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Objective: Allergic mice show a reduction in body weight and adiposity with a higher inflammatory
response in the adipose tissue similar to obese fat tissue. This study aimed to evaluate whether the
low-grade inflammatory milieu of mice with diet-induced mild obesity interferes with the allergic
response induced by ovalbumin (OVA).
Methods: BALB/c mice were divided into four groups: 1) non-allergic (OVA—) mice fed chow diet, 2)
allergic (OVA+) mice fed chow diet, 3) OVA— mice fed high-refined carbohydrate-containing (HC)
diet, and 4) OVA+ mice fed HC diet. After 5 wk, allergic groups were sensitized with OVA and
received a booster 14 d later. All groups received an oral OVA challenge 7 d after the booster.
Results: Allergic groups showed increased serum levels of total IgE, anti-OVA IgE, and IgG1; a high
disease activity index score; aversion to OVA; and increased intestinal eosinophil infiltration. Non-
allergic mild-obese mice also showed aversion to OVA and an increased number of eosinophils in
the proximal jejunum. After the allergic challenge, OVA-+ mice fed chow diet showed weight loss
and lower adiposity in several adipose tissue depots. OVA+ mice fed HC diet showed a loss of fat
mass only in the mesenteric adipose tissue. Furthermore, increased levels of TNF, IL-6, and IL-10
were observed in this tissue.
Conclusions: Our data show that mild-obese allergic mice do not present severe pathologic features
of food allergy similar to those exhibited by lean allergic mice. Mild obesity promoted by HC diet
ingestion causes important intestinal disorders that appear to modulate the inflammatory
response during the antigen challenge.

© 2016 Elsevier Inc. All rights reserved.

Introduction

of allergy remain unknown. Complex factors, such as environ-
mental factors and modern lifestyle, mainly associated with the

Food allergy can affect the intestinal mucosa and cause local
inflammation [1]. The main food allergy treatment is to avoid
the food with the allergen that has a negative impact on the
quality of life [2]. Despite great advances in our understanding of
mucosal immunology, the causes underlying the increased rates
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incidence of obesity, can initiate an allergic process [2,3].
Obesity is a risk factor for the development of allergic re-
actions [3]. Such an association may be related to the chronic
low-grade inflammatory feature of obesity [4,5]. It has been
demonstrated that the frequency of specific positive IgE levels in
obese individuals is threefold higher than that found in
non-obese [6]. According to Hancox et al. [7], 28% of patients
with allergic asthma exhibit a positive correlation with over-
weight and obesity. Obesity may contribute to the increased
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prevalence of allergic diseases, particularly food allergy, because
of systemic inflammation [8].

A study on patients with asthma found that weight loss
lessened the symptoms of asthma, independent of the IgE levels,
by modulating the action of T cells and thus the profile of
proinflammatory cytokines [9]. Leptin, an adipocytokine that
increases during obesity, increased twofold in overweight chil-
dren with asthma compared with overweight children without
asthma [10]. Other important cytokines in the inflammation
process, such as TNF, IL-6, and eotaxin, are also modified in
allergic individuals with obesity [9,11]. Despite strong evidence
supporting obesity as a risk factor for allergy, this relationship
remains to be clarified because of controversial results [12,13].
Researchers found no strong correlation between atopy or
asthma and obesity in children [14]. Sidoroff et al. [ 15] concluded
that a previous or current overweight state does not increase the
risk of asthma or allergy in school-aged children but obesity may
decrease allergic risk after bronchiolitis in infancy.

Our group has reported that allergic mice, despite having a
reduction in body weight and adiposity, show a higher inflam-
matory response in the adipose tissue and a metabolic
dysfunction [16,17]. This phenotype is quite similar to the
adipose tissue inflammation observed in obese mice [4,18,19]. In
fact, our group has previously found that a high-refined carbo-
hydrate-containing (HC) diet increases adiposity without
significant differences in overall body weight, causing mild
obesity. In this model, the fat mass expansion is accompanied by
an early induction of adipose tissue inflammation and metabolic
dysfunction. On the basis of these results, the aim of the present
study was to evaluate whether the low inflammatory milieu of
mild-obese mice interferes with the allergy response induced by
ovalbumin (OVA). In the present study, mild obesity promoted by
the HC diet does not exacerbate the immunologic and metabolic
response in allergic mice.

