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Laboratory of Immunoendocrinology, Department of Clinical and Toxicological Analyses, Faculty of Pharmaceutical Sciences 
of University São Paulo (FCF/USP), São Paulo, Brazil

introduction: The role of insulin in lung remodeling in a model of asthma in healthy and 
diabetic mice was evaluated.

Material and methods: Diabetic male BALB/c mice (alloxan, 50 mg/kg, intravenous) 
and controls were sensitized by subcutaneous (s.c.) injection of ovalbumin (OA, 20 µg) 
in aluminum hydroxide (Al(OH)3, 2 mg) 10 days after the alloxan injection and received 
the same dose 12 days later. Six days after the last sensitization, animals were nebulized 
with OA solution for 7 days. The first set of diabetic and control mice received 2 and 
1 IU, respectively, of s.c. neutral protamine Hagedorn (NPH) insulin and were analyzed 
8 h later. The second set of diabetic and control mice received 2 and 1 IU, respectively, 
of insulin 12 h before the OA challenge and half doses of insulin 2 h before each the 
seven OA challenges. Twenty-four hours after the last challenge, the following analyses 
were performed: (a) quantification of the cells in the bronchoalveolar lavage fluid (BALF), 
the white cell count, and blood glucose; (b) morphological analysis of lung tissues by 
hematoxylin and eosin staining; (c) quantification of collagen deposition in lung tissues 
and mucus by morphometric analysis of histological sections stained with Masson’s tri-
chrome and periodic acid-Schiff (PAS), respectively; and (d) quantification of the cytokine 
concentrations (IL-4, IL-5, and IL-13) in the BALF supernatant.

results: Compared to controls, diabetic mice had significantly reduced inflammatory 
cells (81%) in the BALF, no eosinophils in the BALF and peripheral blood and reduced 
collagen deposition and mucus in the lungs. BALF concentrations of IL-4 (48%) and 
IL-5 (31%) decreased and IL-13 was absent. A single dose of insulin restored peripheral 
blood eosinophils and BALF mononuclear cells but not BALF eosinophils, collagen 
deposition, and mucus levels. However, multiple doses of insulin restored both total 
cells and eosinophils in the BALF and peripheral blood, BALF cytokines, and collagen 
deposition and mucus secretion into the lungs.

conclusion: The results suggest that insulin modulates the production/release of cyto-
kines, cell migration, deposition of collagen, and mucus secretion in lung remodeling of 
a mouse model of asthma.
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inTrODUcTiOn

Asthma is characterized by chronic inflammation of the airways 
and is related to exposure to allergens, infections and other 
factors (1). The inflammatory process in allergic asthma is pre-
dominantly characterized by increased number of eosinophils, 
activated mast cells, and Th2 lymphocytes (2, 3). Airway inflam-
mation, airflow obstruction, and bronchial hyperresponsiveness 
are characteristic features of asthma (4–6). Airway remodeling 
is the result of various structural changes in the airways (7, 8). 
Asthma affects approximately 300 million people worldwide (9), 
while overall prevalence in Brazil is 10–25% (1).

Experimental and clinical studies have indicated that the 
inflammatory response is impaired in diabetic patients. Triggering 
of diabetes mellitus in asthmatic patients resulted in an improve-
ment in the asthmatic condition and treatment with insulin 
restored asthma symptoms (10, 11). Insulin has been shown 
to modulate inflammatory components of asthmatic reactions  
(12, 13). Previous studies demonstrated that alloxan-induced 
diabetic rats present substantially reduced mast cell degranula-
tion upon antigen challenge. Treatment of diabetic rats with 
insulin restored the number of degranulated mast cells, histamine 
release, and airway reactivity to ovalbumin (OA) (13). In addi-
tion, animals rendered diabetic by alloxan injection exhibited 
reduced pulmonary inflammatory infiltrate. Insulin treatment 
restored this condition, suggesting a major role of insulin in 
asthma (14). In a similar model of asthma, insulin was shown to 
modulate the production of cytokines, such as TNF-α and IL-1β, 
along with expression of adhesion molecules (P- and E-selectins) 
and neutrophil migration into the lungs (12). We thus examined 
whether insulin modulates lung remodeling in a murine model 
of allergic lung inflammation. This study aimed to evaluate the 
role of insulin in lung remodeling of a model of asthma in healthy 
and diabetic mice.

