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This study investigateswhether exposure to allergen elicits insulin resistance as a result of adipose tissue inflam-
mation. Male C57BL/6 mice were challenged with ovalbumin (OVA) allergen for 12 weeks, and blood and adi-
pose tissue samples were collected at 24 h after the last challenge. Levels of adhesion molecules, fasting
insulin, fasting glucose, and adipokines in the blood were analyzed, and fasting homeostasis model assessment
was applied to determine insulin resistance (HOMA-IR). The expression of pro- and anti-inflammatory genes
in dissected adipose tissues was analyzed by real-time RT-PCR. Our results showed that OVA exposure increased
insulin resistance as well as resistin and E-selectin, but reduced adiponectin in the serum. Resistin level was sig-
nificantly correlatedwith HOMA-IR. Moreover, in adipose tissues of OVA-challengedmice, the pro-inflammatory
M1 genes were more abundant while the anti-inflammatory M2 genes were less than those of PBS-treatedmice.
The expressional changes of both M1 and M2 genes were significantly associated with serum levels of
adiponectin, resistin, and E-selectin. Hematoxylin and eosin (HE) and immunohistochemistry (IHC) stain also
showed that therewasmore obvious inflammation inOVA-challengedmice. In conclusion, the current study sug-
gests the relationship between allergen-elicited adipose tissue inflammation and circulating inflammatory mol-
ecules, which are possible mediators for the development of insulin resistance. Therefore, we propose that
allergen exposure might be one risk factor for insulin resistance.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Diabetes is a group of metabolic diseases that are prevalent in all
countries, and the number of adults with diabetes is estimated to in-
crease by 20% in developed countries and 69% in developing countries
from 2010 to 2030 [1]. Diabetes is generally classified into type 1 and
type 2, which are characterized by insulin deficiency and insulin resis-
tance, respectively. As opposed to insulin deficiency that is partly
inherited, the development of insulin resistance is primarily due to life-
style factors such as diet and environmental pollutant exposure [2–5].
Understanding the risk factors for insulin resistance is crucial to the pre-
vention and development of therapeutic strategies for type 2 diabetes.
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Pathophysiological studies indicated that inflammation plays a key
role in the development of insulin resistance [6,7]. For example, high-
fat-fed mice produced more pro-inflammatory cytokines interleukin-6
(IL-6), tumor necrosis factor-alpha (TNF-α), and interleukin-1β (IL-1β)
in the liver, which caused hepatic and systemic insulin resistance [8,9].
Inflammatory markers vascular cell adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (ICAM-1) and endothelial-selectin
(E-selectin), which are released from stimulated vascular endothelium,
appear to participate in the development of insulin resistance [6,7,10,
11]. Moreover, the levels of circulating VCAM-1, ICAM-1 and E-
selectin were shown to significantly correlate with insulin sensitivity
[12–14]. Therefore, inflammation is nowknown as a pathological condi-
tion that associates with the development of insulin resistance.

Adipose tissue produces a large number of bioactive mediators and
has a central role in both immune responses and metabolism of lipid
and glucose. Adipose tissue inflammation induced elevated plasmino-
gen activator inhibitor-1 (PAI-1), IL-1β, IL-6, and TNF-α while it de-
creased the expression of anti-inflammatory markers like macrophage
galactose lectin-1 (Mgl1), macrophage galactose lectin-2 (Mgl2) and
interleukin-10 (IL-10), and alteration of these inflammatory factors
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appeared to promote insulin resistance [6,7,15–17]. Members of
adipokines participated in glucose production and insulin resistance;
in particular, adiponectin had a protective role in insulin resistance by
increasing glucose uptake [18–20], while resistin was implied to in-
crease the propensity of insulin resistance [21,22]. More importantly,
epidemiological studies found that type 2 diabetes patients had higher
serum resistin levels compared to healthy subjects [23,24], while sever-
al cohort studies indicated that a lower level of adiponectin is associated
with a higher incidence of diabetes [25–27]. Taken together, the inflam-
matory factors and adipokines that are produced by adipose tissuesmay
play an important role in the development of insulin resistance and type
2 diabetes.

