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Abstract

Introduction The effect of bone marrow-derived mes-
enchymal stem cells (BMSCs) on asthma treatment was
shown in our previous study. Several studies have shown
the effect of statins on BMSC preservation and migration
to sites of inflammation. In this study, the effects of sim-
vastatin and BMSC combination therapy in an ovalbumin-
induced asthma model in mouse were examined.

Methods Four groups of BALB/c mice were studied
including control group (animals were not sensitized),
asthma group (animals were sensitized by ovalbumin),
asthma + simvastatin group (asthmatic animals were
treated with simvastatin), and asthma + BMSC + sim-
vastatin group (asthmatic animals were treated with sim-
vastatin and BMSCs). BMSCs were isolated, characterized,
labeled with BrdU, and transferred into asthmatic mice.
BMSC migration, airways histopathology, and total and
differential white blood cell (WBC) count in bron-
choalveolar lavage (BAL) fluid were evaluated.
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Results A significant increase in the number of BrdU-
BMSCs was found in the lungs of mice treated with sim-
vastatin + BMSCs compared to mice treated with BMSCs.
The histopathological changes, BAL total WBC counts,
and the percentage of neutrophils and eosinophils were
increased in asthma group compared to the control group.
Treatment with simvastatin significantly decreased airway
inflammation and inflammatory cell infiltration. Combina-
tion therapy improved all measured parameters higher than
simvastatin. Goblet cell hyperplasia and subepithelial
fibrosis were also decreased in combination therapy group.
Conclusion These results indicated that simvastatin and
BMSC combination therapy was superior to simvastatin
therapy and BMSC therapy alone in reduction of airway
remodeling and lung inflammation in the ovalbumin-induced
asthma model in mouse.

Keywords Simvastatin - Stem cells - Airway remodeling -
Mouse asthma model

Introduction

Asthma is characterized by airway inflammation, reversible
airway obstruction, and airway structural changes [1, 2].
Airway remodeling led to airway narrowing and airflow
limitation [3] which indicate that treatment of remodeling
is important to control and prevent asthma exacerbation.
Bone marrow-derived mesenchymal stem cells
(BMSCs) are the multi-potent progenitor cells [4] that
regulate immune and inflammatory responses [5]. In the
previous study, intravenously administered bone marrow-
derived mesenchymal stem cells were localized in the lung
and inhibited airway inflammation in ovalbumin-induced
asthma in mouse [6]. BMSCs may also exert therapeutic

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00408-016-9884-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00408-016-9884-1&amp;domain=pdf

778

Lung (2016) 194:777-785

effects in asthma by induction of T-regulatory cells and
T-helper type 2 to T-helper type 1 shift [7-9] which was
shown to be dose dependent [10, 11]. However, promotion
of BMSC migration into the inflamed area may augment
their therapeutic effects, because their migration from the
vascular system into the tissues is low and only 4.5-8.4 %
[11, 12].

The effects of statins on migration of BMSCs to sites of
inflammation [13-15] and their potential therapeutic effect
on asthma were shown previously [16, 17].

Therefore, in the present study, the effect of simvastatin
and BMSC combination therapy on airway remodeling in
an ovalbumin-induced asthma model in mouse was
examined.

Materials and Methods
Experimental Animals

Eighteen male BALB/c mice (6—8 weeks old) were divided
into four groups: control group (non-sensitized animals,
n =4), asthma group (sensitized by OVA, n =4),
asthma + simvastatin (treated sensitized animals with
simvastatin, n = 6), and asthma + simvastatin + BMSC
(treated sensitized animals with simvastatin and BMSCs,
n = 4). Animals were obtained from Pasteur Institute, Iran.
Mice were maintained in regular cages under the controlled
environmental conditions (20 + 2 °C and 12 h light—dark
cycle) and allowed free access to standard lab chow and
water in the animal laboratory of Tehran University of
Medical Science. Animal care and the general protocols for
animal use were approved by the Animal Ethics Commu-
nity of Tehran University of Medical Sciences.

Sensitization and Inhalational Exposure

The mice were sensitized by intraperitoneal injection of
OVA (10 mg) (OVA, Sigma grade 5) and aluminum
hydroxide (2 mg) on day O and 14. Animals then exposed
to aerosolized OVA (3 %) in a closed chamber (dimensions
40 x 40 x 70 cm3) using a nebulizer (Omron CX3, Japan,
particle size 3—5 pm and output of 5 1/min) for 30 min/day,
3 days/week form weeks 3-11 [18]. Animals in
asthma + simvastatin and asthma + simvastatin + BMSC
groups were treated with daily intraperitoneal injection of
simvastatin (40 mg/kg) on the last week of challenge and
those of asthma + simvastatin + BMSC group received
single intravenous injection of BMSCs (1 x 10°) on the
last week of challenge. Animals of control group received
normal saline instead of OVA (Fig. 1).

