic inflammation by destroying the
tight junction of Caco-2 cells and increasing the perme-
ability of epithelial barrier. Some studies [15, 18] have
also demonstrated that obesity can reduce the expres-
sion of tight junction proteins and increase intestinal
permeability, and resulting in impaired intestinal bar-
rier function. The sensitization mechanism of food al-
lergens is closely associated with the function of the in-
testinal mechanical barrier [13, 14]. Therefore, in obese
mice, the destruction of the intestinal mechanical bar-
rier leads to OV A pass through the intestine more easily,
thereby causing a food allergy reaction. Our results in-
dicate that obesity can increase inflammatory cytokines,
which damage the integrity of intestinal mechanical bar-
rier. The reason has been discussed in previous studies:

10 Int Arch Allergy Immunol
DOI: 10.1159/000517866

the intake of saturated fatty acids and cholesterol from
the HFD can change the composition of intestinal mi-
crobiota and lead to biosynthesis disorders [22]. The im-
balance in intestinal flora reduces the types of bacteria
that produce anti-inflammatory metabolites, thereby
promoting the inflammatory and immune changes in
the gut. Therefore, the damage to the mechanical bar-
rier will further promote inflammation.

HFD-induced obesity promotes intestinal and sys-
temic inflammation because of the decrease in PPAR y
and increases in NF-kB in intestine and spleen. The
PPAR vy transcription level in peripheral blood mono-
nuclear cells of obese patients consuming the HFD is
negatively correlated with an increase in plasma TG con-
centration [51]. Therefore, the increase in TG levels in
HFD-fed mice may be the reason for the decrease in
PPAR vy expression. The activation of PPAR y may have
an anti-inflammatory effect on Th2-mediated diseases.
Natural and synthetic PPAR y agonists significantly in-
hibit the production of IL-4 in T cells [52], and PPAR y
agonists reduced the levels of IL-4, IL-5, and IL-13 in vi-
tro and the differentiation of Th2 cells by reducing the
expression of Th2-specific transcription factors [53].
PPAR vy can also affect B-cell proliferation, activation,
and antibody production by regulating T-cell function.
The decreased expression of PPAR vy increases the pro-
liferation of T cells and the production of IFN-y [54].
These cytokines can directly affect the formation, prolif-
eration, and antibody production of plasma cells [55]. In
addition, PPAR vy is expressed in mast cells exposed to
food allergy [56], and PPAR y agonists can reduce the
phenotypic markers and viability of mast cells, inhibit
degranulation, and induce apoptosis [57]. Therefore, the
decrease in PPAR y expression in the mice small intestine
and spleen, induced by obesity, may also increase the
food allergy’s risk by promoting immune cell inflamma-
tion-related to food allergy. PPAR v, a regulatory factors
in intestinal inflammation, has decreased expression in
intestinal epithelial cells of patients with inflammatory
bowel disease [58], and its agonist can improve disease
symptoms by inhibiting the expression of NF-«xB and re-
duce the expression of inflammatory cytokine TNF-a in
colonic epithelial cells [59].In addition, PPAR vy also has
an anti-inflammatory effect on immune cells and is the
inhibition of NF-kB [60]. Therefore, the decrease in
PPAR y induced by obesity indirectly promotes the acti-
vation of NF-kxB, which may be the cause of intestinal and
splenic inflammation. PPAR y expression and activation
can also induce adipogenesis [61]. The results of this
study did not completely confirm that the effect of HFD-
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signaling pathway promotes the combination of food allergens and chylomicrons into the body, promotes the
direct uptake of dendritic cells, induces more mast cell activation and more IL-4, IL-5, and TNF-a secretion,
which leads to more severe allergic symptoms. TNF-a, tumor necrosis factor alpha; IL-4, interleukin-4; IL-5, in-
terleukin-5; HFD, high-fat diet; NF-kB, nuclear factor kappa-B.

induced obesity on food allergy is only associated with
the anti-inflammatory effect of PPAR v, but not associ-
ated with its effect on inducing fat formation.

RBL-2H3 cells are rat basophil leukemia cells, which
have the characteristics of stable passage, response to an-
tigen stimulation and the release of inflammatory factors
[62]. RBL-2H3 cells are often studied for degranulation
because their function is similar to that of mast cells [63].
The results of the cell experiment are consistent with
those in vivo; thus, HFD-induced obesity may promote
food allergy by decreasing the expression of PPAR vy, in-
ducingintestinal inflammation, and further inducing sys-
temic inflammation.

Based on the results of this article, we propose a poten-
tial mechanism model HFD induces obesity on allergy as
shown in Figure 7. Obesity through PPAR-y/NF- « B sig-
naling pathway promotes the combination of food aller-
gens and chylomicrons into the body, promotes the direct

High-Fat Diet-Induced Obesity
Aggravates Food Allergy

uptake of dendritic cells, induces more mast cell activa-
tion and more IL-4, IL-5, and TNF-a secretion, which
leads to more severe allergic symptoms.
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