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Abstract

Rationale: Increased bronchial smooth muscle (BSM) mass is
a key feature of airway remodeling that classically distinguishes severe
from nonsevere asthma. Proliferation of BSM cells involves a specific
mitochondria-dependent pathway in individuals with severe asthma.
However, BSM remodeling and mitochondrial biogenesis have not
been examined in nonsevere asthma.

Objectives:We aimed to assess whether an increase in BSM mass
was also implicated in nonsevere asthma and its relationship with
mitochondria and clinical outcomes.

Methods:We enrolled 34 never-smoker subjects with nonsevere
asthma. In addition, we recruited 56 subjects with nonsevere
asthma and 19 subjects with severe asthma as comparative
groups (COBRA cohort [Cohorte Obstruction Bronchique et
Asthme; Bronchial Obstruction and Asthma Cohort; sponsored by
the French National Institute of Health and Medical Research,
INSERM]). A phenotypic characterization was performed using
questionnaires, atopy and pulmonary function testing, exhaled nitric
oxide measurement, and blood collection. Bronchial biopsy
specimens were processed for immunohistochemistry and electron
microscopy analysis. After BSM remodeling assessment, subjects
were monitored over a 12-month period.

Measurements and Main Results:We identified characteristic
features of remodeling (BSMarea.26.6%) and increasedmitochondrial
number within BSM in a subgroup of subjects with nonsevere asthma.
The number of BSMmitochondria was positively correlated with BSM

area (r= 0.78; P, 0.001). Follow-up analysis showed that subjects with
asthma with high BSM had worse asthma control and a higher rate of
exacerbations per year compared with subjects with low BSM.

Conclusions: This study reveals that BSM remodeling and
mitochondrial biogenesis may play a critical role in the natural
history of nonsevere asthma (Mitasthme study).

Clinical trial registered with www.clinicaltrials.gov (NCT00808730).

Keywords: asthma; exacerbation; mitochondria; remodeling;
smooth muscle

At a Glance Commentary

Scientific Knowledge on the Subject: Bronchial smooth
muscle remodeling and mitochondrial biogenesis are
implicated in severe asthma pathogenesis. However, these
processes have not yet been explored in nonsevere asthma.

What This Study Adds to the Field: Bronchial smooth
muscle remodeling and enhanced mitochondrial biogenesis are
present in some individuals with nonsevere asthma. Increased
bronchial smooth muscle mass in patients with nonsevere
asthma is related to a higher rate of exacerbations and
worse asthma control. Eosinophilia and early onset of
nonsevere asthma are not associated with increased
exacerbation frequency and uncontrolled asthma.
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Asthma is a heterogeneous inflammatory
disease characterized by variable respiratory
symptoms associated with the presence
of bronchial hyperresponsiveness and
bronchial remodeling (1). Bronchial
remodeling is a complex process related
to various pathological pathways, the onset
of which can occur very early in the
asthmatic life, concomitantly with the
inflammatory process (2). It consists in an
abnormal increased thickening of the
bronchial wall due to various structural
alterations, including abnormal epithelium,
subepithelial membrane thickening,
enhanced deposition of the extracellular
matrix, neoangiogenesis, mucus gland
hypertrophy, and increased bronchial
smooth muscle (BSM) mass (1). Among
these various alterations, marked increased
BSM mass is the key structural change
that distinguishes severe asthma from
moderate asthma (3). The amount of BSM
mass is correlated with a decrease in lung
function (4). Moreover, in individuals with
severe asthma, the increased BSM mass has
been associated with chronic airflow
obstruction (5). Among various potential
mechanisms, the increased BSM mass has
been associated with an increased
proliferation of asthmatic BSM cells both
in vitro (6–8) and in vivo (4). In vitro, the
increased proliferation of asthmatic BSM
cells has been related to an increased
mitochondrial biogenesis, in severe
asthmatic BSM cells only (8). In vivo, the
BSM of individuals with severe asthma is
also characterized by an increased number
of mitochondria per surface area and by an
increased density of mitochondria, which
reflects mitochondrial activity (8).
However, the presence of BSM remodeling
in individuals with nonsevere asthma is
probably underestimated, and the
relationships between BSM mass and
various clinical, functional, and
inflammatory outcomes remain largely
unknown in this population with asthma.
Along the same line, the number of
mitochondria in the BSM of individuals with
nonsevere asthma has not been evaluated.