@ Springer

Simvastatin Preparation

Simvastatin (Arasto Pharmaceutical Chemical Inc, Teh-
ran-Iran, SIM-F§8-24-88) was prepared as a 4 mg/ml
stock by dissolving 40 mg of simvastatin in 1 ml of
ethanol with 1.5 ml of 0.1 N NaOH and incubated at
50 °C for 2 h. Then 7.5 ml PBS was added and pH was
adjusted to 7.2, and the stock solution was diluted to the
appropriate concentration in sterile PBS immediately
prior to use [19].

BMSC Preparation

Male Balb/c mice (aged 6-8 weeks) were sacrificed, and
the tibias and the femurs were dissected away from
attached muscle and connective tissue. Under aseptic
conditions, the ends of the bones were removed and the
bone marrow was extruded with 1 ml culture medium
using a 31G needle. The cell pellet containing
hematopoietic cells and bone marrow stromal cells was
suspended in growth medium containing Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Burlington,
Ontario, Canada) with 15 % fetal bovine serum (FBS;
Invitrogen), penicillin (100 u/ml), streptomycin (100 pg/
ml), and amphotericin B (25 ng/ml) (Sigma). The har-
vested cells were seeded on a 25-cm? flask (Nunc, Ros-
kilde, Denmark) at 37 °C and 5 % CO, in an incubator for
24 h. The flasks were then washed with PBS to remove the
hematopoietic cells and were incubated for 2-3 days, until
the cells reached 70-80 % confluency and were harvested
with Trypsin—-EDTA solution (0.25 % Trypsin, 0.5 mM
EDTA; Sigma) for 5-10 min at 37 °C to obtain a single-
cell suspension. Nucleated marrow cells were counted
using a cytometer to ensure adequate cell numbers for
transplantation. This cycle was repeated four times (pas-
sage 1, 2, 3, and 4, respectively). At the 3rd passage, the
cells were checked for BMSC purity using antibody
staining as described later [19].

BMSC Characterization and Purification

After the initial plating of the primary culture, mouse
BMSCs within 3-5 passages were harvested by
trypsinization and were fixed in neutralized 2 %
paraformaldehyde solution (Sigma, USA) for 30 min. The
fixed cells were washed twice with PBS (Sigma, USA) and
incubated with antibodies to the following antigens: CD31,
CD45, CD90, and CD44 (all from Chemicon, CA) for
30 min. Primary antibodies were directly conjugated with
FITC. Flow cytometry was performed with a FAC Scan
flow cytometer (Becton—Dickinson, CA) [20].
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—> Asth+Sim

Asth+Sim+BMSC —> Asth*Sim+BMSC

Fig. 1 Time table for mouse model of asthma and treatment with BMSCs and simvastatin

Adipogenic and Osteogenic Differentiation

Cultured stem cells of passage 2 were disseminated at a
density of 5000 cells/cm and maintained in growth med-
ium for 3 days and medium was replaced by differentiation
medium (contained aMEM, 10 % FBS, 2 mM L-glutamine,
100 U/ml penicillin, and 100 mg/ml streptomycin and
additionally either 10 nM dexamethasone, 50 mg/ml
L-ascorbic acid and 10 mM b-glycerophosphate [os-
teogenic differentiation] or 10 nM dexamethasone,
200 mg/ml indomethacin, 5 mg/ml insulin and 0.5 mM
IBMX [adipogenic differentiation]) with slight modifica-
tions. After 21 days, osteogenic deposits and adipocytes
were visualized by alizarin red and oil red O staining,
respectively [21].

Osteogenesis was confirmed by Alizarin Red S staining
(highlights extracellular matrix calcification) by washing
cells in flasks (25 cm?) with phosphate-buffered saline
(PBS) and fixing in 10 % (v/v) formaldehyde (Sigma-
Aldrich). After 15 min, ARS 2 % (pH 4.1) was added to
each flask. The flasks were incubated at room temperature
for 20 min and were washed four times with dH,O while
being shaken for 5 min [22].

At day 10 after the induction of adipogenesis, the
24-well plates containing cultured BMSC were washed
with PBS three times, fixed with 10 % formalin, sealed to
prevent dehydration, and stored at 4 °C. The fixative was
aspirated and the individual wells were stained with 600 pl
of freshly prepared 0.3 % Oil Red O staining solution for
20 min and washed five times with water. [23].