We recently discovered that acute exposure to allergen lowered
adiponectin levels in serum and adipose tissues and concurrently in-
duced adipose tissue inflammation [28]. In the current study, we hy-
pothesize that allergen exposure promotes insulin resistance through
the action of adipose tissue inflammation. Our data of a long-term expo-
sure model found that allergen could modulate serum IL-6, adipokines
and E-selectin, and alteration of these circulating factors correlated
with pro-inflammatory phenotype of macrophage in adipose tissues.
More importantly, allergen-induced fluctuation of serum resistin is as-
sociated with insulin sensitivity that was obtained by homeostasis
model assessment insulin resistance (HOMA-IR). Collectively, our
study suggests that allergen exposure may be one risk factor for the
development of insulin resistance.

2. Materials and methods

2.1. Animal

Eight-week-oldmale C57BL/6micewere obtained from theNational
Cheng-Kung University Laboratory Animal Center. Mice were grouped
and kept in constant lighting cycle (12-h light/dark), temperature
(23 ± 2 °C) and relative humidity (50–60%) with free access to food
and water. In this study, at least repeated experiments were performed
until trend of the response curve was consistent before we started col-
lection of study data. All study protocols were approved by the Animal
Care and Use Committee of the National Cheng-Kung University.

2.2. Allergen sensitization and challenge

In the first stage, mice were sensitized with four intraperitoneal in-
jections of 10 μg ovalbumin (OVA, Grade IV, Sigma-Aldrich, St Louis,
MO, USA) bound to 1 mg aluminum hydroxide (Sigma-Aldrich, St.
Louis, MO, USA) in 200 μl phosphate buffered saline (PBS, pH 7.4) on
days 1, 8, 15 and 22. On day 29, for the second stage, the mice were in-
tranasally challenged with 50 μg OVA in 25 μl PBS once a day and five
days per week for 12 weeks. Equal volume of PBS was used in parallel
experiments as a control. Twenty-four hours after the last intranasal
challenge, mice were weighed (AE240, Mettler-Toledo, Switzerland)
and sacrificed with cytosol (Kyorin Pharmaceuticals, Tokyo, Japan),
and the blood, bronchoalveolar lavage fluid (BALF) and adipose tissue
were collected.

2.3. Blood glucose, insulin, adiponectin, resistin and immune markers

Oral glucose tolerance test (OGTT) was performed at the eighth
week of allergen challenge. Mice were deprived of food beginning at
9 AM for 4 h and then suppliedwith 400 mg/ml glucose (D-(+)glucose,
Sigma-Aldrich, St. Louis, MO, USA) by gavage feeding. Blood samples
were collected before and at 15, 30, 60 and 120 min after the feeding,
centrifuged at 1250 ×g for 15 min at 4 °C, and stored at −80 °C.
The blood glucose and insulinwere determined byGLUC-PAP (RANDOX,
Crumlin, United Kingdom) and insulin kit (Mercodia, Uppsala, Sweden)
in accordance with the manufacturer's protocols, respectively.
Mice were sacrificed at 24 h after the last intranasal challenge with
4-hour fast. Blood samples were centrifuged at 12,500 rpm for 30 min
at 4 °C, and the serum was stored at−80 °C. Enzyme-linked immuno-
sorbent assays (ELISA) were performed to determine the serum
levels of IL-6, TNF-α, adiponectin, resistin, VCAM-1, ICAM-1, E-selectin
(R&D System, Minneapolis, MN, USA), and total IgE (BD Biosciences,
San Diego, CA, USA). Fasting homeostasis model assessment of
insulin resistance (HOMA-IR) was calculated by fasting blood glucose
(mg/dl) × fasting insulin (μU/ml) / 405 [29].
2.4. Cell populations in the bronchoalveolar lavage fluid (BALF)

This study has drawn BALF samples and determined the number and
population of cell to understandwhether allergen exposure successfully
elicit airway inflammation. Two tubes of BALF were collected by order,
and each included 3 repeated, 30-second-long drawings using 1 ml sa-
line. The BALF was centrifuged at 4 °C and 2000 rpm for 10 min, and
the pellets were re-suspended in 1 ml of RPMI 1640 medium supple-
mented with 10% fetal bovine serum. Twentymicroliters of cell suspen-
sion was drawn for total cell counts by using a hemocytometer
(Marienfeld, Germany) and a microscope (BH-2, Olympus, Tokyo,
Japan). The rest of the suspension was cytocentrifuged (Thermo
Electron Corporation,Waltham,MA, USA) to transfer cells onto amicro-
scopic slide, which was subsequently stained with Diff-quik (Sysmex
Corporation, Tokyo, Japan). Macrophages, eosinophils and neutrophils
were differentiated by stain, and cell numbers of each population
were counted under a microscope (CX31RBSF, Olympus, Tokyo, Japan).
2.5. Inflammatory marker expression in adipose tissues

