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ABSTRACT Mechanical ventilation generates bio-
physical forces, including high transmural pressures,
which exacerbate lung inflammation. This study sought
to determine whether microRNAs (miRNAs) respond
to this mechanical force and play a role in regulating
mechanically induced inflammation. Primary human
small airway epithelial cells (HSAEpCs) were exposed
to 12 h of oscillatory pressure and/or the proinflam-
matory cytokine TNF-�. Experiments were also con-
ducted after manipulating miRNA expression and si-
lencing the transcription factor NF-�B or toll-like
receptor proteins IRAK1 and TRAF6. NF-�B activation,
IL-6/IL-8/IL-1� cytokine secretion, miRNA expres-
sion, and IRAK1/TRAF6 protein levels were moni-
tored. A total of 12 h of oscillatory pressure and TNF-�
resulted in a 5- to 7-fold increase in IL-6/IL-8 cytokine
secretion, and oscillatory pressure also resulted in a
time-dependent increase in IL-6/IL-8/IL-1� cytokine
secretion. Pressure and TNF-� also resulted in distinct
patterns of miRNA expression, with miR-146a being the
most deregulated miRNA. Manipulating miR-146a ex-
pression altered pressure-induced cytokine secretion.
Silencing of IRAK1 or TRAF6, confirmed targets of
miR-146a, resulted in a 3-fold decrease in pressure-
induced cytokine secretion. Cotransfection experi-
ments demonstrate that miR-146a’s regulation of pres-
sure-induced cytokine secretion depends on its
targeting of both IRAK1 and TRAF6. MiR-146a is a
mechanosensitive miRNA that is rapidly up-regulated
by oscillatory pressure and plays an important role in

regulating mechanically induced inflammation in lung
epithelia.—Huang, Y., Crawford, M., Higuita-Castro,
N., Nana-Sinkam, P., Ghadiali, S. N. miR-146a regu-
lates mechanotransduction and pressure-induced in-
flammation in small airway epithelium. FASEB J. 26,
3351–3364 (2012). www.fasebj.org
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pathway

As early as 1885, Samuel Meltzer recognized the
importance of mechanical forces on both lung function
and cell behavior (1, 2). It is now well established that
mechanical forces can regulate important physiological
processes (i.e., lung development) and contribute to
several lung disorders (3, 4). For example, the acute
respiratory distress syndrome (ARDS) is a major cause
of respiratory failure and mortality in critically ill pa-
tients (5). Although artificial ventilation is often re-
quired for survival during ARDS, the mechanical forces
generated during ventilation can exacerbate lung in-
flammation and injury (6). This form of injury, known
as ventilator-induced lung injury (VILI), may be due to
excessive alveolar distension (7), high airway pressures
(8), and/or cyclic airway closing and reopening (9). In
addition to causing biophysical injury, such as cellular
necrosis and increased alveolar-capillary permeability
(10, 11), the mechanical forces generated during ven-
tilation may also activate inflammatory signaling path-
ways and induce inflammatory cytokine secretion (12).
For example, large cyclic stretching of the epithelium
can induce cytokine secretion (13, 14), while compres-
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sive forces, such as oscillatory pressure, can activate
nuclear factor-�B (NF-�B) pathways in a cytoskeleton-
dependent fashion (15). Although secretion of proin-
flammatory cytokines, such as interleukin-8 (IL-8), can
recruit neutrophils to the lung, soluble factors can
worsen VILI (16), and increased cytokine secretion into
the circulation, especially IL-6, IL-8, and IL-1�, can
produce a systemic inflammatory response that may
result in multisystem organ failure (8, 17). Therefore,
regulating the mechanotransduction events that lead to
increased lung inflammation during ventilation is an
important clinical issue.