MaTerials anD MeThODs

animals
We used specific pathogen-free male BALB/c mice, 8–12 weeks 
of age, weighing approximately 20–25 g at the beginning of the 
experiments. The animals were maintained at 22°C under a 
12 h light–dark cycle and were allowed access to food and water 
ad  libitum throughout the observation period. This study was 
carried out in strict accordance with the principles and guide-
lines adopted by the Brazilian National Council for the Control 
of Animal Experimentation (CONCEA) and approved by the 
Ethical Committee on Animal Use (CEUA) of the Faculty of 
Pharmaceutical Sciences (FCF) of University São Paulo (Permit 
Number: CEUA/FCF/340). All surgical procedures were per-
formed under ketamine/xylazine anesthesia, and all measures 
were taken to minimize suffering.

induction of Diabetes Mellitus
Diabetes mellitus was induced by intravenous injection of alloxan 
monohydrate (50  mg/kg; Sigma Chemical Co., St. Louis, MO, 
USA) dissolved in physiologic saline (SAL, 0.9% NaCl). Control 
mice were injected with physiologic SAL only. After 10 days, the 

presence of diabetes was verified by blood glucose concentrations 
higher than 300  mg/dL, which were determined with a blood 
glucose monitor (Accu-Chek Advantage II, Roche Diagnostica, 
São Paulo, São Paulo, Brazil), in blood samples obtained from 
mouse tails (15).

induction of allergic asthma
Mice were sensitized on days 10 and 22 by intraperitoneal (i.p.) 
injection containing 20 µg of OA (Sigma, USA) and 2 mg of alu-
minum hydroxide [Al(OH3); Reheis Inc., USA] in PBS to a total 
volume of 0.2 mL. Sensitized and control mice were challenged by 
multiple exposures to aerosol (5% OA in PBS) from an ultrasonic 
nebulizer (ICEL US-800, São Paulo, Brazil), delivering particles 
of 0.5–10 µm diameter at approximately 0.75 cc/min for 30 min. 
Challenges were performed daily for 7 days (28–33 and 35). The 
experiments were performed 24 h after the last challenge (16).

insulin Treatment
Diabetic and control mice were divided into two groups accord-
ing to the different insulin treatments. The first set of diabetic 
and control mice received 2 and 1  IU, respectively, of neutral 
protamine Hagedorn (NPH; Eli Lilly, São Paulo, São Paulo, 
Brazil) insulin subcutaneously 24 h after the last challenge, and 
the analyses were performed 8  h after the insulin treatment 
(Figure  1A) (14). The second set of diabetic and control mice 
received 2 and 1 IU, respectively, of insulin subcutaneously 12 h 
before the OA challenges (07:00 p.m.) and half doses (07:00 a.m.) 
of insulin 2 h before each of the 7 OA challenges (Figure 1B). 
After 24 h, blood, lungs and bronchoalveolar lavage fluid (BALF) 
were collected for further analysis (17).

Kinetics of glucose with insulin Treatment
Glucose measurements for a kinetic curve were performed 
to determine when the challenges should be performed after 
insulin treatment. Diabetic and control mice received 2 and 1 IU, 
respectively, of NPH insulin subcutaneously, and glucose levels 
were determined at 1, 2, 3, 6, and 8 h after the insulin treatment.

Bronchoalveolar lavage
Mice were euthanized by a lethal dose of ketamine hydrochloride 
(90 mg/kg) and xylazine hydrochloride (10 mg/kg). The trachea 
was cannulated with polyethylene tubing (24 G3/4). The lungs 
were then lavaged by instillation of 1 mL of PBS (pH 7.4) three 
times for total volume of 3  mL. The BALF was centrifuged at 
1,500 rpm for 10 min, and supernatant was frozen at −70°C for 
later cytokine measurements. Pelleted cells were collected and 
resuspended in 1 mL of PBS. The total number of cells was deter-
mined using a Neubauer chamber, whereas a differential count 
was obtained after cells from the BALF were centrifuged.