We hypothesized that the natural
history of nonsevere asthma could be
influenced not only by the inflammatory
process but also by this key feature of
bronchial remodeling (i.e., increased BSM
mass). To test this hypothesis, we have
quantified BSM mass in a population with
nonsevere asthma that includes subjects
with variable intensity of bronchial

remodeling. The aim of this study was thus
to assess the potential role of BSM
remodeling in nonsevere asthma.

Methods

Patients and Samples
A total of 34 patients with nonsevere
asthma were enrolled in the Mitasthme
trial from the Centre Hospitalier
Universitaire, Bordeaux, France (see Figure
E1 in the online supplement). The study
received approval from the local ethics
committee and has been registered under
the No. NCT00808730 at ClinicalTrials.
gov. All patients had bronchial
hyperresponsiveness (9) and were graded
as having nonsevere asthma according to
GINA (Global Initiative for Asthma)
(i.e., GINA steps 1, 2, or 3) (10). Three
visits were scheduled (see Table E1): visit 1
(inclusion), visit 2 (bronchoscopy), and
visit 3 (12 months 6 7 days after visit 2).

Bronchial specimens from 30 subjects were
obtained by fiber-optic bronchoscopy, as
described previously (8). For all patients, we
ascertained age at onset of asthma, Juniper
Asthma Control Questionnaire (ACQ) score
(11), spirometry, fractional exhaled nitric
oxide (FENO), serum total IgE, and blood
eosinophils assessed within the week before
the fiber-optic bronchoscopy.

In addition, 56 subjects with nonsevere
asthma were recruited from the COBRA
cohort (Cohorte Obstruction Bronchique et
Asthme; Bronchial Obstruction and Asthma
Cohort; sponsored by the French National
Institute of Health and Medical Research,
INSERM), as a second comparative group,
using the same inclusion criteria. Patients
from the Mitasthme study were also finally
compared with a third group of 19 subjects
with severe asthma (12), who were also
recruited from the COBRA cohort and
who underwent fiber-optic bronchoscopy.
Details of inclusion and exclusion criteria
are provided in the online supplement.

Figure 1. Bronchial smooth muscle (BSM) remodeling and mitochondrial biogenesis in nonsevere
asthma. (A and B) Representative optic microscopic images from bronchial sections stained with
antibody anti-actin and (C and D) representative electronic microscopic images were obtained from
two patients with nonsevere asthma with low BSM (A and C) or high BSM mass (B and D). Some
smooth muscle mitochondria were visualized (arrows). Bronchial wall from a subject with low BSM
shows a dense inflammatory infiltrate (A). (A and B) Magnification,3100; scale bars, 30 mm. (C and D)
Magnification, 34,200; scale bars, 1 mm.
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Twelve months after the inclusion visit,
the number of asthma exacerbations, as-needed
bronchodilator use (short-acting b2-agonist
[SABA]), ACQ score, respiratory function, and
airway inflammation were assessed. Asthma
exacerbations were defined as events of
worsening asthma (10) that required a short
course of oral or parenteral corticosteroids
for 5 to 10 days. We documented the
occurrence of exacerbation using medical
records. Subject verbal reports were not
acceptable.

Optical Microscopy and
Immunohistochemistry
Bronchial specimens were fixed in 10%
buffered formalin and processed in standard
fashion for paraffin embedding as described
previously (8, 13). The total area of the
BSM layer was assessed manually in a
blinded fashion using Quancoul software
(Quant’Image, Bordeaux, France) at a

magnification of 3100 as described
previously (8, 14–16). This BSM area was
normalized to the whole area of the
corresponding tissues and presented as
percentages of the whole area, as described
previously (17). Three biopsies were collected
for each patient, and the BSM was analyzed
in six to eight sections in each biopsy.

Electron Microscopy
Specimens were fixed in 2.5% glutaraldehyde
in cacodylate buffer, postfixed in 1% osmium
tetroxide, dehydrated, and embedded in
Epon as described previously (18).