Materials and methods

Male BALB/c mice at 4 to 5 wk of age were obtained from our animal care
center (Centro de Bioterismo [CEBIO]/Universidade Federal de Minas Gerais
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[UFMG]) and maintained in an environmental-controlled room under a 14-h
light/10-h dark cycle. The animals had free access to food and tap water, and
were maintained in accordance with the guidelines of the Ethics Committee
on Animal Use of our institution (Comissdo de Etica no Uso de Animais
[CEUA]/UFMG Protocols 060/2010 and 299/2007). The mice were fed stan-
dard chow (Labina) or HC diet for 8 wk as described previously [4]. The HC
diet contained at least 30% refined sugars, mostly sucrose. The animals were
divided into four groups: 1) non-allergic (OVA—) mice fed chow diet, 2)
allergic (OVA+) mice fed chow diet, 3) OVA— mice fed HC diet, and 4)
OVA+ mice fed HC diet.

The weight of the mice was measured once a week and the food consumption
was assessed twice a week. During the week of the oral challenge (eighth to ninth
week), the weight was measured on the first day and 7 d after the antigen
challenge (see experimental design in Fig. 1). At the end of the treatment, the
animals were anesthetized with ketamine (130 mg/kg) and xylazine (0.3 mg/kg),
and euthanized.

Mice sensitization

After 5 wk of continuous intake of different diets, the animals were subjected
to the allergy protocol (Fig. 1). For sensitization, the OVA— mice fed with chow or
HC diet received a subcutaneous injection of 0.2 mL of saline (0.9%) and adjuvant
[1 mg of Al(OH)3]. OVA+ groups received 0.2 mL of saline (0.9%), adjuvant [1 mg
of Al(OH)3], and 10 pg of OVA (five-times-crystallized Hen’s egg albumin; Sigma,
St. Louis, MO, USA). Fourteen days after the sensitization, the OVA— groups
received a subcutaneous injection with only 0.2 mL of saline (0.9%), and allergic
mice received a booster of 0.2 mL of saline (0.9%) and 10 pg of soluble OVA. One
week after the administration of the booster, the oral challenge was conducted.
For all groups, drink water was replaced with a 20% OVA solution for 1 wk and
quantified each day to verify aversion. This solution was prepared using a
lyophilized egg white (Salto’s, Belo Horizonte, Brazil) [2,20].

Disease activity index score

For the assessment of the disease activity index (DAI) score [16], body weight
and stool were scored every day after antigen challenge as follows: body weight
score (0 = no weight loss; 1 = 1-5% weight loss; 2 = 6-10% weight loss; 3 = 11—
15% weight loss; 4 = >15% weight loss); stool viscosity (0 = normal; 2 = fluffy;
3 = pasty and liquid consistency; 4 = diarrhea); and stool occult blood
(0 =normal; 1 = positive fecal blood; 2 = hemorrhage) by Hexagon OBScreen kit
(Human GmbH, Wiesbaden, Germany).

Evaluation of serum total IgE, anti-OVA IgE, and IgG1

Total IgE, anti-OVA IgE, and IgG1 levels were measured by capture-ELISA
using plates coated with rat antimouse IgE or IgG1, 50 pL of serum, and
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Fig. 1. Experimental design of obesity and food allergy induced by antigen in mice. According to the obesity protocol, the mice were fed chow or HC diet for 63 d. After 35 d,
allergy induction was initiated through two immunizations. The challenge was performed through OVA ingestion. HC, high-refined carbohydrate-containing; OVA,

ovalbumin.
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biotinylated OVA, as described previously [21]. The results for both anti-
bodies are reported in arbitrary units (A.U.) using a positive reference serum
(1000 A.U).