Brown (interscapular) and white (inguinal and gonado) adipose
tissues were harvested and conserved in RNAlater (Protech, Taipei,
Taiwan) at 4 °C for 24 h before storage in −20 °C. For RNA extraction,
1 ml RNA Plus Extraction Reagent (Invitrogen, Carlsbad, CA, USA) was
mixed with the adipose tissue, and the mixture was homogenized by
a BeadBeater (BioSpec Products, Inc, Bartlesville, OK, USA). The extract-
ed sample was further treated with RNA pure kit (Geneaid, New Taipei,
Taiwan) to increase the purity. The mRNA expressions of PAI-1, IL-6,
TNF-α, IL-1β (pro-inflammatory M1 macrophage), IL-10, Mgl1, and
Mgl2 (anti-inflammatory M2 macrophage) in adipose tissues were de-
termined by real-time quantitative RT-PCR. Reverse transcription was
performed by using SuperScript III First-Strand Synthesis Super-Mix
(Invitrogen, Carlsbad, CA, USA). Quantitative real-time RT-PCR was
performed with Fast SYBR Green Master Mix (Applied Biosystem,
Foster, California, USA) and SYBR Green system (Applied Biosystem,
StepOne Plus Real-Time PCR SYSTEM Thermal CyclInguinal Block,
Model 4376592, Foster, CA, USA). The data were expressed as relative
gene expression to the endogenous reference, 18S rRNA, by the ΔΔCt
method [30]. For comparison between the OVA- and PBS-treated
groups, the level of hypoxanthine guanine phosphoribosyl transferase
(HPRT) expression was used as the internal control. Primer sets were
as follows: PAI-1 forward 5′-TGA TGG CTC AGA GCA ACA AG-3′ and re-
verse 5′-GCC AGG GTT GCA CTA AAC AT-3′; IL-6 forward 5′-GAT GCT
ACC AAA CTG GAT ATA ATC-3′ and reverse 5′-GGT CCT TAG CCA CTC
CTT CTG TG-3′; TNF-α forward 5′-ATG AGC ACA GAA AGC ATG-3′ and
reverse 5′-TCA CAG AGC AAT GAC TCC-3′; IL-1β forward 5′-GCA GCT
ATG GCA ACT GTT CCT-3′ and reverse 5′-TCA TAT GGG TCC GAC AGC
ACG-3′; IL-10 forward 5′-CAG AGC CAC ATG CTC CTA GA-3′ and reverse
5′-TGT CCAGCTGGT CCTTTG TT-3′;Mgl1 forward 5′-TGAGAAAGGCTT
TAAGAACTGGG-3′ and reverse 5′-GAC CAC CTG TAG TGA TGT GGG-3′;
Mgl2 forward 5′-TTAGCC AATGTG CTTAGC TGG-3′ and reverse 5′-GGC
CTC CAA TTC TTG AAA CCT-3′; and HPRT forward 5′-CTC ATG GAC TGA
TTA TGG ACA GGA-3′ and reverse 5′-GCA GGT CAG CAA AGA ACT TAT
AGC-3′.
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Fig. 1. Blood glucose and insulin levels by oral glucose intolerance test. (A) glucose and
(B) insulin (*p b 0.05 between OVA and PBS treatments) (n = 4–6/group).
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2.6. Hematoxylin and eosin (HE) and immunohistochemistry (IHC) staining

This study evaluated the inflammation of adipose tissues by hema-
toxylin and eosin (HE) staining method. Adipose tissues were fixed in
10% neutral formalin (Macron chemicals, Charlotte, NC, USA) for 24 h.
The tissues were embedded with paraffin by paraffin embedding
mechanism (LIPSHAW), and sliced to 5 μm by paraffin slicing mecha-
nism (LIPSHAW). The histological sections were stained with Harris
hematoxylin and counterstained with eosin. In addition, this study
used F4/80 expression as a marker to identify the adipose tissuemacro-
phage (ATM). Finally, we evaluated the inflammation state by using a
light microscope (CX31RBSF, Olympus, Tokyo, Japan).