BMSC Labeling with Bromodeoxyuridine (BrdU)

Determination of transplanted on BMSC migration was
done by BMSC labeling with BrdU. After 3™ passage,

BMSCs were transferred to a 250-ml flask. When 40 per-
cent of the confluency was achieved, 5 mM BrdU was
added to the medium. After every 72 h, the medium was
changed and 5 mM BrdU was added each time, until 70-80
percent cells were confluent [24].

Lung Lavage and Its White Blood Cells Count

Mice were anesthetized 1 day after the last challenge and
lungs were lavaged with three 0.3 ml sterile phosphate-
buffered saline. Total cell number for each animal was
determined by neobar lam; differential cell analysis was
performed on slides stained with Wright and Giemsa
solutions [25].

Pathological Evaluation

Left lungs were fixed in formalin and embedded in paraffin
blocks and were sectioned at 4 um thickness and were
stained with hematoxylin-eosin (H&E) solution, periodic
acid schiff (PAS), and Masson’s trichrome, respectively.
For each mouse, the ratio of PAS-positive cells/total cells
in five randomly distributed airway sections were analyzed,
and their average scores were calculated. The grading
system was 0, no goblet cells; 1, <15 %; 2, 15-30 %; 3,
30-45 %; 4, 45-60 %; and 5, >60 % [25]. The scoring
system of peribronchiolar inflammation was 0, no cells; 1,
a few cells; 2, a ring of cells 1 cell layer deep; 3, a ring of
cells 2—4 cells deep; 4, a ring of cells 4-6 cells deep; and 5,
aring of cells >6 cells deep [26]. Subepithelial fibrosis was
asses using the Digimizer software. The area of collagen
deposition (AC) and the perimeter of basement membrane
of bronchioles (Pbm) were expressed as the area of AC per
the perimeter of basement membrane of bronchioles (AC/
Pbm pm?*pm) as follows: 0, <5 AC/Pbm(pm?*/pum); 1,
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Fig. 2 Undifferentiated BMSCs (a) indicating a flattened fibroblast- lipid droplets indicates that BMSCs can be differentiated into
like morphology under phase contrast microscopy. Alizarin red osteoblasts (b) and adipocytes (c), respectively
staining of mineralized bone tissue and oil red O-positive intracellular

cD31 CD44

coas <P

Fig. 3 BMSC conformation using flow cytometric analysis, since CD44 and CD90 were positive and CD31 and CD45 were negative

Fig. 4 BMSC migration into

the lung tissue in OVA-induced % 180
! . = 160
asthma in BALB-c mice treated = 140 4
with BMSCs (Asth + BMSC) 3 10 -
and simvastatin + BMSCs 2 100 1
(Asth 4+ Sim + BMSC). Thin kS 80 -
blue arrow shows BrdU- g 60 T
positive cell (magnification ﬁ 40
%x20). &&; P < 0.01 compared 3 20 4
to Asth + BMSC group E 0

Asth+BMSC Asth+Sim+BMSC

5-10 AC/Pbm(um*/um); 2, 10-15 AC/Pbm(um*/um); 3,  Statistics

15-20 AC/Pbm(pm*/um); 4, 20-25 AC/Pbm(um?/pm);

and 5, > 25 AC/Pbm(um?/pm) [26]. Data are presented as the mean £+ SEM and were analyzed
In order to analyze the migration of BMSCs to the lung  with the unpaired t test and analysis of variance (ANOVA)

tissue, light microscopic evaluation was made by a blinded  followed by the Tukey test. A probability value of < 0.05

investigator. was considered as statistically significant.
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Results
BMSC Characterization

The BMSCs appeared as a monolayer of large, fibroblast-
like flattened cells which were able to adopt an osteogenic
or adipogenic phenotype under appropriate conditions
(Fig. 2).

Flow cytometric analysis of BMSCs within 3-5 pas-
sages showed that BMSCs significantly expressed CD44
and CD90, but were negative for CD31 and CD45 (Fig. 3).

BMSC Migration into the Lung Tissue

The number of BrdU-BMSCs in the lungs of mice treated
with simvastatin + BMSCs was significantly higher than
in those treated with BMSCs (P < 0.01), (Fig. 4).

Total and Differential WBC Count in BAL Fluid

Total WBC counts (P < 0.01), the percentage of neu-

trophils (P < 0.001), and eosinophils (P < 0.01) were
significantly increased, but the percentage of lymphocytes

was decreased (29.50 + 4.38, P < 0.01) in BAL fluid of
asthmatic animals compared with those of controls.