Intravital microscopy observation of adipose tissue microvasculature

Intravital microscopy was performed for the epididymal and mesenteric
adipose tissue microcirculation. Briefly, mice were anesthetized with xylazine
10 mg/kg and ketamine hydrochloride i.p. 100 mg/kg. The adipose tissue was
exposed, and Rhodamine 6G (Sigma) was injected intravenously (0.15 mg/kg) to
observe the leukocyte-endothelial cell interactions. The microscopy images
were captured using a Nikon Eclipse 50i (Nikon Instruments Inc., Tokyo, Japan)
microscope (x20 objective) with a video camera (5100HS; Panasonic, Secaucus,
NJ, USA) and recorded digitally using both filter blocks consecutively. A leuko-
cyte was considered to be adherent if it remained stationary for at least 30 s,
and the total leukocyte adhesion was quantified as the number of adherent cells
within a 100-pm length of the venule; these data were expressed as cells/
100 pm.

Histologic evaluation of tissues

Tissues from the mice were fixed in 4% neutral formalin, dehydrated in ab-
solute ethanol, cleared in xylene, and then embedded in paraffin. The histologic
sections (5 pm) were stained with hematoxylin-eosin, and the proximal jejunum
was stained with periodic acid-Schiff (PAS) for mucus analysis. The sections were
analyzed using a microscope (Olympus BX41) equipped with a digital camera
(Moticam 2500). Ten fields of the gut tissue were randomly chosen from each
animal and the images (40x ) were captured for quantification of the eosinophil
infiltration, and the data were reported as number of eosinophils per field. For
mucus analysis, three sections of the jejunum stained with PAS were subjected to
morphometric analysis using an image analysis program running on an IBM
computer. Images were obtained at 40x; for the determination of goblet cell
volume, all pixels with green hues were selected for the creation of a binary
image and subsequent calculation of the total area; data were reported as % PAS/
field. For the quantification of adipocyte size, a cell area of 50 adipocytes per
animal was measured using Image] software (National Institutes of Health,
Bethesda, MD, USA).

Determination of serum parameters

Fasting glucose, cholesterol, and triacylglycerol levels were assayed using
enzymatic kits (Katal, Belo Horizonte, Brazil). The fasting serum levels of adi-
ponectin and resistin were determined by ELISA (R&D Systems Europe Ltd.,
Abington, UK).

Total and differential blood cell counts

Blood was collected from the tail vein of mice, and the total white blood cells
were counted using a Neubauer chamber. Peripheral blood smears were stained
with May-Griinwald Giemsa staining, and the differential white blood cell count
was determined under oil immersion (1000x ).

Oral glucose tolerance and insulin sensitivity tests

For the oral glucose tolerance test, D-glucose (2 mg/g body weight) was
administered orally to mice that were fasted overnight; this test was performed
on the ninth week. The glucose levels were monitored using an Accu-Check
glucometer (Roche Diagnostics, Indianapolis, IN, USA) in tail blood samples
collected 0, 15, 30, 60, and 90 min after glucose overload.

ELISA assay

The levels of IL-6, TNF, and IL-10 in the gut, epididymal, and mesenteric
adipose tissue were determined using DuoSet ELISA kits according to the man-
ufacturer’s instructions (R&D Systems, Inc., Minneapolis, MN, USA).

Statistical analysis

The results are expressed as mean + SEM and analyzed using GraphPad
Prism version 4.0 (GraphPad Software, San Diego, CA, USA). All data were
analyzed for normality of distribution by the Kolmogorov-Smirnov test and were
found to be normal. Comparisons between two groups were performed using the
Student’s t test, and multiple comparisons were performed using one-way
ANOVA with Newman-Keuls post hoc analysis. Statistical significance was set
at P < 0.05.

Results
Allergic response in mice fed chow or HC diet

Sensitized mice (OVA+) exhibited higher serum concen-
trations of total IgE (Fig. 2A), anti-OVA IgE (Fig. 2B), and anti-
OVA IgG1 (Fig. 2C) compared with OVA— mice fed chow or HC
diet. The higher levels of these immunoglobulins showed the
development of allergy to the OVA protein. Sensitized mice
(OVA+) also showed aversion to the antigen in water. In fact,
allergic groups reduced the consumption of water containing
OVA on the fifth day of the oral challenge, which was main-
tained until the end of the allergic challenge. Non-allergic
mice fed HC diet also showed aversion to the OVA solution
(Fig. 2D).