Statistical Analysis
Comparisons between the two groups were
performed using two-sided independent
t tests for variables with a parametric
distribution, Fisher’s exact test for
comparison of proportions, or the Mann-
Whitney U test for comparison of

nonparametric variables. Exacerbation
frequency was calculated and compared
among the study groups using a negative
binomial model, as previously described
(17). A Pearson correlation matrix was
built. Stepwise multiple linear regressions
were performed to determine the
parameters that significantly influenced
BSM area. Comparisons between data
obtained in the Mitasthme trial and those
from the COBRA cohort are considered to
be post hoc analyses. Values are presented
as mean 6 SEM. Results were considered
significant at a P value of less than 0.05.

Results

Detection of BSM Remodeling in
Patients with Nonsevere Asthma
Of the 30 bronchoscopies performed in the
patients with nonsevere asthma in the

Table 1. Demographic and Baseline Characteristics of the Patients

Low BSM Group High BSM Group P Values

N 14 14
Age, yr 33.86 4.0 33.06 3.4 0.88
Sex, M/F 6/8 5/9 1.00
Score on Juniper Asthma Control Questionnaire 0.56 0.1 0.86 0.2 0.06
Age at onset of symptoms
Early/late 9/5 9/5 1.00
Years 10.26 2.7 13.16 3.9 0.87

Asthma duration, yr 24.36 3.7 20.56 3.1 0.63
Atopic status, Y/N 10/4 13/1 0.33
Total IgE, U/ml, 4996 234 8686 592 0.45
High eosinophil status, Y/N 6/8 8/6 0.71
Blood eosinophil count, 3109/L 0.216 0.04 0.296 0.06 0.36
FENO, ppb 36.56 10.0 37.06 6.3 0.29
Chronic airflow obstruction, Y/N 0/14 0/14 1.00
Prebronchodilator FEV1, % of predicted value 91.96 3.4 94.26 3.7 0.66
FEV1:FVC ratio, % 75.76 1.6 78.56 2.1 0.29
PC20 for methacholine, mg 0.96 0.3 0.96 0.4 0.74
Obesity, Y/N 0/14 2/12 0.48
Body mass index, kg/m2 23.36 0.9 25.46 2.3 0.80
Smoking status
Current smoker, Y/N 0/14 0/14 1.00
Ex-smoker, Y/N 0/14 0/14 1.00
Pack-years 0 0
Frequent exacerbations . 2/yr, Y/N 0/14 0/14 1.00

Severe exacerbations per subject in previous year, n 0.16 0.1 0.26 0.1 0.29
Treatment
Dose of ICS, beclomethasone equivalent, mg/d 7326 182 7866 167 0.83
Use of long-acting b-agonists, Y/N 8/6 8/6 1.00
Regular use of oral prednisolone, Y/N 0/14 0/14 1.00
Use of montelukast, Y/N 3/11 3/11 1.00
Use of omalizumab, Y/N 0/14 0/14 1.00

Definition of abbreviations: BSM = bronchial smooth muscle; FENO = fraction of nitric oxide in exhaled air, ICS = inhaled corticosteroid; N = no; PC20 =
provocative concentration of inhaled methacholine required to lower the FEV1 by 20%; Y = yes.
Plus/minus values are means 6 SEM.
Early onset of asthma:,12 years; late onset of asthma:>12 years. High eosinophil status: FENO .50 ppb or blood eosinophils.0.33 109/L. Chronic airflow
obstruction: FEV1 measures persistently lower than 80% of predicted value. P values were calculated using a two-sided independent t test for variables with a
parametric distribution, Fisher’s exact test for comparison of proportions, and the Mann-Whitney U test for comparison of nonparametric variables.
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Mitasthme study, BSM was assessable in
28 patients. The median BSM normalized
area was 26.6%. Patients were thus divided
into high BSM (.26.6%; n = 14) and low
BSM (,26.6%; n = 14) groups (Figures 1A
and 1B). Between and within-biopsies
variabilities in normalized BSM area were
similar in high BSM versus low BSM
groups (coefficients of variation were
0.32 vs. 0.34; P = 0.45). The clinical and
functional characteristics of these two BSM
groups are presented in Table 1. Patients in
the both low and high BSM groups were
similar for all initially tested parameters,
and in particular, age at onset of symptoms,
asthma duration, eosinophils status,
respiratory function, and asthma treatment.