Simvastatin (P < 0.05) and combination (P < 0.01)
therapy significantly reduced WBC counts compared to
asthmatic group and there were no significant differences
in total WBC between control group with simvastatin and
combination treatment groups (Fig. 5).

Simvastatin and combination therapy also resulted in
a significant decrease in neutrophils and eosinophils
(P < 0.01 for both cases). In addition, the percentage of
neutrophils and eosinophils in treated groups did not
differ with that of the control group. However, there was
no significant differences in lymphocyte percentage
between simvastatin and combination treatment groups
compared to asthma group (Fig. 5).

Airway Inflammation

Peribronchial inflammatory cell infiltration score was sig-
nificantly elevated in asthmatic compared to control group
(P < 0.001). Simvastatin and combination treatment mark-
edly reduced peribronchial inflammatory cell infiltration
score versus asthma group (P < 0.001 for both cases). In
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addition, there was no significant difference in peribronchial
inflammatory cell infiltration between combination treat-
ment and control group (Fig. 6).

Goblet Cell Hyperplasia in the Airway
The score of PAS-positive goblet cells was significantly

increased in asthmatic compared to control group
(P <0.001). Treatment with simvastatin did not

@ Springer

«Fig. 6 The peribronchial inflammatory cell infiltration (a), the
airway goblet cell hyperplasia (b), and the subepithelial fibrosis
(¢) in control animals (Cont, n = 4), OVA-induced asthma model
(Asth, n = 4), asthmatic animals treated with simvastatin (Asth +
Sim, n = 6), and asthmatic animals treated with simvastatin and
BMSCs (Asth 4+ Sim + BMSC, n = 4). The degree of peribronchi-
olar inflammation was evaluated by a subjective scale. The scoring
system was 0 no cells; / a few cells; 2 a ring of cells 1 cell layer deep;
3 aring of cells 2—4 cells deep; 4 a ring of cells 4-6 cells deep; and 5
a ring of cells >6 cells deep. The degree of goblet cell hyperplasia
was reported as the ratio of PAS-positive cells/total cells. The adopted
grading system was O no goblet cells; I <15 %; 2 15-30 %; 3
3045 %; 4 45-60 %; and 5 >60 %. The degree of fibrosis was
expressed as the area of collagen deposition per the perimeter of
basement membrane (AC/Pbm umz/um) of bronchioles. The adopted
grading system was 0 <5 AC/Pbm(pm*/pm); I 5-10 AC/Pbm(pm?/
pm); 2 10-15 AC/Pbm(um*pm); 3 15-20 AC/Pbm(um*/pm); 4
20-25 AC/Pbm(pm*/pm); and 5 >25 AC/Pbm(pum?/pum). Statistical
comparison between groups was performed using analysis of variance
followed by the Tukey test. *P < 0.05, **P < 0.01, ***P < 0.001
compared to control group, *P < 0.05, ¥P < 0.01, P < 0.001
compared to asthma group, $pP < 0.05 compared to asthma + sim-
vastatin group

significantly changed goblet cells count compared to
asthmatic mice. However, asthma + simvastatin + BMSC
group showed significantly lower goblet cells numbers
compared to asthma group (P < 0.01). Furthermore, there
was no significant difference in goblet cells count between
asthma -+ simvastatin + BMSC and control groups. There
was also a significant difference between asthma + sim-
vastatin and asthma + simvastatin 4+ BMSC groups in this
regard (Fig. 6).

Peribronchial Collagen Deposition

Collagen deposition was significantly increased in asthmatic
compared to control group (P < 0.001). Simvastatin therapy
alone could not reduce the extent of collagen deposition
compared to asthma group, but combination therapy signif-
icantly reduced collagen deposition (P < 0.05) (Fig. 6).
Photographs of histopathology of lung specimens in differ-
ent groups were provided in Fig. 7.

