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Mechanical strain increases cytokine and chemokine production in

bronchial fibroblasts from asthmatic patients

Asthma is a disease characterized by bronchoconstric-
tion, airway inflammation, and airway remodeling. Air-
way inflammation involves the activation of various types
of cells including inflammatory cells, such as eosinophils
and T lymphocytes, and structural cells, such as airway
epithelial cells, airway smooth muscle cells, and fibro-
blasts. These cells secrete different types of inflammatory
mediators, including pro-inflammatory and pro-fibrotic
cytokines and chemokines (1). While the role of
pro-inflammatory mediators in contributing to asthma
pathogenesis has been relatively well investigated, less
attention has been directed at the potential importance of
pro-fibrotic mediators, such as interleukin-6 (IL-6), in
contributing to airway remodeling (2, 3).
Structural changes in the asthmatic airway wall include

increased deposition of various extracellular matrix
(ECM) components, such as collagen, elastin, glycopro-
teins and proteoglycans (PG) (4–7). Fibroblasts are the

putative cell responsible for matrix deposition (8). There
is information available in the literature documenting the
ability of fibroblasts to secrete chemokines and cytokines
(9, 10), thereby suggesting the potential for an autocrine
mechanism, wherein the release of cytokines by fibro-
blasts results in increased matrix secretion.

A further stimulus to change in the asthmatic airwaywall
is thought to be excessive mechanical strain. It has been
hypothesized that airway constriction and heterogeneous
distribution of ventilation results in increased mechanical
strain or stress on the structural cells of the asthmatic
airway wall (11). Mechanical strain has been shown to
affect the production of ECM components, upregulating
type I collagen in pulmonary fibroblasts, and type III and
IV collagen in co-cultures of bronchial epithelial cells and
lung fibroblasts (12, 13). We have shown in bronchial
fibroblasts obtained from asthmatic subjects, that mRNA
and protein for the large, aggregating PG, versican, is
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increased in response to mechanical strain, in comparison
to cells obtained from normal volunteers (14, 15).Mechan-
ical strain also results in upregulation of inflammatory
cytokines, such as IL-8 and monocyte chemotactic
protein 1 (MCP-1), in airway epithelial and airway and
vascular smooth muscle cells (16–19). However, there is no
information currently available on whether mechanical
strain induces cytokine production in bronchial fibro-
blasts. If excessive mechanical strain of bronchial fibro-
blasts results in increased secretion of cytokines, especially
pro-fibrotic cytokines, then the fibroblast response to
mechanical strain could lead to increased inflammation
and/or signal to upregulate matrix deposition.
To investigate this question, we studied the effect of

excessive mechanical strain on pro-inflammatory and pro-
fibrotic cytokine and chemokine secretion in different types
of airway fibroblasts. We questioned whether underlying
inflammation would be necessary for the response and
therefore, compared the response of bronchial fibroblasts
from asthmatic patients to that of fibroblasts from normal
volunteers. We also questioned whether there are pheno-
typic differences in cytokine secretion in different airway
fibroblast populations, both in terms of basal secretion and
in terms of response to mechanical stimulation, and so
examined fibroblasts of nasal origin.Wemeasured changes
in IL-6, IL-8, andMCP-1, and assessed changes in versican
mRNA as a marker of matrix upregulation.

Methods

Bronchial fibroblasts

Primary fibroblasts were isolated from bronchial biopsies of seven
asthmatic patients and eight healthy volunteers (Table 1). All
patients gave written informed consent, as approved by the Laval
Hospital Ethics Committee. Asthmatic patients had mild disease, as
characterized by the use of b agonist only. None had ever used
inhaled or systemic corticosteroids. All asthmatic patients were
nonsmokers, and atopic, confirmed with a positive skin reaction to
at least one common allergen. Patients had PC20 methacholine
ranging from 0 to 4.21 mg/ml and FEV1 within the normal range.
All normal subjects were nonatopic, nonsmokers and had PC20

methacholine greater than 16 mg/ml. Additional details on selection
and evaluation of subjects, bronchoscopy and bronchial biopsy
procedures, biopsy processing, identification and characterization of
bronchial fibroblasts have been described in previous publications
(20–22). Isolated fibroblasts were characterized by immunofluores-
cence and flow cytometry using a mouse anti-vimentin antibody, and
a mouse anti-human fibroblast antigen Ab-1 antibody (Calbiochem,
San Diego, CA, USA) that shows no cross-reactivity with epithelial
cells, endothelial cells, smooth muscle cells, or other cell types. This
identification confirmed the purity of bronchial fibroblast cell cul-
ture. Cells were used at fourth or fifth passage.