2.7. Statistical analysis

Comparisons of biomarkers in BALF, serum and adipose tissue be-
tween the PBS- and OVA-treated mice were assessed by Student t-test.
Pearson correlation was applied to analyze the relationship. SAS 9.2
was used to analyze the data. Statistical significance was set at the
level p b 0.05.

3. Results

3.1. Cell population in BALF and IgE level in serum

The study has applied chicken egg albumin (ovalbumin, OVA), one
type of mouse allergen, to sensitize the mice and investigated whether
allergen exposure can induce insulin resistance. To evaluate whether
OVA exposure effectively causes immune responses, we have examined
airway inflammation by looking into the cell population in BALF and
total IgE in the serum. Table 1 shows that repeated administration of
OVA caused a marked and significant increase in the number of total
cells, macrophages, neutrophils and eosinophils in BALF, as compared
to the PBS-treated group (p b 0.05). Likewise, OVA induced a significant
increase of serum IgE in the OVA-challenged over the PBS-treated mice
(p b 0.05). These results confirmed that OVA exposure induced hyper-
reactivity of the immune system in the study group of mice.

3.2. Glucose and insulin in serum

We performed OGTT to address whether allergen exposure influ-
ences glucose metabolism. The time course of blood glucose and insulin
levels upon gavage feeding is displayed in Fig. 1, revealing abnormal
elevation of glucose and insulin in OVA-challenged mice at 30 min
after feeding, as compared with their PBS-treated counterparts
(p b 0.05). Furthermore, Fig. 2 shows increased HOMA-IR in OVA-
challenged over the PBS-treated mice at 24 h after the last challenge
(p b 0.05). These results suggest that OVA exposure causes insulin resis-
tance in mice.

3.3. Inflammatory markers and adipokines in serum

We hypothesized that inflammatory responses may contribute to
OVA-induced insulin resistance. Therefore, we investigated the serum
level of inflammation markers IL-6, TNF-α, ICAM-1, VCAM-1, and E-
selectin that are expressed by vascular endothelium, as well as resistin
Table 1
Immune cell counts in BALF and serum IgE (n = 4–6/group).

Cell composition PBS OVA

Total cells (105/ml) 0.73 ± 0.40 775.55 ± 108.26⁎

Macrophages (105/ml) 0.58 ± 0.24 30.31 ± 3.56⁎

Eosinophils (105/ml) 0.04 ± 0.05 7.58 ± 0.89⁎

Neutrophils (105/ml) 0.11 ± 0.14 730.08 ± 103.28⁎

Total IgE (μg/ml) 1.95 ± 0.94 4.86 ± 0.27⁎

⁎ p b 0.05 when compared with PBS.
and adiponectin which are expressed by adipose tissues. Fig. 3A shows
that there was a higher level of IL-6 in mice with OVA-challenge com-
pared to the mice with PBS-challenge (p b 0.05), and OVA-challenged
mice also expressed a higher level of E-selectin (p b 0.05), while no sig-
nificant difference was found in the level of ICAM-1 and VCAM-1
(Fig. 3B). On the other hand, resistin increased by nearly two-fold
(p b 0.05) while adiponectin decreased significantly (p b 0.05) in
OVA-challenged mice (Fig. 3C). To further assess whether HOMA-IR is
influenced by inflammation and adipokines, we have analyzed the cor-
relation of HOMA-IR with IL-6 (Fig. 4A), E-selectin (Fig. 4B), resistin
(Fig. 4C), and adiponectin (Fig. 4D) by Pearson correlation. We found
a significant relationship between HOMA-IR and resistin (p b 0.05).
On the other hand, the correlation of HOMA-IR with E-selectin or
adiponectin was close to but not statistically significant (p = 0.07 and
p = 0.06, respectively). Taken together, our data indicate that OVA ex-
posure stimulates vascular endothelium and causes fluctuations in the
serum level of adipokines; moreover, the level of resistin, one member
of adipokines, significantly correlates with insulin resistance.
*