The body weight gain and food intake were similar between
the groups before the allergic challenge (Table 1). Also, there was
no difference between caloric intakes. After the allergic chal-
lenge, only OVA-sensitized mice fed chow diet showed weight
loss (Fig. 2E).

The analysis of the clinical parameters of food allergy
revealed that allergic mice fed chow diet had a higher DAI score
compared with non-allergic mice. Non-allergic mice fed HC diet
had a higher DAI score compared with mice fed chow diet.
Therefore, we found no difference between the allergic and non-
allergic mice fed HC diet (Fig. 2F).

Effect of food allergy and HC diet on gut parameters

The gut eosinophilic infiltrate was twofold higher in the
allergic mice fed with chow diet compared with non-allergic
mice. Similarly, obese non-allergic animals exhibited higher
numbers of eosinophils in the jejunum compared with non-
allergic mice fed chow diet. However, allergic mice fed HC diet
showed no further increase in eosinophils compared with non-
allergic mice fed the same diet (Fig. 3A, B).

The gut photomicrographs stained with PAS showed that
allergic mice fed chow diet presented with increased mucus in
the intestinal mucosa compared with non-allergic mice. Non-
allergic obese mice also showed increased PAS-positive cells
compared with non-allergic lean mice (Fig. 3B, C).

To evaluate whether mice fed with HC diet showed higher
numbers of gut eosinophils because of OVA ingestion or as a
result of nutrient overload, we performed a set of experi-
ments in which mice were fed chow or HC diet without any
allergic stimulus (OVA ingestion) in the water. Mice fed HC
diet showed an increase in eosinophil numbers per field
compared with mice fed chow diet (chow [C] = 5.18 + 0.4
versus HC = 13.73 + 0.6); however, no differences in the
numbers of PAS-positive cells were found (C = 6.00 + 1.1
versus HC = 6.47 + 0.6). In addition, the intestinal mucosa
levels of the cytokines TNF, IL-6, and IL-10 did not change
(data not shown).

Adipose tissue response after allergy challenge in mice fed chow
or HC diet

Allergic mice fed chow diet exhibited lower adiposity
compared with non-allergic mice fed the same diet (Fig. 4A-D).
However, allergic mice fed HC diet showed unaltered adiposity in
most tissues (Fig. 4A, C, D) compared with non-allergic group fed
HC diet, with the exception of the mesenteric adipose tissue,
which showed a remarkable reduction (Fig. 4B). These data were
confirmed through a histologic analysis of the epididymal and
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Fig. 2. Markers of allergy after ovalbumin consumption in OVA— and OVA+ mice fed chow or HC diet. (A) Total IgE, (B) anti-OVA IgE, and (C) anti-OVA IgG1 levels.
(D) Ingestion of ovalbumin solution, (E) body weight gain, and (F) DAI score. The data are expressed as mean + SEM (n = 8-10 per group). P < 0.05 compared with the OVA—
group; *P < 0.05 compared with the respective OVA+ or OVA— group fed chow diet. HC, high-refined carbohydrate-containing; OVA—, non-allergic; OVA+, allergic.

mesenteric adipose tissues (Fig. 4E-G). The epididymal adipo-
cytes from allergic mice fed HC diet showed a similar area
compared with those from obese non-allergic mice, whereas the
mesenteric adipocytes from allergic mice fed HC diet presented a
smaller area.

Allergic mice fed chow diet had more adhered leukocytes in
the epididymal and mesenteric adipose tissues than had non-
allergic mice. Allergic mice fed HC diet had no changes in
adhered leukocytes compared with non-allergic mice fed the
same diet (Fig. 5A, B).

The number of leukocytes in the blood was increased in the
allergic group fed chow diet compared with non-allergic mice.
Mice fed HC diet exhibited higher leukocyte numbers; however,
the number of these cells did not increase after the allergic
challenge. The same profile was observed in the numbers of
mononuclear blood cells (data not shown).

We also analyzed the adipose tissue cytokines TNF, IL-6, and
IL-10 and observed no differences in the epididymal adipose
tissue between the allergic groups fed HC or chow diet (Fig. 5C).
In contrast, the levels of IL-6 and IL-10 in the mesenteric adipose
tissue of allergic mice fed HC diet were higher than those found
in the allergic mice fed chow diet (Fig. 5D).