Increased Mitochondrial Number and
Density in Nonsevere Asthma
The number and the density of BSM
mitochondria (Figures 1C and 1D) were
increased in the high BSM group compared
with the low BSM group (Figures 2A and
2C). In addition, the number and the
density of BSM mitochondria were both
significantly and positively correlated with
the BSM area within the whole population
with nonsevere asthma (Figures 2B and
2D). This relationship between BSM mass
and mitochondria density is in agreement
with results obtained in individuals with
severe asthma. Both BSM area and the
number of mitochondria within BSM cells
were significantly increased in severe

asthma compared with patients from the
Mitasthme trial (see Table E2).

BSM Remodeling and Progression of
Nonsevere Asthma
We next evaluated whether the presence
of high BSM could define specific
subsequent clinical outcomes. The number
of exacerbations for the 12 followingmonths
(Figures 3A and 3B) was increased
12 months after the fiber-optic
bronchoscopy in the high BSM group
compared with the low BSM group (relative
risk, 5.50; 95% confidence interval,
1.551–19.503; P = 0.008) (Figure 3B).
Interestingly, the BSM area was
significantly correlated with the number of
exacerbations, which subsequently occurred
within the following 12 months after the
fiber-optic bronchoscopy (Figure 3C). The
ACQ score (Figure 3D) and the mean
SABA use per week (Figure 3E) were also
increased in the high BSM group, but there
was no difference in terms of FENO
(Figure 3F) or FEV1 (data not shown).

Key Role of BSM Cell Mitochondria in
Nonsevere Asthma
To further explore the role of BSM mass
variability in subjects with nonsevere
asthma, several clinical and/or functional
parameters were analyzed in a correlation
matrix (Table 2). Then, these variables were
entered into a stepwise multiple regression
analysis to determine both the best model
and the strength of each individual
parameter to predict BSM area (Table 3).
We first removed the independent variables
with significant cross correlations from
the models. We found that the best model
associated the number of mitochondria
and the initial ACQ score, which explained
69% (R2 = 0.69) of the variation in this
measurement (Table 3). However, of these
variables, the number of mitochondria
explained 55% of the variation alone,
whereas the initial ACQ score only
explained 14%.

Clinical Asthma Phenotypes and
Progression of Nonsevere Asthma
When differentiating patients with
nonsevere asthma from the Mitasthme trial
in terms of early versus late onset asthma,
no prospective outcome was significantly
different at year 1 after the inclusion visit
(see Figure E2). Moreover, when
differentiating patients with asthma in
terms of eosinophilic versus
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Figure 2. Bronchial smooth muscle (BSM) remodeling is associated with an increased mitochondrial
number and density in patients with nonsevere asthma. Bronchial specimens were obtained from
patients with nonsevere asthma with low BSM (BSM area ,26.6%; n = 14; open bars) or high BSM
mass (BSM area .26.6%; n = 14; solid bars). (A) The number and (C) the density of mitochondria
were assessed from electronic microscopic images. Data are the mean6 SEM. *P, 0.05 using
Student’s t tests. (B and D) Scatterplots show correlation between normalized BSM area and
mitochondrial biogenesis parameters. The normalized area of BSM layer was assessed using
Quancoul software on bronchial sections at a magnification of 3100. The BSM area was normalized
by the whole area of the corresponding tissues and presented as percentages of whole area. Open
circles: low-BSM group; solid circles: high-BSM group. r = Pearson correlation coefficient.
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noneosinophilic asthma, only FENO
remained elevated in eosinophilic asthma
(see Figure E3). Similar results were
obtained in a larger sample of patients with

nonsevere asthma (n = 56) (see Table E3)
from the COBRA cohort (see Figures E2
and E3). Thus, in contrast to BSM mass
increase, eosinophilia was not associated

with higher exacerbation frequency and
poorer asthma control in nonsevere
asthma. Patients from the Mitasthme
trial with total serum IgE level greater
than 214 IU/mL (19) had lower asthma
control at year 1 compared with patients
with low total IgE levels (<214 IU/mL),
but this result was not reproduced in the
COBRA cohort (see Figure E4).