Fig. 2. Fasting glucose, fasting insulin, and HOMA-IR values (*p b 0.05 when compared
with PBS) (n = 4–6/group).
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(A) IL-6 and TNF-α

(B) ICAM-1, VCAM-1 and E-selectin

(C) Resistinand adiponectin

Fig. 3. Serum level of inflammatory biomarkers. (A) IL-6 and TNF-α, (B) ICAM-1, VCAM-1
and E-selectin and (C) resistin and adiponectin (*p b 0.05 when compared with PBS)
(n = 4–6/group).
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3.4. Adipose tissue weight and inflammation

Since the abundance of circulating adipokines and E-selectin ap-
peared to be influenced by OVA exposure, we wondered if the charac-
teristics of adipose tissue were affected concurrently. We dissected the
adipose tissue, and analyzed the tissue weight and the expression pro-
file of pro-inflammatory (macrophage M1) and anti-inflammatory
(macrophage M2) markers by qPCR. As shown in Table 2, the weight
proportions of inguinal and gonadal adipose tissues were substantially
lower in OVA-challenged mice than those in the control group
(p b 0.05), but the brown adipose tissue (BAT) weight did not show a
detectable difference. Moreover, there are more inflammation expres-
sions of adipose tissues in OVA-challenged mice compared to the PBS-
challenged mice, suggesting that there is obvious inflammation in
allergen mice (Fig. 5). We also found that mice with OVA-challenge
have higher expressions of F4/80 in adipose tissues than those with
PBS-challenge, demonstrating that there was obvious ATM accumula-
tion in OVA challengedmice (Fig. 6). For gene expression in the gonadal
adipose tissue, we found elevated TNF-α and IL-1β mRNA expressions
(p b 0.05) (Fig. 7A) and decreased IL-10 and Mgl2 in OVA-challenged
mice (p b 0.05) (Fig. 7B). For the inguinal adipose tissue (Fig. 8), we de-
tected higher IL-6 and IL-1β mRNA expressions (p b 0.05), likewise,
lowered IL-10 and Mgl2 in OVA-challenged mice (p b 0.05). These
results indicate that exposure to OVA allergen induces reduction
in white adipose tissue weight, up-regulation of pro-inflammatory
gene expressions, and down-regulation of anti-inflammatory gene
expressions.

To investigate whether fluctuated serum IL-6, adipokine and E-
selectin levels are linked to adipose tissue inflammation, we had
analyzed the relationship between these circulating factors and the ex-
pression of pro-inflammatory genes in adipose tissues. As shown in
Table 3, we found significant associations in gonadal adipose tissue be-
tween resistin and TNF-α (p b 0.05), between adiponectin and TNF-α
and IL-1β (p b 0.05), between E-selectin and IL-1β and TNF-α
(p b 0.05), and between IL-6 and TNF-α and IL-1β. In inguinal adipose
tissue, we found that resistin was associated with IL-6 and IL-1β
(p b 0.05), E-selectin was associated with IL-1β (p b 0.05), while
adiponectin was negatively correlated with IL-6 and IL-1β (p b 0.05).
Taken together, these results demonstrate that OVA exposure induced
adipose tissue inflammation and has considerable influence on the
serum level of adipokines and E-selectin.

4. Discussions

This is the first study that reveals a potential connection between
allergen exposure and insulin resistance and suggests adipose tissue
inflammation as a possiblemediator. Allergen exposure induces adipose
tissue inflammatory phenotypic change; the gene expressional changes
correlate with circulating inflammatory markers E-selectin and
adipokines that are shown to participate in the development of insulin
resistance. Therefore, based on our experimental model, we propose
that allergen exposure may enhance the risk of insulin resistance.

We have validated that allergen exposure successfully induced hyper-
reactivity of the immune system in the airway of OVA-challenged mice.
As immune cell counts in BALF and serum level of total IgE are common
indications for airway inflammation [31–34], we have observed a sub-
stantially increased number of immune cells in BALF and elevated IgE
level in blood (Table 1). Moreover, we found that the predominant cell
type in BALF was neutrophils, which was shown as an important index
for severe asthma [35,36]. Therefore, our results suggest that long-term
exposure of allergen could cause serious airway inflammation.