Quantification of cytokines in the BalF
The level of cytokines (IL-1β, IL-4, IL-5, IL-10, and IL-13) was 
measured in BALF supernatant samples by enzyme-linked 
immunosorbent assay (ELISA), using commercial kits (R&D 
Systems, Inc., Minneapolis, MN, USA). Assays were performed 
according to the manufacturer’s manual.
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FigUre 1 | experimental protocols: mice were rendered diabetic by the injection of alloxan (50 mg/kg, i.v.). Ten days after, they were sensitized 2× 
intraperitoneal with OA and Al(OH3) and then subjected to aerosol antigen challenges (7 days) with OA (5%, w/v in PBS) or PBS alone. (a) The first set of diabetic 
and control mice received 2 and 1 IU, respectively, of NPH insulin subcutaneously 24 h after the last challenge, and the analyses were performed 8 h after the insulin 
treatment. (B) The second set of diabetic and control mice received 2 and 1 IU, respectively, of insulin subcutaneously 12 h before the OA challenges (07:00 p.m.) 
and half doses (07:00 a.m.) of insulin 2 h before each of the 7 OA challenges; 24 h after the last challenge, blood, lungs, and BALF were collected for further 
analysis.
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hematological Parameters
Samples of blood collected by the intracardiac route were used 
for determination of the cell numbers. The total value was 
determined with an automated hematology counter (ABC Vet—
Horiba ABX). Blood smears were stained with Rosenfeld. A total 
of 100 cells were counted using a conventional optic microscope 
(Leica Microsystems, Wetzlar, Germany).

lung Morphology analysis
For histological analysis, after collection of BALF, the lungs 
were removed and fixed in 10% formaldehyde solution, 
processed, and embedded in paraffin. Sections of 5  µm were 
cut, mounted on slides, and stained with hematoxylin and 
eosin (H/E) for observation of airway morphology; Masson’s 
trichrome staining was performed for observation of collagen 
deposition around the airways. The collagen fibers appeared 

blue, the nuclei were black and the rest of the tissue (muscle, 
cytoplasm) stained red. Periodic acid-Schiff (PAS) histochemi-
cal staining was used to characterize the glycoprotein compo-
nent of goblet cells in the respiratory epithelium (evaluation of 
mucus production). Slides containing the tissue were observed 
under a light microscope (Nikon Eclipse 80i, Tokyo, Japan) and 
photographed using the NIS-Elements AR 3.1 (SP3 build634) 
imaging software (Nikon).

Mucus Deposition Quantification  
and collagen
After morphological analysis, the positive area was measured 
(μm2). The maximum number of bronchioles per slide was deter-
mined. A measure of similar diameters was standardized to rule 
out the influence of bronchiole gage. The results are expressed as 
the mean total/diameter of area for each animal.
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TaBle 2 | glucose kinetics.

animals Blood glucose

Before 
insulin

after insulin

1 h 2 h 3 h 6 h 8 h

Diabetic 500 ± 19 285 ± 38* 372 ± 20 342 ± 95 501 ± 44 568 ± 15
Non-
diabetic

149 ± 11 68 ± 8# 67 ± 2 62 ± 2 134 ± 13 153 ± 15

The animals were treated with alloxan or saline as described above. Diabetic 
animals were administered 2 UI NPH insulin, and control animals received 1 UI NPH 
insulin. Blood samples were obtained from tail samples, and glucose was assessed 
with a glucometer (Accu-Check Active—Roche Diagnosis®). Values represent the 
mean ± SEM of blood glucose (n = 6 animals per group).
*p < 0.05, significantly different from pretreatment blood glucose levels with insulin.
#p < 0.05, significantly different from pretreatment blood glucose levels with insulin.
Differences among the initial groups (diabetic or not) before and after insulin treatment 
were analyzed using Student’s t-test.

TaBle 1 | general characteristics of the mice.

groups n Body weight 
gain (g)

Blood glucose 
(mg/dl)

Non-diabetic (10 days) 20 1.05 ± 0.32 123.14 ± 3.64
Diabetic (10 days) 20 −2.53 ± 0.74# 559.25 ± 14.15+

Non-diabetic + sensitized + saline 
(SAL) challenged (36 days)

5 1.58 ± 0.79 148.3 ± 8.83

Non-diabetic + sensitized +  
ovalbumin (OA) challenged 
(36 days)

5 1.61 ± 0.64 125 ± 5.88

Non-diabetic + sensitized + OA 
challenged + I1 (36 days)

5 1.78 ± 0.75 157.7 ± 7.77

Non-diabetic + sensitized + OA 
challenged + I16 (36 days)

5 1.78 ± 0.75 133.9 ± 8.86

Diabetic + sensitized + SAL 
challenged (36 days)