Nasal fibroblasts

Primary fibroblasts were isolated from biopsies of nasal polyps of
three healthy, nonatopic volunteers. All patients gave written
informed consent, as approved by the Ethics Committee at the

McGilll University Hospital Centre. All subjects were nonsmokers.
Cells were used at fourth passage.

Cell culture

Fibroblasts were cultured in Dubelcco�s modified Eagle�s medium
(DMEM; Gibco-BRL-Invitrogen, Burlington, ON, Canada) sup-
plemented with 10% heat-inactivated fetal calf serum (FCS)
(HyClone, Logan, UT, USA), 100 U/ml penicillin G, 100 lg/ml
streptomycin and 250 ng/ml amphotericin B (all from Gibco-BRL-
Invitrogen) at 37�C in the presence of 5% CO2. Sub-culturing was
carried out using trypsin (0.25%) (Gibco-BRL-Invitrogen).

Mechanical stimulation of cultured fibroblasts

Cells were seeded on type I collagen-coated six-well BioFlex silastic-
bottom culture plates (Flexcell International Corp., McKeesport,
PA, USA) at a concentration of 1.5 · 105 cells/well. Cells were grown
in the BioFlex plates until �90% confluence. Cells were serum-
starved by replacing the medium with DMEM without FCS, with
antibiotics and antimycotics for 24 h. Plates were then transferred to
the baseplate of the cell stretching device (FX-3000 Flexercell strain
unit; Flexcell International, McKeesport, PA, USA) and placed in a
37�C, 5%CO2 incubator. Application of a negative pressure caused a
downward deformation of the flexible silastic membrane to which the
cells were attached. A biaxal strain of 30% amplitude at a frequency
of 1 Hz was applied for 3, 6 and 24 h. Strain of this amplitude cor-
responds approximately to inspiratory capacity (16). Control cells
were cultured in BioFlex plates but not submitted to cell stretch. Cell
layer and supernatants were harvested at various time points, and
processed. Cell viability was assessed by Trypan blue exclusion.

Human cytokine array

A human cytokine-array kit (RayBio human cytokine antibody
array III and 3.1 map) was purchased from RayBiotech (Norcross,
GA, USA). Briefly, the membranes were blocked with a blocking

Table 1. Subject characteristics

Group Sex Age PC20 FEV1 (%) Atopy Medication

Asthmatic F 20 4.21 3.51 (105) Yes b-agonist only
Asthmatic M 20 2 4.22 (98) Yes b-agonist only
Asthmatic M 18 0.66 4.29 (94) Yes b-agonist only
Asthmatic M 26 3.11 4.00 (76.7) Yes b-agonist only
Asthmatic F 24 0.72 2.56 (84) Yes b-agonist only
Asthmatic F 26 1.1 3.52 (101) Yes b-agonist only
Asthmatic F 21 0.3 2.64 (85) Yes b-agonist only
Mean 22.1 € 1.1 1.7 € 0.5 3.5 € 0.3

Normal M 28 > 256 4.76 (91) No No
Normal F 22 > 128 3.52 (108) No No
Normal M 22 > 128 4.58 (111) No No
Normal F 25 > 128 3.30 (102) No No
Normal M 32 25.5 4.01 (122) No No
Normal F 26 96 2.93 (95) No No
Normal M 24 41.76 3.28 (80) No No
Normal M 23 > 128 5.06 (103) No No
Mean 25.3 € 1.2 3.9 € 0.3