Mechanotransduction is the process by which cells
convert mechanical stimuli into biochemical re-
sponses, and several mechanisms for force sensing
and mechanotransduction have been recently inves-
tigated. For example, stretch-activated ion channels
and epithelial sodium channels have been shown to
play a role in pressure-induced ATP release in
urothelial cells (18). Experimental and mathematical
studies from Tschumperlin et al. (19, 20) indicate
that pressure-induced changes in interstitial geome-
try can increase the local ligand concentration and
thus alter biochemical signaling in bronchial epithe-
lial cells. Finally, the association of cell surface
adhesion proteins (i.e., integrins) with the extracel-
lular matrix (ECM), actin filaments, Src kinase, and
the focal adhesion kinase (FAK) may transmit me-
chanical signals from the ECM to signaling sites
within the cells or at the cell surface (21). The
integrin family can also regulate the action of NF-�B
by degradation of inhibitor kinases of NF-�B (IKK),
which in turn leads to the transcription of target
cytokine genes IL-6 or IL-8 (22). Current evidence
suggests that the activation and control of NF-�B
plays a critical role in cytokine responses during
ARDS and VILI (23, 24). Although our laboratory
recently demonstrated that oscillatory transmural
pressure can activate NF-�B pathways in epithelial
cells (15), it is not known how mechanical forces
influence the expression of important regulatory
molecules such as microRNAs (miRNAs) in lung
epithelia or whether mechanotransduction events
responsible for lung inflammation can be regulated
by specific miRNAs.

MiRNAs are noncoding, single-stranded RNAs of
�22 nt in length that regulate gene expression by
suppression of translation or messenger RNA
(mRNA) degradation. Recent human genomic stud-
ies revealed that �30% of human genes can be
potentially regulated by miRNAs (25). MiRNAs have
emerged as key regulators of diverse biological pro-
cesses (26, 27) and have been recently proposed as
novel biomarkers or therapeutic targets for ARDS/
VILI (28). Notably, several miRNAs have been shown
to regulate inflammatory responses to proinflamma-
tory cytokines or bacterial stimuli. For example,
miR-155 has been shown to regulate inflammatory
cytokine production in dendritic cells during micro-
bial stimulation (29). MiR-146a has been shown to

regulate tumor necrosis factor � (TNF-�) production
during rheumatoid arthritis (30) and can also regu-
late IL-8 and RANTES production in epithelial cells
during cytokine stimulation (31). In addition, other
miRNAs, such as miR-214, miR-21, miR-223, and
miR-224, are rapidly induced in the lung when
treated with lipopolysaccharide (LPS; ref. 32). More
recently, functional roles for miRNAs in mechano-
transduction have been investigated. MiRNAs can
mediate endothelial cell proliferation (33, 34) and
modulate apoptosis and endothelial nitric oxide syn-
thase (eNOS) activity in response to shear stress (33).
However, the role of miRNAs in regulating the
mechanotransduction processes responsible for in-
flammation in the pulmonary system remains largely
unknown.

The goals of the present study were to investigate
how oscillatory pressures influence both inflamma-
tory cytokine secretion and miRNA expression in
primary human lung epithelial cells and to deter-
mine whether miR-146a and its targets regulate me-
chanically induced inflammation in lung epithelia.
We demonstrate that miR-146a is an early responsive
miRNA that is up-regulated by oscillatory pressure
and that miR-146a can regulate pressure-induced
inflammation in lung epithelia by targeted suppres-
sion of interleukin-1 receptor-associated kinase
(IRAK1) and tumor necrosis factor receptor-associ-
ated factor 6 (TRAF6), key proteins in the toll-like
receptor (TLR) signaling pathway. To our knowl-
edge, this is the first study both to describe miRNA
responses to mechanical forces in lung epithelia and
to demonstrate that specific miRNAs can regulate
mechanically induced inflammation in lung epithe-
lia. A better understanding of how mechanical forces
influence miRNA expression and how miRNAs regu-
late the mechanotransduction processes responsible
for lung inflammation may lead to novel biomarkers
and/or innovative treatments for VILI and ARDS.

MATERIALS AND METHODS

Cell culture

Primary human small airway epithelial cells (HSAEpCs) were
obtained from PromoCell GmbH (Heidelberg, Germany)
and maintained in Airway Epithelial Cell Growth Medium
and supplemented with SupplementPack (PromoCell). Cells
were incubated at 37°C in a humidified atmosphere of 5%
CO2. Polarized monolayers of HSAEpCs were obtained by
seeding onto 23-mm-diameter 0.4-�m-pore polyester Trans-
well inserts (Costar, Corning, NY, USA) at a density of 1.9 �
105 cells/insert, and cells were grown to confluence prior to
pressure and/or cytokine treatment. Cells were grown with
1.5 ml cell culture medium in the upper (apical) chamber
and 2.5 ml in the lower (basal) chamber. Medium in the
upper compartment was removed prior to the application of
pressure.
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Application of oscillatory pressure