Discussion

For the first time, this study demonstrates
that a subgroup of patients with nonsevere
asthma with BSM remodeling present with
increased exacerbation frequency and worse
asthma control compared with patients
without BSM remodeling. Both BSM area and
number of mitochondria from the patients
with nonsevere asthma were lower than in
those with severe asthma. Moreover, both the
number of BSM mitochondria and the initial
ACQ score could predict the variation of
BSM mass.

The issue of the heterogeneous
distribution of BSM mass within the
bronchial tree must be first addressed. Jones
and colleagues recently demonstrated that
BSM area was different in large, medium,
or small airways in patients with asthma,
and that the coefficient of variation of BSM
area between sections reached 9.1% in the
large airways of subjects with asthma (20).
In the present study, we paid special
attention to averaging the BSM area from a
variety of sections from each biopsy and
from a variety of biopsies per patient. These
biopsies were obtained by fiber-optic
bronchoscopy from the same large airways
in each patient. Bronchoscopy performed
in patients with asthma was safe in our
experience (8, 13, 15–17, 21). The use of
bronchoscopy should thus be limited to
expert centers, because measuring BSM
area requires large forceps and dedicated
pathologists. However, it remains invasive,
and alternative biomarkers of BSM area are
needed. Although there is no validated
BSM biomarker, the circulating levels of
YKL-40 (22) have been correlated with
other aspects of bronchial remodeling
(e.g., subepithelial membrane thickness).
Periostin also contributes to subepithelial
thickening in asthmatic airways (23),
and its serum levels are related to
greater decline in FEV1 in patients with
asthma on inhaled corticosteroid (ICS)
treatment (24).
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Figure 3. Impact of bronchial smooth muscle (BSM) remodeling on exacerbation frequency and
control in nonsevere asthma. (A and B) At year 1 after the fiber-optic bronchoscopy, patients with
nonsevere asthma with high BSM mass (n = 12) had higher numbers of exacerbations compared with
subjects with low BSM mass (n = 12). (C) Scatterplot shows correlation between normalized BSM area
and number of exacerbations per 12 months. (D–F) Patients with asthma with high BSM had lower
asthma control (D and E) and similar levels of airway inflammation (F) compared with patients with low
BSM. Low BSM group: BSM area,26.6% (open bars, dashed line, and open circles); high BSM group:
BSM area .26.6% (solid bars, solid line, and solid circles). Short-acting b2-agonist (SABA) use is
expressed as the number of puffs per week for 12 months. Data are mean6 SEM. *P, 0.05 using
Mann-Whitney test. ACQ= Juniper Asthma Control Questionnaire; FENO = fractional exhaled nitric oxide;
r =Pearson correlation coefficient.
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One of the main interests of this study
is to define a new nonsevere asthma
group based on BSM mass (i.e., the key
structural change in bronchial remodeling).
Pathophysiological processes leading to
increased BSM mass are complex and are
still not completely understood (1). The
involvement of mitochondria in the
increased mass of BSM was first evidenced
in our laboratory (8). Here, we show in
the high BSM group of subjects with
nonsevere asthma that both the number
and the density of mitochondria were
increased. It should be noted that the
number of mitochondria was normalized to
the BSM area, and that the density of
BSM mitochondria is known to be related
to mitochondrial activity (8). These
results can thus be related to the increased
number and density of BSM mitochondria
that we previously reported in the BSM
of patients with severe asthma (8). In such
patients, the increased mitochondrial
biogenesis was a key event leading to the
increased BSM cell proliferation and BSM
remodeling (8). Thus, our results suggest
that this is also the case in patients with

nonsevere asthma. The number of
mitochondria was correlated with the BSM
area, and using multiple regression analysis,
the number of mitochondria alone
explained the majority of the variation in
BSM area in nonsevere asthma. However,
further in vitro studies are required to
confirm that similar pathways are involved
in nonsevere asthmatic BSM remodeling.