5 −3.9 ± 1.8 570 ± 15

Diabetic + sensitized + OA 
challenged (36 days)

5 −6.10 ± 2.05 551 ± 20

Diabetic + sensitized + OA 
challenged + I1 (36 days)

5 −5.88 ± 1.09 558.30 ± 15.79

Diabetic + sensitized + OA 
challenged + I16 (36 days)

5 2.88 ± 0.88• 467 ± 27.5

Mice were rendered diabetic by the injection of alloxan (50 mg/kg, i.v.). Ten days after, 
non-diabetic and diabetic mice were subjected to two sensitization procedures (20 µg 
OA + Al[OH3]); intraperitoneal route. Twelve days after, non-diabetic and diabetic 
mice were subjected to OA (1% OA for 30 min) or SAL challenge (7 days). Insulin 
(single-dose 2 IU/diabetic mice or 1 IU/non-diabetic mice, 8 h before the experiment, 
s.c. 16 doses 2 IU/diabetic mice 12 h before challenge, 1 IU/diabetic mice 2 h before 
challenge or 1 IU/non-diabetic mice, 2 h before challenge, s.c.). Blood glucose levels 
were determined before insulin treatment and the experiment. Values are shown as the 
mean ± SEM.
#p < 0.001 compared with non-diabetic mice.
+p < 0.001 compared with non-diabetic mice.
•p < 0.05 compared with diabetic mice treated with a single dose of insulin.
Differences among the initial groups (diabetic or not) were analyzed using Student’s 
t-test. Differences among the groups were tested with one-way analysis of variance 
followed by Turkey’s post hoc test. A p-value <0.05 was considered statistically 
significant (GraphPad Prism version 6.0 for Windows, GraphPad Software, La Jolla, 
CA, USA).
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statistical analyses
Data were processed and analyzed by analysis of variance 
(ANOVA) or an unpaired t-test using GraphPad Prism (version 
6.0 for Windows, GraphPad Software, La Jolla, CA, USA). A two-
tailed p-value with a 95% confidence interval was acquired. Data 
are represented as the mean ± standard error of the mean (SEM). 
p-Values <0.05 were considered significant.

resUlTs

Body Weight gain, Blood glucose levels, 
insulin Treatment
Diabetes was induced by alloxan injection, and after 10  days, 
blood glucose levels and body weight gain were measured. 
Relative to controls, alloxan-treated diabetic mice exhibited a 
significant reduction in body weight gain (mean  ±  SEM; con-
trol, 1.05 g ± 0.32 g, n = 20; diabetic, −2.53 g ± 0.74 g, n = 20; 
p < 0.001) during the 10-day period and sharply elevated blood 
glucose levels (control, 123.14 ±  3.64 mg/dL, n =  20; diabetic, 
559.5 ± 14.15 mg/dL, n = 20; p < 0.0001). Data collected on the 
36th day showed that diabetic animals maintained insulinopenic 
characteristics throughout the experimental period. Diabetic 
animals that received daily doses of insulin for 9  days showed 
increases in body weight compared to that of the untreated 
diabetic mice. The weight increase was 50% compared to that of 
the non-diabetic asthmatic animals. A single dose of insulin did 
not rescue the body weight of the animals. Regarding the blood 
glucose, diabetic mice (both treated with 16 doses of insulin and 
not treated) showed high plasma glucose concentrations on the 
36th day (Table 1).

Kinetics of Blood glucose in Diabetic  
and control animals
Diabetic animals received a single dose of NPH insulin (2 UI). 
One hour after insulin therapy, the blood glucose of the animals 
was reduced to approximately half the original values, and 2 h 
after treatment, it increased again, as the animals displayed 
hyperglycemia. Similar results were observed in the control 
animals (1 UI). In both groups, blood glucose values were similar 
to pretreatment values after 6 h of insulin administration, indicat-
ing that this dose was not sufficient to normalize glycemia. Thus, 
we believe that the effects observed in insulin-treated mice are 
primarily due to the increased levels of insulin rather than to 
normalization of glycemia (Table 2).

effect of insulin on peripheral blood cells 
and their migration
Relative to control (non-diabetic) OA-challenged mice, dia-
betic mice showed reduced leukocyte counts in the peripheral 
blood after OA challenge, including a reduction in the number 
of eosinophils. Treatment with single dose of NPH insulin 8 h 
before the experiment restored the impaired eosinophils to 46%. 
In addition, multiple doses of insulin restored the impaired 
eosinophils to 66%.