Application of oscillatory pressure was performed as de-
scribed previously (see Fig. 1 in ref. 15). Briefly, fitted
stoppers were plugged tightly to the top of Transwell inserts
to form a hermetically sealed pressure chamber in the apical
compartment. Access ports in the plugs were connected to a
manometer and a gas-tight syringe attached to a PHD2000
programmable syringe pump (Harvard Apparatus, Holliston,
MA, USA). The syringe pump was programmed to execute
repeated infusion and withdrawal at a constant flow rate for a
given amount of time per cycle. This produced a triangular
pressure waveform that varied from either 0 to 20 cmH2O or
0 to 5 cmH2O at a frequency of 0.2 Hz. Note that 20 cmH2O
is similar to the mean airway pressures observed during
mechanical ventilation (35), and 0.2 Hz simulates normal
breathing frequency.

MiRNA profiling

Polarized HSAEpCs were exposed to oscillatory pressure
(0–20 cmH2O at 0.2 Hz) or 30 ng/ml TNF-� for 12 h. The
combined effect of cytokines and mechanical force were also
investigated by exposing HSAEpCs to both TNF-� and oscil-
latory pressure. Total RNA was isolated using Trizol (Invitro-
gen, Carlsbad, CA, USA) and measured using the NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). The Nanostring nCounter system (NanoString
Technologies, Seattle, WA, USA) was used to profile miRNA
expression. Total RNA was mixed with pairs of capture and
reporter probes tailored to each miRNA. After hybridization,
excess reporters and capture probes were removed. and the
purified ternary complexes were bound to the imaging sur-
face, elongated, and immobilized. The surface was then
imaged by the nCounter digital analyzer. To account for
slight differences in hybridization and purification, data were
normalized to the average counts for all control spikes in each
sample.

Quantitative reverse transcription–polymerase chain
reaction (qRT-PCR)

MiRNAs were quantitatively measured using TaqMan miRNA
assay (Applied Biosystems, Carlsbad, CA, USA). All primers
and probes were obtained from Applied Biosystems; se-
quences for the primers, gene ID numbers, and silencing
RNA (siRNA) primers are provided in Supplemental Table
S1. U18 was used as an internal control. For mRNA measure-
ments, total RNA was extracted using the RNeasy kit (Qiagen
Inc., Valencia, CA, USA) according to the manufacturer’s
instructions. RNA concentrations were determined with a
NanoDrop instrument (NanoDrop Technologies). qRT-PCR
experiments were also performed using 300 ng total RNA
input and IL-6, IL-8, and TNF-� TaqMan primer/probe sets
(TaqMan Gene Expression Assays; Applied Biosystems).
GAPDH was used as an endogenous control for normaliza-
tion. Reverse transcription and real-time PCR were per-
formed according to the manufacturer’s protocols. RT reac-
tions were run in a Bio-Rad MyCycler thermal cycler (Bio-Rad,
Hercules, CA, USA), and PCR amplifications were performed
on a 7900HT fast real-time PCR system (Applied Biosystems).
Data were analyzed with the 7900HT SDS 2.3 software (Ap-
plied Biosystems). The relative miRNA/mRNA expression
level was normalized to that of internal control by using the
2���Ct cycle method.

MiRNA transfection

For gain of function or silencing of miRNA expression in
HSAEpCs, Pre-miR miRNA Precursors (PM10722), Anti-miR
miRNA Inhibitors (AM10722), and the negative control oli-
gonucleotides (Applied Biosystems) were transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Cells
were exposed to oscillatory pressure 48 or 72 h after transfec-
tion.

3=-Untranslated region (UTR) luciferase reporter assay

IRAK1, TRAF6, and their mutated 3=-UTR luciferase reporter
constructs (pMiR-REPORT) were obtained from Addgene
(Cambridge, MA, USA). HSAEpCs were cotransfected with 40
ng luciferase reporter plasmids, 40 ng of pRSV-�-Gal, pre-
miR-146a, and negative control. Luciferase and �-galactosi-
dase activities were measured using the Luciferase Reporter
Assay (Promega, Madison, WI, USA) 48 h following transfec-
tion. All transfections were performed in triplicate using
Lipofectamine 2000. The 3= UTR for IRAK1 is 5=-AAAUCCG-
GAAGUCAAAGUUCUCA-3= and for TRAF6 is 5=-UGCUCUA-
GAAAGUUGAGUUCUCA-3=, where underscored bases indi-
cate the seed targeting site for miR-146a.