PC20, provocative concentration of methacholine to cause a fall in FEV1 of 20%;
FEV1, forced expiratory volume in 1 s; % predicted is shown in parentheses; M,
male; F, female.
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buffer, and then 1 ml of supernatant from each sample was added
and incubated at 4�C overnight (samples were run in duplicate). The
membranes were washed, and 1 ml of primary biotin-conjugated
antibody was added and incubated at room temperature for 2 h.
The membranes were incubated with 2 ml of horseradish peroxi-
dase-conjugated streptavidin at room temperature for 30 min. The
membranes were developed by using enhanced chemiluminescence
detection. Densitometric analysis was performed using image ana-
lyzer software, the FluorChemtm FC 800 system (Alpha Innotech,
San Leandro, CA, USA), which measures the sum of all the pixel
values after background correction.

IL-6, IL-8 and MCP-1 enzyme-linked immunoassay

Cytokine release in cell supernatants was assessed by sandwich
enzyme-linked immunoassay (ELISA). After 24 h of strain, fibro-
blast supernatants were collected and stored frozen at )80�C until
quantification by using commercially available ELISA kits specific
for human cytokine (RayBiotech). The detection limits were 1 pg/ml
for IL-8, 6 pg/ml for IL-6, and 5 pg/ml for MCP-1.

RNA extraction and cDNA synthesis

Total cellular RNA was isolated using RNeasy mini kit extraction
columns (Qiagen Inc., Mississauga, ON, Canada) and reverse-
transcribed. For each sample, 1 lg of total RNA was incubated at
65�C for 5 min with 25 ng/ll oligodT and 0.5 mM dNTP and then
at 42�C for 50 min with the following mix: 10 mM DTT, First-
Strand Buffer, 10 U RNAse inhibitor and 200 U SuperScript� II
Reverse Transcriptase (Invitrogen).

Real-time polymerase chain reaction

Quantification of the mRNAmessage coding for IL-6, IL-8, MCP-1,
and versican, was performed by real-time polymerase chain reaction
(PCR) using the Roche LightCycler PCR (RocheDiagnostics, Laval,
QC, Canada). S9 was measured as the housekeeping gene. Primers
were designed to span an intron (sequences are shown in Table 2).
Versican primers were purchased from Qiagen Inc. Real-time PCR
reactions were performed in a volume of 20 ll containing 1 ll of
cDNA, 5 lM of each primer and 10 ll of QuantiTect� SYBR�

Green PCR containing DNA polymerase, dNTP mix, buffer, MgCl2
and fluorescent dyes (Qiagen Inc.). Quantification of endogenous
ribosomal protein S9 was performed as a control to correct for
variations in cDNA content among samples. The expression of S9
remained stable under our experimental conditions. Results were
analyzed with the LightCycler software version 3.5.3, and themelting
curve was used to check for the specificity of the amplification
products. Quantification of the PCR products was performed by
using a standard curve obtained by simultaneously amplifying serial
dilutions of the amplicon. Values obtained for each cytokine were
normalized to S9 in the same sample.

Statistical analysis

The data were analyzed using GraphPad software. Data are reported
as mean ± standard error. Kruskall–Wallis (nonparametric anova)
with Mann–Whitney tests (nonparametric unpaired t-tests) for
multiple comparisons, were used to analyze differences in proteins
measured by ELISA. Kruskall–Wallis with Dunn�s tests (standard
nonparametric multiple comparison tests) for multiple comparisons,
were used to analyze differences in mRNA. Results were considered
statistically significant at P levels < 0.05.

Results

Screening of cytokine and chemokine secretion by cytokine array

Normal bronchial fibroblasts (BNF), asthmatic bronchial
fibroblasts (BAF) and nasal fibroblasts (NF) were
cultured on collagen type 1 coated plates and submitted
to excessive mechanical strain for 24 h. Control samples
were unstrained. Supernatants were collected and ana-
lyzed using cytokine arrays. Measurements were carried
out in duplicate. Positive signals of varying intensity were
obtained for IL-6, IL-8, and MCP-1 in all fibroblasts
(Fig. 1). Other cytokines involved in remodeling, such as
TGFb1, EGF and RANTES, were not up-regulated in
response to mechanical strain; their signals at baseline,
were, at best, modest.