We recently found that acute exposure to allergen can up-regulate
the inflammatory marker TNF-α in adipose tissues and down-regulate
the level of adiponectin [28]. Adiponectin is known to play a protective
role in insulin resistance, because itmay increase glucose uptake and in-
hibit the activity of NF-κB, a transcription factor intimately involved
with inflammation [18–20,37]. Therefore, we speculate that allergen-
elicited adipose tissue inflammation and reduction of adiponectin may
involve insulin resistance. Besides, previous studies indicated that
adipose tissue inflammation was concurrent with increased inflamma-
tory markers IL-6, TNF-α and resistin, and these molecules could acti-
vate c-Jun NH(2)-terminal kinase (JNK) and IκB kinase-β (IKKβ) [38].
JNK, a kinase that mediates inflammatory responses, phosphorylates
insulin receptor substrate-1 (IRS-1) and negatively regulates insulin re-
ceptor; while IKKi, a kinase that targets the inhibitor of nuclear factor
kappa B (NF-κB), enables NF-κB activation and causes insulin resistance
[7]. Furthermore, the inflammatory mediators, such as IL-6 and TNF-α,
can induce local inflammatory responses and stimulate expression of
adhesion molecules, such as VCAM-1, ICAM-1 and E-selectin, on endo-
thelial cells of nearby blood vessels [39,40]. Adhesion molecules can
promote the production of inflammatory indexes and participate
in the development of insulin resistance [7]. Therefore, the current
study is set out to test our hypotheses that exposure to allergen may
cause insulin resistance through adipose tissue inflammation, and that
adipokines and adhesion molecules are potentially important mediators.

We have taken OGTT, HOMA-IR, serum level of adhesion molecules
and adipokines, and Pearson correlation to evaluate our hypotheses. In
research and clinical practice, the OGTT and fasting HOMA-IR are often
used to identify individuals of abnormal glucose intolerance and insulin



(A) IL-6 and HOMA-IR

(B) E-selectin and HOMA-IR

(C) resistin and HOMA-IR

(D) adiponectin and HOMA-IR

Fig. 4. Correlation of HOMA-IR with IL-6 (A), E-selectin (B), resistin (C) and adiponectin (D) (statistical significant was at p b 0.05).
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resistance [29,41]. In the current study, we measured the level of glu-
cose and insulin and calculated fasting HOMA-IR to test whether expo-
sure to allergen causes insulin resistance. Fig. 1 shows that there are
higher levels of glucose and insulin at the 30th min in OVA-challenged
mice compared to the PBS challenged mice, suggesting that the OVA
allergen exposure can be involved in the pathogenesis of insulin
resistance. After 60 min, there was an indication of liver β-cell function
leading to production of insulin, while other studies also suggested
similar study results [42]. In Fig. 2, although there are no significant
differences between glucose and insulin in blood in OVA- and PBS-
challenged mice, there is a significantly higher level of HOMA-IR in
mice with OVA-challenge. These findings reflect that OVA allergen ex-
posure can impair glucose tolerance. On the other hand, many studies
performed OGTT by mice fed with high-fat diet [11,21]. It is known
that obesity can induce the inflammation reactions in adipose tissues.
To avoid the obesity effect from interfering with the examination be-
tween allergen exposure and adipose tissue inflammation, the study
provided normal chow tomice. This is the reasonwhy there was no sig-
nificant difference in insulin and glucose levels at various study intervals
when compared to other studies.

Besides, we found higher levels of IL-6, E-selectin and resistin and a
lower level of adiponectin from the serumof OVA-challengedmice than
those of PBS-treated mice (Fig. 3). To test if these biomolecules are me-
diators for allergen-caused insulin resistance, we further analyzed the
relationship between HOMA-IR and these biomolecules by Pearson cor-
relation. We found that HOMA-IR was significantly associated with
resistin, yet possibly associated with E-selectin and adiponectin
Table 2
Body weight and weight percentage of adipose tissue (n = 4–6/group).