The high BSM group appears to be
related to some specific clinical
outcomes, such as the rate of future
exacerbations. We assessed the number of
asthma exacerbations per patient per year at
two time points, before and 1 year after
the bronchoscopy, similarly. Despite the
lack of validated criteria, the definition of
asthma exacerbations in our study included
a physician-documented deterioration in
symptoms, such as shortness of breath,
cough, wheezing, or chest tightness (10).
This definition also included use of
systemic corticosteroids for 5 to 10 days to
be consistent with American Thoracic
Society/European Respiratory Society Task
Force recommendations on retrospective
assessment of asthma exacerbations (25).

The T-helper cell type 2 high
eosinophilic asthma, which is one of the
most studied endotypes (26), represents half
of the population with asthma (27). It has
been previously shown that, after ICS
reduction, sputum eosinophil numbers
increase before the onset of exacerbations
(28). Moreover, management strategies
based on controlling eosinophilic
inflammation are associated with a
reduction in the frequency of exacerbations
(29, 30). In the present study, the rates of
both previous and future exacerbations
were similar in eosinophilic compared with
noneosinophilic asthma in the Mitasthme
trial. This result was confirmed in a second
larger group of patients with nonsevere
asthma (from the COBRA cohort), who
were also prospectively followed for 1 year
to confirm this absence of difference. Our
focus has been on patients with nonsevere
asthma, both in the Mitasthme trial and
the COBRA cohort, whereas previous
studies (29, 30) recruited patients with
asthma of variable severity, a high
proportion of whom had severe asthma
(29). Moreover, the pathophysiology of
asthma exacerbations is complex and
probably involves multiple pro-inflammatory
cells. Further studies are required to dissect
the mechanisms that lead to exacerbations in
individuals with nonsevere asthma, notably
the role of eosinophils and its potential
interaction with BSM cells.

Focusing on the amount of BSM mass
raises the issue of bronchial thermoplasty,
which is supposed to target BSM for the
treatment of asthma (31). Although such a
process has been shown to significantly
reduce the rate of exacerbations and
improve asthma control (31), the target
population with asthma remains to be
defined. From the present study, we
demonstrate that defining a high BSM
group of patients has clinical implications,
even in nonsevere asthma. However, we
did not demonstrate a clear causal
relationship between BSM mass and the
occurrence of future exacerbations. Further
larger-scale clinical trials should be
performed to determine which patients
might preferentially benefit from bronchial
thermoplasty or other processes that are
able to decrease BSM size (17).

In conclusion, we have related the
presence of BSM remodeling in patients
with nonsevere asthma with an increased
mitochondrial number. Patients with high
BSM mass appear to experience specific

Table 2. Correlation between Bronchial Smooth Muscle Area and Multiple Variables

Parameter BSM Area (P Value)

Number of mitochondria/BSM area, 3107/mm2 0.72 (0.0001)*
Score on Juniper Asthma Control Questionnaire 0.50 (0.007)*
Number of exacerbations per 12 mo 0.47 (0.03)*
SABA use, puffs/wk 0.45 (0.04)*

Definition of abbreviations: BSM = bronchial smooth muscle; SABA = short-acting b2-agonist.
Data are Pearson correlation coefficient between BSM area and clinical variables or mitochondrial
biogenesis (n = 28 patients with nonsevere asthma).
*P, 0.05.

Table 3. Stepwise Multiple Linear Regression Analysis of Bronchial Smooth Muscle
Area for Asthma Control and Mitochondrial Biogenesis

BSM Area

r2 b SE P Value

Number of mitochondria/BSM area (3107/mm2) 0.55 7.17 1.15 0.0001
Score on Juniper ACQ at V1 0.14 0.60 0.27 0.04
Full model* 0.69 — — 0.0001

Definition of abbreviations: ACQ = Asthma Control Questionnaire; BSM= bronchial smooth muscle;
V1 = visit 1.
Dependent variable is BSM area. Independent variables are the number of mitochondria and the initial
ACQ score assessed at V1 (n = 28 patients with nonsevere asthma). b is the regression coefficient.
SE is the standard error of b.
*For the full model, the F ratio is 24.0, and the square root of the mean square error is 517.8 for BSM
area. This model has been found to be the best in terms of r2, square root of the mean square error,
and the F ratio.
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important clinical outcomes, such as
increased rate of future exacerbations.
Noninvasive techniques for bronchial
remodeling measurement are needed to
distinguish individuals with low BSM from

individuals with high BSM, especially in
nonsevere asthma. n
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