Cytokine and chemokine secretion measured by ELISA

We focused on those cytokines whose signal was most
evident on the cytokine array.Measurementsweremadeon
supernatants collected after application of excessive
mechanical strain for 24 h. Control samples were
unstrained. Under nonstrained conditions, there were no
significant differences in cytokine secretion among the
different fibroblast populations (Fig. 2A–C, left hand
panels). After 24 h strain, BAF secreted significantly more
IL-6 thanBNF (P < 0.05) (Fig. 2A–C, right handpanels).

IL-6 mRNA expression is increased in BAF in response to
mechanical strain

Expression of IL-6 mRNA was measured in samples at
baseline, and after 3, 6 and 24 h of mechanical strain
(Fig. 3). Control samples were unstrained. In BAF,
mRNA expression for IL-6 was increased after 3 h of

Table 2. Sequences and predicted size of primers used for real-time PCR

Cytokine/primer
Predicted size of amplicon

(base pairs)

IL-6
FP 5¢–GGTACATCCTCGACGGCATC-3¢ 79
RP 5¢-GCCTCTTTGCTGCTTTCACAC-3¢

IL-8
FP 5¢-GCAGAGGGTTGTGGAGAAG-3¢ 169
RP 5¢-TCTTGTATTGCATCTGGCAAC-3¢

MCP-1
FP 5¢-GATCTCAGTGCAGAGGCTCG-3¢ 153
RP 5¢-TGCTTGTCCAGGTGGTCCAT-3¢

S9
FP 5¢-TGCTGACGCTTGATGAGAAG-3¢ 307
RP 5¢-CGCAGAGAGAAGTCGATGTG-3¢

Versican
Hs_CSPG2_1_SG QuantiTect Primer Assay (Qiagen) 97
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mechanical strain (P < 0.05). In BNF, IL-6 mRNA was
decreased at the 6 and 24 h timepoints relative to the 3 h
timepoint (P < 0.05). In NF, mechanical strain had no
effect on IL-6 mRNA. There were no changes in IL-6
mRNA expression over the 24 h time period in cultured
fibroblasts without strain (control conditions), excepting
a decrease in IL-6 mRNA at 24 vs 6 h in BAF, a finding
which reflected a decrease well below the baseline value.

IL-8 mRNA expression is increased in response to mechanical
strain

In all three fibroblast populations, IL-8 mRNA expres-
sion was increased after 3 h of mechanical strain (Fig. 4).
In BAF, IL-8 mRNA expression was still high at the
6 and 24 h timepoints. There was a significant increase in
IL-8 mRNA expression in unstrained BAF at the 3 h
timepoint (control conditions).

MCP-1 mRNA expression in response to mechanical strain

MCP-1 mRNA expression was significantly increased in
BNF at the 3 h timepoint, as compared to the 24 h
timepoint (Fig. 5). There were no significant changes in

MCP-1 mRNA expression over the 24 h time period in
cultured fibroblasts without strain (control conditions).

Versican mRNA expression is increased in BAF in response
to mechanical strain

Versican mRNA expression was significantly increased in
BAF after 6 h of mechanical strain (P < 0.05 vs the 3 h
timepoint) (Fig. 6). The relatively elevated level persisted
at 24 h. There were no significant changes in versican
mRNA expression over the 24 h time period in cultured
fibroblasts without strain (control conditions).

No strain Strain

BNF

BAF

NF

Positive

Positive

GroIL-8IL-6

MCP1

Figure 1. Screening of cytokine and chemokine secretion in
supernatant using cytokine arrays. After 24 h of culture, with or
without strain, supernatants were collected and analyzed. Array
membranes showed well-defined signals for IL-6, IL-8, MCP-1
and Gro, under baseline conditions (no strain) and after 24 h of
strain. Cytokine arrays were performed in duplicate. BNF,
normal bronchial fibroblasts; BAF, asthmatic bronchial fibro-
blast; NF, nasal fibroblasts.