Discussion

Significant increase in inflammatory cell infiltration in the
BAL fluid and all lung pathological scores in sensitized
animals to ovalbumin compared to control group were
observed. There was also a high BMSC migration to the
lung tissue in asthma + BMSC + simvastatin group.
Simvastatin and BMSC combination therapy showed more
potent reduction in airway inflammation and inflammatory
cell infiltration of sensitized animals than simvastatin
alone. Combination therapy also decreased goblet cell
hyperplasia and subepithelial fibrosis in sensitized animals.
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Fig. 7 Histopathological
findings of bronchial wall in
control animals (Cont), OVA-
induced asthma model (Asth),
asthmatic animals treated with
simvastatin (Asth + Sim), and
asthmatic animals treated with
simvastatin and BMSCs

(Asth 4+ Sim + BMSC). Blue
thin arrows show inflammatory
cell infiltration, black thin
arrows show goblet cells,
yellow thin arrows show
collagen deposition; staining
with hematoxylin-eosin (H&E)
solution, periodic acid schiff
(PAS), and Masson’s trichrome;
magnification x10, x40, and
%20, respectively

Cont

Asth

Asth+Sim

TR
T p

AstheSin FEREEEE

BMSC

BMSC migration and localization [6] and involvement of
stromal cell-derived factor-1 (SDF-1) and its cellular
receptor, CXCR4, in MSC migration to the lung [27] in
asthmatic mice were demonstrated previously. It has been
reported also that the therapeutic effect of these cells is dose
dependent [10, 11] and their ability to migrate from the
vascular system into the tissues is low [11, 12]. Thus,
strategies which promote BMSC migration into the inflamed
area may augment their therapeutic effects. The present
study showed that administration of BMSCs with simvas-
tatin resulted in a higher migration of BMSCs into the lung
tissue in asthma + simvastatin + BMSC group. In fact,
recent studies have highlighted the protective effect of sta-
tins on MSCs against hypoxia and apoptosis [13, 14]. Statins
also significantly increase SDF1 expression in the ischemic
brain, CXCR4 expression in BMSCs, and BMSC migration
to rat brain [14, 28]. According to the findings of present
study, it seems that simvastatin could increase the migration
of BMSC:s to lung by acting on SDF-1a/CXCR4 axis.

The results of this study showed significant increase in
the infiltration of neutrophil and eosinophil to the BAL
fluid, lung inflammation, goblet cell hyperplasia, and
subepithelial fibrosis in sensitized mice which confirmed
the induction of an asthma animal model in mice which
also supported by previous studies [2, 29, 30].

Trichrome

Simvastatin decreased the infiltration of neutrophil and
eosinophil to the BAL and lung inflammation in
asthma + simvastatin group which is supported by previ-
ous studies [16, 31-33]. These drugs have shown to reduce
inflammatory and allergic responses and improve lung
compliance in animal models of asthma [17]. Several
potential mechanisms, particularly their anti-inflammatory
mechanisms, may contribute to these effects of statins.
These effects are thought to be mediated by inhibition of
isoprenylation of small G-proteins, prevention of lipid raft
formation, pathways involved in cell proliferation, and
oxidative stress [34].

Although BMSCs inhibited airway inflammation, goblet
cell hyperplasia, and inflammatory cell infiltration to the
BAL in sensitized animals, it was unable to reduce
subepithelial fibrosis which could be due to the low number
of BMSCs migrated into the lung tissue [6]. The present
study showed that combination therapy of BMSCs +
simvastatin decreased the infiltration of neutrophil and
eosinophil to the BAL, airway inflammation, goblet cell
hyperplasia and subepithelial fibrosis in sensitized animals.
Airway inflammation and inflammatory cell infiltration
were also improved in simvastatin-alone-treated group but
did not affect goblet cell hyperplasia. However, treatment
with BMSCs alone also decreased goblet cell hyperplasia
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[6]. In addition, BMSC treatment alone or simvastatin
treatment alone did not show any effect on subepithelial
fibrosis of sensitized animals. Interestingly, the combina-
tion therapy also decreased subepithelial fibrosis possibly
by increasing BMSC engraftment to the injured tissue or by
enhancing the secretion of BMSC growth factors and
cytokines to stimulate tissue repair. The effect of combi-
nation therapy was also greater than the effect of BMSCs
or simvastatin alone.

Taken together, the results of the present study
demonstrate that simvastatin and BMSC combination
therapy is more effective for treating OV A-induced asthma
model than BMSC or simvastatin alone. The possible
mechanism by which BMSC and simvastatin combination
therapy could improve subepithelial fibrosis including
inflammatory biomarkers such as Th2 cytokines, and
evaluating of SDF-1a/CXCR4 axis to identify mechanism
for simvastatin action on BMSC migration to the lung
should be examined in further studies. In addition, clinical
investigations also should be carried out to evaluate this
type of therapy in asthmatic patients in further studies.

In conclusion, the results of the present study demon-
strated that simvastatin and BMSC combination therapy
improved airway remodeling and lung inflammation in the
sensitized mice greater than simvastatin or BMSC therapy
alone which deserves further studies including clinical
investigations.
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