Preparation of cytosolic and nuclear lysates

After the appropriate treatments, HSAEpCs were washed
twice with PBS and incubated in 0.1 ml ice-cold lysis buffer
(10 mM HEPES, pH 7.9; 10 mM KCl; 0.1 mM EDTA; 0.1 mM
EGTA; 1 mM DTT; and 0.5 mM PMSF) with freshly added
protease inhibitor cocktail (Sigma, St. Louis, MO, USA) for
15 min, after which 10 �l of 10% Igepal CA-630 was added.
Cells were scraped and then centrifuged. The supernatant
was collected as a cytosolic lysate. The nuclear pellet was
resuspended in nuclear extraction buffer (20 mM HEPES, pH
7.9; 0.4 M NaCl; 1 mM EDTA; 1 mM DTT; 0.5 mM PMSF; and
10% glycerol) with freshly added protease inhibitor cocktail.
After vigorously vortexing, the lysates were placed on a shaker
on ice and the samples were then centrifuged and the
supernatant was used as the nuclear fraction.

ELISA

To measure NF-�B/p65 activation, the commercially available
Trans-AM kit (Active Motif, Carlsbad, CA, USA) was used to
detect and quantify NF-�B/p65 by ELISA. This system uses an
oligonucleotide containing the NF-�B consensus binding site
(5=-GGGACTTTCC-3=) that specifically binds to activated
NF-�B in the nuclear extract. An NF-�B p65 antibody was
used to detect p65 subunit activation. Absorbance of the final
solution was read on a Synergy HT plate reader (Biotek,
Winooski, VT, USA) within 5 min at 450 nm with a reference
wavelength of 655 nm. Activation levels were normalized by
folds when compared with control cells. Cytokine concentra-
tion in the medium (i.e., cytokine secretion) was also deter-
mined with an ELISA kit (R&D Systems Minneapolis, MN,
USA) following the vendor’s protocol.

Western blot analysis

Cells were lysed and extracted in RIPA buffer [50 mM Tris,
pH 8.0; 150 mM NaCl; 1% Nonidet P-40; 0.5% sodium
deoxycholate; 0.1% sodium dodecyl sulfate (SDS); 1 mM
PMSF; 2.5 mM sodium pyrophosphate; 1 mM �-glycerophos-
phate; 1 mM Na3VO4; and 1 �g/ml leupeptin]. The protein
content was determined using the BCA protein assay (Pierce,
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Rockford, IL, USA). Equal amounts of protein were resolved
by electrophoresis on 8% SDS-polyacrylamide gel and elec-
trotransferred to nitrocellulose membrane. After blocking in
5% BSA or milk in TBST (0.1% Tween-20) for 1 h, mem-
branes were probed with primary antibodies against NF-�B
inhibitor (I�B-�; Cell Signaling, Beverly, MA, USA), IRAK1,
TRAF6, or TNF-� antibodies (Serotec, Raleigh, NC, USA) and
HRP-conjugated secondary antibodies (Bio-Rad). Proteins were
detected using the enhanced chemiluminescence (ECL) system
(Pierce; Thermo Fisher Scientific, Rockford, IL, USA).

siRNA experiment

For RNA interference studies, the Silencer siRNA duplex
targeting the mRNA sequences of human NF-�B p65, TNF-�,
IRAK1 and TRAF6 (Applied Biosystems) was used. Cells were
transfected with 50 or 100 nM targeted or negative control
scrambled siRNA using Lipofectamine 2000 (Invitrogen), and
transfected cells were directly plated on the apical side of cell
culture inserts. Cells were then exposed to oscillatory pres-
sure 48 or 72 h after transfection.

Statistical analysis

Data are presented as means 	 sd. ANOVA and post hoc least
significant difference analysis or Student t tests were performed,
and values of P 
 0.05 were considered statistically significant.