Although allergy and obesity change the metabolic profile of
mice, obese allergic mice did not show any further metabolic
dysfunction (Table 1).

Discussion

Diseases such as allergy and obesity induce metabolic
dysfunction and adipose tissue inflammation [4,18,19]. However,
it is not clear whether low-grade inflammation in a context of
mild obesity influences the allergic response. The major findings

Table 1

Serum analysis of non-allergic and allergic mice fed chow or high-refined carbohydrate-containing diet
Parameters evaluated C(OVA-) C (OVA+) HC (OVA-) HC (OVA+)
Food intake (g/d/mice) 53+04 53+ 0.5 5.0+03 47 £ 04
Body weight after 8 wk of diet (g) 29.8 £ 0.7 29.5 £ 0.5 309 £ 0.9 285+ 04
Serum triacylglycerols (mg/dL) 48.6 +5.3 68.7 £ 2.8 84.0 + 12.1* 88.6 + 13.5
Serum total cholesterol (mg/dL) 762 £ 4.4 755+ 7.1 96.8 + 4.5* 92.0 £+ 2.1
Serum glucose (mg/dL) 2084 + 8.2 1483 £ 6.7' 196.9 + 13.5 2153 £ 23.1*
Area under the curve OGTT 14054 + 300.3 12253 + 1617 17112 + 372.5* 16742 + 886.1*
Adiponectin (pg/mL) 1.1+ 0.1 1.0+ 04 1.1+ 0.1 1.1 + 0.04
Resistin (ng/mL) 246.1 + 34.8 341.0 + 47.3 3142 +£17.7 365.4 4+ 13.1

C, chow; HC, high-refined carbohydrate-containing; OGTT, oral glucose tolerance test; OVA—, non-allergic; OVA+, allergic

Data represent mean + SEM (n = 7-8 per group)
= P < 0.05 compared with the respective OVA— or OVA+ group fed chow diet.
* P < 0.05 compared with the OVA— group.
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of our study can be summarized as follows: 1) Mild obesity
induced by HC diet did not worsen the parameters of food allergy
in mice; in fact, the weight and fat pad mass loss after antigen
exposure were decreased in these animals, except in mesenteric
adipose tissue. 2) The closer location of the mesenteric fat pad to
the intestine may be related with a higher inflammation and
susceptibility to lose fat in this tissue. 3) Non-allergic mice fed HC
diet exhibited aversion to antigen (OVA), increased numbers of
eosinophils and PAS-positive cells in the gut, and clinical signs of
intestinal inflammation.

The production of IgE is the main marker for immediate
hypersensitivity reactions, commonly called allergy or atopy
[22]. After the production of IgE, this protein binds with high
affinity to the receptor on the surface of mast cells and basophils
[23]. In this study, we found that the oral ingestion of the antigen
characteristically increased the concentrations of total IgE, anti-
OVA IgE, and IgG1 in allergic mice, regardless of the diet
composition. These data suggest that the HC diet does not cause
a further increase in the immunoglobulin levels, indicating that
diet-induced mild obesity does not worsen the allergic response.
In contrast, it was proposed that obesity promotes immunologic
changes that result in decreased immune tolerance to antigens,
making these individuals more susceptible to immune-mediated
diseases [3]. Previous studies assessing allergic asthma in obese
mice fed a high-fat diet reported that increased body weight
increases the levels of specific IgE and IgG [24-26]. It has also
been demonstrated that a high-fat diet affects the immune
response to antigens by modulating their uptake and transport
through intestinal epithelial cells [27]. The allergy manifesta-
tions at the intestinal level promote a change in mucosa that
leads to diarrhea and increased permeability to macromolecules

[23]. These controversial data suggest that diet composition may
modulate the OVA absorption and consequently the immune
response. This finding may explain, at least in part, why the mice
fed HC diet did not show any further increase in immunoglobulin
levels after the antigen challenge, as previously shown in mice
fed a high-fat diet. Moreover, mild-obese mice did not show a
further increase in the symptoms of food allergy. Thereby, our
data suggest that the distinct diet composition may influence the
susceptibility to food allergy at least by altering differentially the
production of IgE.