Relative to control (non-diabetic) OA-challenged mice, leu-
kocyte counts in the BALF of diabetic mice were reduced after 

OA challenge due to an 83% reduction in the number of mono-
nuclear cells, without the presence of eosinophils. Treatment 
with a single dose of insulin 8 h before the experiment restored 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 2 | role of insulin on peripheral blood cells and their migration. (a) Twenty-4 hours after the last challenge in each of the groups, peripheral blood 
was collected to count cells; (B) bronchoalveolar lavage fluid was assessed 24 h thereafter. (c) The microphotographs of lung tissue were obtained from control 
non-diabetic mice sensitized and instilled with saline (CSENSAL) or sensitized and instilled with ovalbumin (OA) (CSENOA) and treated with single-dose insulin 
(CSENOA + I1) or treated with multiple doses of insulin (CSENOA + I16); diabetic mice sensitized and instilled with saline (DSENSAL), or sensitized and instilled with 
OA (DESENOA) and treated with single-dose insulin (DSENOA + I1) or treated with multiple doses of insulin (DSENOA + I16). * = bronchus; v = blood vessel; arrow: 
eosinophil (bars = 100 µm) H/E. Values are shown as the mean ± SEM. *p < 0.01 comparing OA-challenged with saline-challenged group. Ϯp < 0.01 comparing 
OA-challenged with the diabetic OA-challenged group. ‡p < 0.001 comparing diabetic OA-challenged treatment to single-dose insulin. Data are representative of 
five animals per experimental group. Differences among the groups were tested with one-way analysis of variance followed by Tukey’s post hoc test. A p-value 
<0.05 was considered statistically significant (GraphPad Prism version 6.0 for Windows, GraphPad Software, La Jolla, CA, USA).
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the impaired cell migration observed in diabetic mice to values 
attained in control non-diabetic mice, but it did not restore the 
eosinophil migration. However, multiple doses of NPH insulin 
completely restored both total cell migration and the eosinophils 
in the BALF.

The morphometric analysis of lung parenchyma showed that 
compared to controls, the allergic reaction induced cell infiltra-
tion around blood vessels and in the lungs 24 h after the last chal-
lenge. However, diabetic mice exhibited reduced cell infiltration 
around the vessels and into the lungs. Treatment with a single 
dose of insulin 8 h before the experiment restored the amount 

of cells inside the blood vessels. In addition, multiple doses of 
insulin restored the cell migration levels around blood vessels and 
into the lungs (Figure 2).

effect of insulin on cytokine 
concentrations
In the BALF of non-diabetic mice, we observed an increase 
in the concentration of IL-1β (2.6-fold), IL-4 (2.3-fold), IL-5  
(1.8-fold), and IL-13 after the OA challenge. In contrast, diabetic 
OA-challenged mice presented a reduction in the levels of IL-1β 
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FigUre 3 | effect of insulin on cytokine concentrations. Bronchoalveolar lavage fluid was analyzed 24 h after ovalbumin (OA) sensitization of non-diabetic and 
diabetic mice 24 h after the last OA (experimental) or saline (control) instillation. Values are shown as the mean ± SEM. *p < 0.01 comparing OA-challenged with the 
saline-challenged group; Ϯp < 0.01 comparing OA-challenged with the diabetic OA-challenged group. ‡p < 0.05 comparing diabetic OA-challenged treatment to 
single-dose insulin. Differences among the groups were tested with one-way analysis of variance followed by Tukey’s post hoc test. A p-value <0.05 was considered 
statistically significant (GraphPad Prism version 6.0 for Windows, GraphPad Software, La Jolla, CA, USA).
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(21%), IL-4 (51%), and IL-5 (68%), and IL-13 was not detected 
in the BALF. Treatment of diabetic mice with a single dose of 
insulin 8 h before the experiment restored BALF IL-4 and IL5 
levels. Furthermore, multiple doses of insulin completely restored 
the IL-13 levels. The IL-10 levels were similar in all the studied 
groups, and there was no statistical difference between the groups 
(Figure 3).

collagen secretion: role of insulin
Compared to SAL-challenged mice, non-diabetic mice presented 
an increase (3.6-fold) in the collagen secretion of the lung paren-
chyma after the OA challenge. In contrast, reduced collagen 

secretions (82%) were observed in diabetic OA-challenged mice 
compared to those of the control mice. Treatment of diabetic 
mice with multiple doses of insulin restored collagen secretion in 
the lung parenchyma (Figure 4).