RESULTS

Oscillatory pressure activates the NF-�B pathway and
induces IL-6, IL-8, and IL-1� secretion in HSAEpCs

Although cyclic stretching of A549 adenocarcinoma
alveolar epithelial cells can induce cytokine secretion
(13, 14), the inflammatory response to transmural
pressures is not well characterized. We demonstrated
previously that transmural pressure can activate NF-�B
in A549 cells (15) and here sought to more fully
characterize the inflammatory response of HSAEpCs to
oscillatory transmural pressures. As shown in Fig. 1A,
exposing HSAEpCs to 0.2 Hz transmural oscillatory
pressure (0–20 cmH2O) for 1 or 4 h resulted in
increased NF-�B DNA binding activity. Consistent with
NF-�B activation, we also observed significant degrada-
tion of the inhibitory protein I�B-� via Western blot
analysis (Fig. 1B). mRNA expression levels of inflam-
matory cytokines IL-6, IL-8, and TNF-� were also signif-
icantly increased in response to 4 h of oscillatory
pressure (Fig. 1C). Figure 1D, E demonstrates that 12 h
of oscillatory pressure can induce increased IL-6 and
IL-8 cytokine secretion and that the amount of mechan-
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Figure 1. Oscillatory transmural pressure activates the NF-�B pathway and results in increased proinflammatory cytokine
expression and secretion in HSAEpCs. A, B) Four hours of oscillatory pressure induced increased NF-�B DNA binding activity
(A) and inhibition of I�B-� (B). I�B-� expression level was assessed by Western blot and densitometry. C–F) Four hours of
oscillatory pressure also increased IL-6, IL-8, and TNF-� mRNA expression (C), while 12 h of pressure induced significant
secretion of IL-6 (D) and IL-8 (E). Twelve hours of 30 ng/ml TNF-� also induced significant IL-6 (D) and IL-8 (E) secretion in
HSAEpCs, but 12 h of pressure resulted in minimal TNF-� secretion (F). Combined TNF-� and pressure stimulation induced
higher cytokine release than either stimulus alone (D, E). qRT-PCR data were normalized to GAPDH. HSAEpCs were exposed
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ically induced cytokine secretion is comparable to, and
sometimes larger than, cytokine secretion during
chemical stimulation; i.e., 12 h of 30 ng/ml TNF-�.
Interestingly, combined mechanical and chemical stim-
ulation; i.e., exposing HSAEpCs to 12 h oscillatory
pressure in the presence of 30 ng/ml TNF-�, induced
slightly higher cytokine release than either stimulus
alone (P
0.05). However, this interaction between
mechanically and chemically induced inflammation
was less than additive. We also investigated the time
course of proinflammatory cytokine production in re-
sponse to oscillatory pressure. In addition to IL-6 and
IL-8, for these studies we also investigated how oscilla-
tory pressure alters IL-1� secretion. As shown in Fig. 2,
IL-6 and IL-1� secretion levels continuously increase
over the 12 h time course while increases in IL-8
saturate after 8 h of oscillatory pressure. We also show
that IL-1� concentrations in response to oscillatory
pressure are significantly lower than IL-6 or IL-8.

It is theoretically possible that increased IL-6/IL-8
secretion during oscillatory pressure is a secondary
response to increased TNF-� secretion during pressure
stimulation. However, as shown in Fig. 1F, 12 h of
oscillatory pressure resulted in a very small increase in
TNF-� secretion, with the concentration of TNF-�
following pressure stimulation (�3 pg/ml) being neg-
ligible compared to the TNF-� concentration (30 ng/
ml) required to elicit increased IL-6/IL-8 cytokine
secretion. Since TNF-� does not have to be completely
secreted to bind to its receptor on the same cell, we also
conducted siRNA experiments to further investigate
the role of TNF-� in pressure-induced cytokine produc-
tion. For these experiments, 100 nM of siRNA TNF-�
was used to knock down TNF-� expression, and both
control cells treated with a scrambled siRNA and TNF-
�-silenced cells were exposed to 12 h of 20 cmH2O
oscillatory pressure. As shown in Supplemental Fig. S1,
no statistically significant difference was found in the
amount of pressure-induced IL-6, IL-8, and IL-1� cyto-
kine secretion between scramble controls and TNF-�-

silenced cells. Therefore, pressure-induced increases in
IL-6, IL-8, and IL-1� secretion does not depend on
TNF-� expression or secretion.