The clinical signs of food allergy, in addition to the measure-
ment of the levels of IgE and IgG, are important for the evaluation
of the allergic response to antigen. Allergic mice presented a
higher DAI score and aversion to OVA, regardless of their diet
composition. Non-allergic obese mice also showed those dys-
functions. The DAI score combines three manifestations observed
in food allergy: 1) weight loss after challenge, 2) occurrence of
diarrhea, and 3) presence of blood in the feces. Even though obese
mice did not show weight loss, these mice presented a higher
DAI score, akin to allergic mice. Moreover, non-allergic obese
mice also showed food aversion, which was unrelated to the IgE
levels. The decision of non-allergic obese mice to avoid drinking
water containing OVA may be an adaptive response resulting
from the negative stimulus on the intestinal mucosa because of
diarrhea and bleeding discomfort [28]. In fact, this finding sug-
gests that the previous gut alteration induced by HC diet sensi-
tizes the mice to exhibit an aversive response to the OVA antigen.

A cluster of factors is involved in the aversion phenomenon
[29-31]. Some immune cells and cytokines appear to be key
regulators of the antigen-induced aversion. The gut eosinophils
produce damage to the tissue and trigger diarrhea and intestinal
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bleeding, which may contribute to the antigen aversion phe-
nomenon [23,28]. In fact, the gut of non-OVA-sensitized
mild-obese mice showed an increase in eosinophil infiltration in
the mucosa before the oral challenge, which may induce signs of
food intolerance. Moreover, the adipose tissue from obese mice
produces a milieu of cytokines that can influence the intestinal
immune response to a given antigen. Indeed, the adipose tissue
is closely linked with the lymphoid structure [32]. A new type of
innate lymphocyte that is present in a novel lymphoid structure
associated with adipose tissues that produce large amounts of
Th2 cytokines, such as IL-5, IL-6, and IL-13 [32] was recently
discovered. A previous study found that the serum IL-5 levels are
maintained by long-lived type 2 innate lymphoid cells resident

in peripheral tissues that secrete IL-5 constitutively and are
induced to co-express IL-13, resulting in localized eotaxin pro-
duction and eosinophil accumulation [33]. The researchers also
reported that type 2 innate lymphoid cells in the small intestine
co-express IL-5 and IL-13, and that this co-expression is
enhanced after caloric intake [33]. The close interconnection
between adipose tissue, lymphoid organs, and intestine may
explain the increased number of eosinophils in the gut of
non-allergic mild-obese mice.

A previous study from our group reported that food allergy
triggers an important reduction in body weight, mainly because
of fat mass loss [16]. Indeed, in this study, we found that food
allergy decreases the visceral fat tissue. The lower adiposity
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observed in allergic mice may be related to higher adipocyte
lipolysis, which is necessary to respond to the high energy
demand during the inflammatory process [16]. As we (and other
researchers) have previously shown, lipolysis appears to be
driven by the increased numbers of leukocytes and cytokine
levels in adipose tissue [16,34,35]. Surprisingly, although
mild-obese allergic mice also showed signs of food allergy, these
mice lose fat mass only in the mesenteric adipose tissue, which is
located near the intestine. Furthermore, allergic mild-obese mice
showed a higher cytokine content in the mesenteric adipose
tissue. The higher cytokine levels in mesenteric adipose tissue
may be related with the fat loss, particularly in this tissue. The
proximity of the mesenteric adipose tissue to the intestine and
its readiness to respond to the energy demand during an in-
flammatory response [36] indicate its participation as an active
energy provider during the allergic inflammatory response.

Conclusions

Our data show that mice fed a high-carbohydrate-containing
diet did not worsen the food allergy response induced by OVA.
However, these mild-obese mice exhibit important intestinal
disorders that appear to dampen the inflammatory response
during the antigen challenge and any further increase in eosino-
phils infiltrate, DAl score, mucus, and aversion phenomenon. Mild
obesity induced by the HC diet in non-allergic mice, although not
associated with IgE levels, causes pathologic features similar to
those found in lean allergic mice.
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