Category PBS OVA

Body weight (g) 23.2 ± 1.6 19.3 ± 0.9⁎

BAT (%)a 0.31 ± 0.08 0.30 ± 0.04
Inguinal (%)a 0.32 ± 0.07 0.09 ± 0.04⁎

Gonadal (%)a 1.37 ± 0.29 0.09 ± 0.03⁎

a (Adipose tissue weight / body weight of mouse) × 100.
⁎ p b 0.05 when compared with PBS.
(Fig. 4). Resistin can be secreted from adipose tissues, and serves as
an important regulator in the pathogenesis of glucose metabolism.
Our data also demonstrated that resistin level was higher in OVA-
challenged mice compared to the PBS-challenged mice, and resistin
was associated with HOMA-IR. In Fig. 4B, E-selectin plays an indirect
role in regulating the metabolism of glucose [7], and this may be why
there is no significant association between HOMA-IR and E-selectin
level. Although Fig. 4D does not support that adiponectin is associated
with HOMA-IR, previous studies have demonstrated that the level of
adiponectin in blood was lower in subjects with diabetes [27,43,44],
and those findings were consistent with our study. Taken together,
our data suggest that exposure to OVA allergen elicits changed serum
level of inflammatory molecules, and these molecules are likely media-
tors for allergen-induced insulin resistance.

Adipose tissue inflammation is characterized by induction of the in-
flammatory M1 polarity of adipose tissue macrophages [17,38]. In the
current study, we examined the expression of pro-inflammatory M1-
and anti-inflammatory M2-related genes in dissected adipose tissues,
and showed in Figs. 7 and 8 that M1 genes were up-regulated while
M2 genes were down-regulated in OVA-challenged mice. In addition,
we found that the weight of adipose tissues in OVA-exposed mice was
substantially reduced (Table 2), which agreed with a previous finding
that adipose tissue weight was for environmental stimulus [45]. More-
over, HE method indicated that there were more obvious inflammation
in the OVA-challenged mice than in the PBS-challenged mice (Fig. 5).
Moreover, HE and IHCmethods indicated that thereweremore obvious
inflammations in the OVA-challenged mice than in the PBS-challenged
mice (Figs. 5 and 6). Most strikingly, our analysis of correlation
reveals a link between the gene expressional changes in adipose tissue
and the circulating inflammatory biomarkers (Table 3). Taken together,
our data indicate that exposure to allergen induces a pro-inflammatory
phenotype of adipose tissues, and the phenotypic change is significantly
correlatedwith the serum level of inflammatorymolecules of our study.
More remarkably, these inflammatorymolecules are possiblemediators
for insulin resistance (Fig. 4). Previous studies found that Th2 cells, such
as IL-4, IL-5 and eosinophils, play a critical role in enhancing glucose tol-
erance [46–48]. Our study displayed that there were higher Th1 cell



(A) gonadal adipose tissues

PBS OVA

PBS OVA

(B) inguinal adipose tissues

Fig. 5. Adipose tissue HE photo from PBS and OVA-challenged mice. (A) gonadal adipose tissues and (B) inguinal adipose tissues (scale bar: 100 μm).
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expressions in adipose tissues in the OVA-challenged mice than in the
PBS-challengedmice. These results suggested that long-termOVAexpo-
sure corresponds to inflammatory condition in adipose tissues that pro-
mote the production of pro-inflammatory factors involved in the
pathogenesis of insulin resistance. Previous research has also suggested
that higher Th1 cell expressions, such as IL-6 or TNF-α, is involved in the
pathogenesis of insulin resistance; while IL-4, IL-5 and IL-13 are pre-
dominant cells in adipose tissues, which further generate M2 cell and
enhance glucose tolerance [49]. Obesity is definitely one risk factor lead-
ing to induce inflammation reactions in adipose tissues. However, obe-
sity was not the central concern; rather, this study aimed to investigate
whether OVA allergen exposure may induce inflammation in adipose
tissue. The lower body weight of the OVA-challenged mice may be at-
tributable to the fact that allergen exposure may lead to inflammation
in adipose tissues which play a key role in energy homeostasis, and
therefore results in a decrease of food intake [50]. These combined evi-
dences should strongly imply that the induction of OVA allergen expo-
sure in mice may be able to derive at adipose tissue inflammation and
system metabolic alternations.