A

B

C

Figure 2. Cytokine and chemokine secretion in supernatant
measured by ELISA. Cells were cultured with or without strain
for 24 h, supernatant collected and analyzed. (A) IL-6 secretion;
(B) IL-8 secretion; (C) MCP-1 secretion. n, represents
the number of patients. BNF, normal bronchial fibroblasts;
BAF, asthmatic bronchial fibroblast; NF, nasal fibroblasts.
*P < 0.05.
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Discussion

The present study shows that excessive mechanical strain
leads to differences in cytokine and chemokine message
and secretion in various types of airway fibroblasts. IL-8
mRNA was increased in response to mechanical strain in

all fibroblasts studied. On the other hand, IL-6 message
was increased in bronchial fibroblasts from asthmatic
patients only. Further, bronchial fibroblasts from asth-
matic patients secreted more IL-6 after excessive mechan-
ical strain than did bronchial fibroblasts from normal
volunteers. Along with the upregulation of the pro-
remodeling cytokine, IL-6, message for the ECM proteo-
glycan, versican, was increased in response to excessive
mechanical strain in these same cells.

Figure 3. IL-6 mRNA expression. Cells were cultured with or
without strain for different durations (3, 6 and 24 h). mRNA
was extracted and quantified by real time PCR. BNF, normal
bronchial fibroblasts; BAF, asthmatic bronchial fibroblast; NF,
nasal fibroblasts. n, represents the number of patients.
*P < 0.05 for strained cells; +P < 0.05 for unstrained cells.

Figure 4. IL-8 mRNA expression. Cells were cultured with or
without strain and for different durations (3, 6 and 24 h).
mRNA was extracted and quantified by real time PCR. BNF,
normal bronchial fibroblasts; BAF, asthmatic bronchial fibro-
blast; NF, nasal fibroblasts. n, represents the number of
patients. *P < 0.05; **P < 0.01 for strained cells, +P < 0.05
for unstrained cells.
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Fibroblast populations from different parts of the
airway tree have been shown to demonstrate different
cytokine profiles. Kotaru et al. (23) reported that fibro-
blasts isolated from the proximal airways behave differ-
ently than fibroblasts isolated from the distal lung, in
terms of cytokine and collagen secretion, and response to

cytokine stimulation. In the current experiment, no
differences in basal cytokine secretion were evident;
however, the cytokine response to mechanical strain
varied amongst the different fibroblast populations. The
ability of lung cells to respond to mechanical stimulation
with upregulation of cytokines has been previously

Figure 5. MCP-1 mRNA expression. Cells were cultured with
or without strain for different durations (3, 6 and 24 h). mRNA
was extracted and quantified by real time PCR. BNF, normal
bronchial fibroblasts; BAF, asthmatic bronchial fibroblast;
NF, nasal fibroblasts. n, represents the number of patients.
*P < 0.05, for strained cells.

Figure 6. Versican mRNA expression. Cells were cultured with
or without strain for different durations (3, 6 and 24 h). mRNA
was extracted and quantified by real time PCR. BNF, normal
bronchial fibroblasts; BAF, asthmatic bronchial fibroblast; NF,
nasal fibroblasts. n, represents the number of patients.
*P < 0.05, for strained cells.
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demonstrated in bronchial and alveolar epithelial cells
(16, 18, 24), but not in bronchial fibroblasts. To our
knowledge, no previous data are available on the effects
of mechanical strain on nasal fibroblasts.
The mechanism by which fibroblasts upregulate cyto-

kine secretion in response to mechanical strain is not
known, but one putative pathway is via stimulation of
MAP kinase phosphorylation. A number of studies have
now shown that mechanical strain causes activation of
MAP kinase signaling in various types of fibroblasts
(lung, chick embryo, cardiac) including a study we have
published in these same populations of fibroblasts (15, 25,
26). Furthermore, in that study, we showed that bron-
chial fibroblasts obtained from asthmatic patients had a
different profile of MAP kinase phosphorylation in
response to mechanical strain, than fibroblasts obtained
from normal volunteers. In airway smooth muscle cells,
mechanical strain has been shown to cause increases in
IL-8 through activation of ERK 1/2 and p38 kinases (19).
It seems plausible that these signaling pathways are
involved in the response we document in the current
experiment. Another interesting question is whether
mechanical strain influences fibroblast differentiation.
Along these lines, Choe et al. (27) have shown that
mechanical strain of lung fibroblasts resulted in myo-
fibroblast differentiation (as assessed by number of a
smooth muscle actin positive cells present in a tissue
engineered airway wall model containing epithelial cells
and human fetal lung fibroblasts). Whether fibroblasts
from asthmatic patients would be more sensitive to
this effect is not known.
Airway fibroblasts from asthmatic and control sub-