Mucus Production: role of insulin
Ovalbumin challenge induced mucus production in the lung 
parenchyma of non-diabetic mice. In contrast, mucus produc-
tion was not detected in the lung parenchyma of diabetic 
OA-challenged mice. Treatment of diabetic mice with multiple 
dose of insulin restored, at least in part, mucus production in the 
lung parenchyma (Figure 5).
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FigUre 4 | collagen secretion: role of insulin. (a) On average, 10 fields were photographed per slide. Quantification was performed using NIS-Elements AR 
software. Values represent the mean ± SEM leukocytes (n = 5 animals/group). (B) The microphotographs of lung tissue were obtained from control non-diabetic 
mice sensitized and instilled with saline (CSENSAL) or sensitized and instilled with ovalbumin (OA) (CSENOA) and treated with single-dose insulin (CSENOA + I1) or 
treated with consecutive doses of insulin (CSENOA + I16); diabetic mice sensitized and instilled with saline (DSENSAL) or sensitized and instilled with OA 
(DESENOA) and treated with single-dose insulin (DSENOA + I1) or treated with consecutive doses of insulin (DSENOA + I16). * = bronchus; v = blood vessel; arrow: 
collagen bars = 100 µm; Masson’s trichrome. Data are representative of five animals per experimental group. Values are shown as the mean ± SEM. *p < 0.01 
comparing OA-challenged with saline-challenged groups. Ϯp < 0.01 comparing OA-challenged with diabetic OA-challenged groups. ‡p < 0.01 comparing diabetic 
OA-challenged treatment to single-dose insulin. Differences among the groups were tested with one-way analysis of variance followed by Tukey’s post hoc test. A 
p-value <0.05 was considered statistically significant (GraphPad Prism version 6.0 for Windows, GraphPad Software, La Jolla, CA, USA).
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DiscUssiOn

The data presented here suggest that insulin modulates lung 
remodeling in allergic inflammatory reactions in the bronchial 
remodeling phase of a diabetic murine model, restoring:  
(a) infiltrate inflammation in the BALF; (b) eosinophilia; (c) 
collagen deposition around the airways; and (d) at least in part, 
secretion/deposition of mucus within the airways.

This asthma model is widely used and has provided impor-
tant knowledge about immune and inflammatory mechanisms  

(18, 19). In general, this model involves sensitization of the 
mice by intraperitoneal injection of the allergen in combination 
with adjuvant material, such as Al(OH)3, along with allergic 
exposures at the site (lung). When the animals are evaluated 
for asthmatic phenotypes, they present hyperresponsiveness of 
the airways (20), eosinophilia (21), and inflammation with Th2 
profile cytokines (22, 23). After repeated exposures to the aller-
gen, structural alterations that culminate in remodeling of the 
airways can occur (16, 24). This remodeling is characterized by 
smooth muscle hypertrophy, increased secretion of mucus, and 
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FigUre 5 | Mucus production: role of insulin. (a) On average, 10 fields were photographed per slide. Quantification was performed using NIS-Elements AR 
software. Values represent the mean ± SEM leukocytes (n = 5 animals/group). (B) The microphotographs of lung tissue were obtained from control non-diabetic 
mice sensitized and instilled with saline (CSENSAL) or sensitized and instilled with ovalbumin (OA) (CSENOA) and treated with single-dose insulin (CSENOA + I1)  
or treated with consecutive doses of insulin (CSENOA + I16); diabetic mice sensitized and instilled with saline (DSENSAL) or sensitized and instilled with ovalbumin 
(OA) (DESENOA) and treated with single-dose insulin (DSENOA + I1) or treated with consecutive doses of insulin (DSENOA + I16). * = bronchus; v = blood vessel; 
arrow: mucus (bars = 100 µm) PAS. Data are representative of five animals per experimental group. Values are shown as the mean ± SEM. *p < 0.001 comparing 
OA-challenged with saline-challenged. Ϯp < 0.001 comparing OA-challenged with the diabetic OA-challenged group. ‡p < 0.001 comparing diabetic OA-challenged 
treatment to single-dose insulin. Differences among the groups were tested with one-way analysis of variance followed by Tukey’s post hoc test. A p-value <0.05 
was considered statistically significant (GraphPad Prism version 6.0 for Windows, GraphPad Software, La Jolla, CA, USA).
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deposition of collagen around the airways, which consequently 
result in fibrosis (24, 25).