To this date, no epidemiologic study has investigated the direct rela-
tionship between exposure to allergen and insulin resistance. However,
there were higher levels of IL-4, IL-5, IL-6, leptin and HOMA-IR in blood
found in subjects with allergic rhinitis than those in a healthy popula-
tion, and HOMA-IR was associated with IL-6 and TNF-α [50]. Moreover,
Ciprandi and co-workers found that there was a higher level of resistin
in subjects with moderate–severe allergic rhinitis than those with a
mild one [51]. Ciprandi and co-workers also indicated that patients
with allergic rhinitis had a higher leptin level than healthy subjects
during pollen season [52]. Therefore, allergen exposure is one potential
risk factor of insulin resistance, while there is a lack of understanding of
themechanismon thepathogenesis of insulin resistance after allergen ex-
posure. This study is the first to demonstrate that allergen exposure can
induce inflammation in adipose tissues and blood, and is later involved
in the pathogenesis of insulin resistance by animal model. Some studies
found that exposure to allergic pollen can change the levels of adiponectin
and lerpin in blood and therefore participates in the development of insu-
lin resistance [52,53]. Both allergic pollen and OVA allergen are proteins,
and are viewed as having similar biological characteristics. Moreover,
OVA allergen is often used to study the health effects of exposure to aller-
gen [31–34,54]. Therefore, the experimental results from OVA allergen
are presumed able to produce similar results with other allergens.
Fig. 9 shows that OVA allergen can be inhaled into the lung (1), and
OVA allergen can go to adipose tissues through blood (2, 3). OVA aller-
gens can then promote inflammatory condition in adipose tissues (high
M1, and low M2), (4) further secrete inflammatory mediators into the
blood (5) (high resistin, IL-6, E-selectin, and lowadiponectin) and be in-
volved in the pathogenesis of glucose tolerance (6, 7).

This is the first study to discover a correlation between allergen-
induced adipose tissue inflammation and insulin resistance, leading to
our conclusion that allergen exposure might be one risk factor for insu-
lin resistance. On the basis of the current study, the same analysis on
human subjects will be highly desired. Additionally, further studies on
allergen-induced signaling pathways will be essential to understand
themolecularmechanism that gives rise to insulin resistance and to de-
velop therapeutic approaches to the highly prevalent pathological
condition.
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Fig. 6. Results of IHC with F4/80 antibody in adipose tissue. (A) gonadal adipose tissues and (B) inguinal adipose tissues. Arrows indicate F4/80 (scale bar: 100 μm).

(A) Macrophage M1 gene expressionin gonadal adipose tissue
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Fig. 7.MacrophageM1/M2 gene expression in gonadal adipose tissue. (A)M1 and (B)M2
(*p b 0.05 when compared with PBS) (n = 4–6/group).
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(A) Macrophage M1 expressionin inguinaladipose tissue

(B) Macrophage M2 expression inguinaladipose tissue

Fig. 8.MacrophageM1/M2 gene expression in inguinal adipose tissue. (A)M1 and (B)M2
(*p b 0.05 when compared with PBS) (n = 4–6/group).
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Table 3
Correlation between circulating resistin, adiponectin, E-selectin and IL-6 and adipose tissue pro-inflammatory gene expressions (p-value⁎).

Adipose tissue mRNA expression Circulating factors

Resistin (ng/ml) Adiponectin (μg/ml) E-selectin (ng/ml) IL-6 (pg/ml)

Gonadal adipose tissue PAI-1 −0.27 (0.45) 0.45 (0.19) −0.28 (0.44) −0.44 (0.20)
IL-6 −0.29 (0.42) 0.08 (0.84) −0.22 (0.53) −0.31 (0.39)
TNF-α 0.89 (b0.01) −0.75 (b0.05) 0.75 (b0.05) 0.67 (b0.05)
IL-1β 0.62 (0.06) −0.98 (b0.001) 0.77 (b0.01) 0.86 (b0.01)

Inguinal adipose tissue PAI-1 0.23 (0.55) 0.44 (0.24) −0.31 (0.41) −0.26 (0.51)
IL-6 0.86 (b0.01) −0.63 (b0.05) 0.60 (0.07) 0.48 (0.16)
TNF-α −0.38 (0.28) 0.42 (0.22) 0.03 (0.94) −0.05 (0.88)
IL-1β 0.77 (b0.01) −0.76 (b0.05) 0.78 (b0.01) 0.62 (0.06)

⁎ Statistical significance at p b 0.05.

Fig. 9. Summary of study results.
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