jects responded differently to mechanical strain, in terms
of upregulation of cytokine message and secretion. IL-8
message was increased in response to excessive mechan-
ical strain in all three fibroblast populations, BNF, BAF
and NF. Vlahakis et al. (16) showed a significant
increase in IL-8 in alveolar epithelial cells submitted to
a 30% stretch amplitude, while Oudin and Pugin (18)
showed an IL-8 response in bronchial epithelial cells
submitted to a 20% stretch. In our study, it is interesting
to note that the upregulation of IL-8 mRNA was most
sustained in the asthmatic cells. Further, BAF showed
enhanced IL-8 message even in those cells not submitted
to the strain stimulus, simply with time in culture. After
24 h of mechanical strain, IL-6 protein was significantly
greater in BAF as compared to BNF. IL-6 message was
increased after 3 h of mechanical strain in BAF, only.
These differences may reflect differences in the underly-
ing inflammatory milieu and subsequent alterations in
phenotype. Cytokines are up-regulated in the inflamma-
tory state characteristic of asthmatic disease. IL-8 is an
important member of the chemokine family, mediates
the activation and migration of neutrophils and is
involved in the initiation and amplification of inflam-
mation (28). IL-6 contributes to the inflammatory
process, but may also play an important role as a pro-

remodeling cytokine. Kuhn et al. (29) reported that IL-6
transgenic mice showed significant airway remodeling
and sub-epithelial collagen accumulation. Other investi-
gators have reported that IL-6 or IL-6 like cytokines
have relevance to asthmatic airway remodeling (2, 30).
Our observation that mechanical strain up-regulates IL-
6 in the BAF only, may reflect the tendency for these
cells to contribute to the remodeling characteristic of
this disease.

We investigated the effect of mechanical strain on
versican message as a marker of extra-cellular matrix.
Versican is a large aggregating proteoglycan, which
deposition is increased early in the fibrotic process (31).
It forms a provisional matrix upon which subsequent
collagen and other fibrotic proteins are laid down (32).
We have shown in recently published experiments,
investigating similar populations of bronchial fibro-
blasts obtained from asthmatic and control subjects,
that versican protein and message is upregulated
in response to excessive mechanical strain (14, 15). In
the current experiment, we corroborate our previous
findings.

The observation that mechanical strain differentially
up-regulates pro-remodeling cytokines and extra-cellular
matrix proteins in airway fibroblasts from asthmatic
patients has particular relevance for asthma. Asthma is
characterized by remodeling of the airway wall which
contributes to abnormal airway physiology, including
airway narrowing and airway hyper-responsiveness. In
addition, asthmatic airways are subject to excessive
mechanical stimulation as a consequence of heteroge-
neous airway narrowing and ventilation distribution (11).
In the current study, excessive mechanical strain resulted
in increased secretion of the pro-remodeling cytokine,
IL-6, and the extra-cellular matrix protein, versican. One
can postulate an autocrine mechanism whereby mechan-
ical strain causes increased secretion of IL-6 which leads
to enhanced matrix deposition. Alternately, the strain
itself may result in increased ECM secretion, independent
of the cytokine effect. Perhaps these two effects function
synergistically.

In conclusion, we show that bronchial fibroblasts from
asthmatic patients respond in a unique manner to
excessive mechanical stimulation, with increased secretion
of pro-inflammatory and pro-remodeling cytokines, co-
incident with, or perhaps causal to, the up-regulation of
matrix components. This phenotype, specific to the BAF,
likely contributes to the airway remodeling characteristic
of this disease.
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