Diabetes mellitus has high morbidity and mortality rates 
and results in a significant decrease in patient quality of life. 
One of the leading causes of death in patients with diabetes is 
renal failure, blindness, lower limb amputation, and cardiovas-
cular disease (26). Additionally, diabetic patients have increased 
immune dysfunction and are more susceptible to infection 
(27). In experimental studies, diabetic mice that were infected 
with Pseudomonas aeruginosa had an increase in biofilms in 
their wounds, and insulin treatment increased the biofilms 

in the wounds of diabetic mice (28). Moreover, sensitized and 
OA-challenged diabetic animals exhibited reduced pulmonary 
inflammatory infiltrate. Treatment of these animals with insulin 
ameliorated this condition, suggesting that asthma symptoms 
are suppressed by the diabetic state (13, 29). In addition, insulin 
treatment amplifies the inflammatory response and hypersensi-
tive reactions, such as tuberculin cutaneous test in rats. Animals 
treated with insulin, before and after skin challenges, presented 
gross skin reaction compared to that of untreated animals (30).

In clinical studies, triggering of diabetes mellitus in previously 
asthmatic patients resulted in an improvement in asthmatic 
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symptoms; treatment of diabetic patients with insulin aggravated 
asthma, and similar results were observed in non-diabetic asth-
matic patients receiving insulin (10, 11). Obesity also aggravates 
asthma; it was reported that an increase of body mass index (BMI) 
and/or excess weight may increase the risk of asthma-related 
hospitalizations or asthma severity (31). The possible underlying 
mechanisms were extensively discussed by Stephanie (32) and 
likely include common etiologies and comorbidities between 
many other factors, such as adipokines, leptin, and proinflam-
matory cytokines. In addition, to evaluate the anti-inflammatory 
activity in allergic reactions induced by OA, we measured IL-10 
in the BALF of the animals. In our study, IL-10 levels did not differ 
between groups, which suggest that the phenomenon might be 
linked to Th1 response polarization of diabetes mellitus type I 
since Han et al. (33) showed that hyperinsulinemia in obese mice 
results in a decrease in the production of IL-10 by regulating Treg 
cells. Moreover, the synergistic contribution of insulin and proin-
flammatory cytokines to the stimulation of the immune system 
has been reported. Dror et al. (34) found that insulin stimulates 
IL-1b secretion by resident macrophages, which could explain the 
mechanisms by which insulin restored IL-1β levels in our study.

In fact, previous studies by our research group using a model 
of pulmonary inflammation in the initial phase revealed that 
insulin modulates the release of cytokines, such as TNF-α and 
IL-1β, as well as expression of adhesion molecules, such as P and 
E-selectin, and consequently migration of neutrophils into the 
lung during the initial phase of the allergic inflammatory reaction 
(14). The results presented here showed decreased IL-4, IL-5, and 
IL-13 levels in OA-challenged diabetic mice and that single-dose 
insulin treatment restored levels of IL-4 and IL-5, although IL-13 
was only restored by multiple doses of insulin treatment (16 
doses). Although these Th2 profile cytokines play an important 
role in the eosinophil migration, OA-challenged diabetic mice did 
not present eosinophilia in both the blood and BALF. Treatment 
with a single dose of insulin restored eosinophilia parameters in 
the blood of the animals, but not in BALF, suggesting that 8 h was 
insufficient time for eosinophil migration to the tissue; however, 
with multiple doses of insulin, we observed eosinophilia in BALF. 
In addition, a single dose of insulin did not restore the deposition 
of mucus and collagen in the airways of OA-challenged diabetic 

mice. However, multiple doses of insulin restored the deposition 
of mucus and collagen in the airways, which suggests that appro-
priate treatment with insulin may modulate cytokine levels, cell 
migration, eosinophilia, and mucus and collagen deposition in 
lung remodeling in the murine asthma model.

The data presented here suggest that insulin regulates lung 
remodeling in an experimental model of allergic airway inflam-
mation in diabetic mice by controlling cytokines, cell migration, 
collagen deposition, and mucus secretion into the lungs.
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