Oscillatory pressure results in increased miR-146a
expression in HSAEpCs

Although mechanical forces can alter inflammatory
signaling in lung epithelia (13–15), to our knowl-
edge, there is currently no information about how
mechanical forces influence miRNA expression pat-
terns in primary human lung epithelial cells. We
therefore used the Nanostring nCounter system to
profile miRNA expression patterns in HSAEpCs ex-
posed to 12 h of 0.2 Hz oscillatory pressure (0 –20
cmH2O). Since proinflammatory cytokines may also
alter miRNA expression patterns (36), HSAEpCs
were also exposed to 12 h of 30 ng/ml TNF-� or 12
h of oscillatory pressure in the presence of 30 ng/ml
TNF-�. All experiments were repeated in triplicate,
and heatmaps of miRNAs that demonstrated statisti-
cally significant changes in miRNA expression
(P
0.05) with fold changes �1.4 or 
0.8 are shown
in Fig. 3A, B. Although TNF-� and oscillatory pres-
sure both induced differential expression of several
miRNAs, TNF-� resulted in a different pattern of
miRNA expression compared with oscillatory pres-
sure. Interestingly, only 3 miRNAs (miR-146a, miR-
650, and miR-1260) exhibited differential expression
following either TNF-� stimulation or oscillatory
pressure (T or P) and only miR-146a and miR-1260
exhibited differential expression during all three
conditions, including the combined chemical and
mechanical stimulation condition (i.e., T, P, and
TP). Specifically, we observed a �1.6-fold increase
in miR-146a expression and a �0.75-fold decrease in
miR-1260 expression during all three conditions. As
shown in Supplemental Fig. S2A, increased miR-146a
expression during oscillatory pressure was validated
by qRT-PCR, but decreased miR-1260 expression was
not validated. PCR was also used to investigate the
time course of miR-146a expression during oscilla-
tory pressure. As shown in Supplemental Fig. S2B,
although miR-146a expression increases 1.2-fold at 4
or 8 h, 12 h of pressure induced a larger 1.8-fold
increase in miR-146a expression. Note that since
146a expression and cytokine production were larg-
est at 12 h, all other data related to cytokine produc-
tion and miR146a expression in this manuscript were
evaluated at the 12-h time point.

In addition to global profiling, we also used PCR to
assess changes in a group of select miRNAs that have
been implicated in inflammation and/or mechano-
transduction (29, 37–39) and may not have been cap-
tured in the Nanostring system due to low counts (Fig.
3C). For these studies, cells were exposed to 12 h of
TNF-�, oscillatory pressure, or both TNF-� and pres-
sure, and expression levels were assessed via qRT-PCR.
Similar to the Nanostring results, we observed a signif-
icant (P
0.02) �2-fold increase in miR-146a expres-
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sion for all conditions. We also observed a significant
(P
0.05) reduction in miR-181c and miR-27b during
both TNF-� treatment and combined TNF-�/oscilla-
tory pressure conditions and a significant (P
0.05)
reduction in miR-33a for all three conditions. Finally,
we observed a small but statistically significant (P
0.01)
reduction in miR-21 for TNF-� and oscillatory pressure
conditions. In summary, our miRNA screening experi-
ments indicate that miR-146a expression is highly sen-
sitive to both mechanical and chemical stimuli.

Influence of pressure magnitude on cytokine
production and miR-146a expression

In addition to investigating high oscillatory pressure
magnitudes of 20 cmH2O, we also investigated how a
lower 5-cmH2O, 0.2-Hz pressure magnitude influences
cytokine production and miR-146a expression. As
shown in Supplemental Fig. S3A, 5-cmH2O pressure

does induce a small, statistically significant increase in
IL-6/IL-8/IL-1� secretion. However, 20-cmH2O pres-
sure induced significantly more cytokine production
than 5-cmH2O pressure. Supplemental Fig. S3B indi-
cates that 5-cmH2O pressure does not induce any
statistically significant change in miR-146a expression.
Therefore, increased miR-146a expression and cyto-
kine production is clearly dependent on the magnitude
of pressure applied to HSAEpCs.

Influence of IL-1� on miR-146a expression in HSAEpCs

Figure 2 demonstrates that pressure induces increased
IL-1� cytokine production. IL-1� has been shown to
induce expression of miRNA-146a in primary bronchial
epithelial cells (40). We therefore exposed HSAEpCs to
12 h of 10 ng/ml of recombinant IL-1� and monitored
miR-146a expression. As shown in Supplemental Fig.
S4A, IL-1� does not induce any statistically significant

BA
+1.70

+1.15

+0.93

+1.57

+2.20

U
pr

eg
ul

at
ed

 
+0.60

+0.05

-0.50

-1.05
-0.97

-0.33

+0.30

D
ow

nr
eg

ul
at

ed
 

C

-1.60
-1.60

C

1.5

2.0

2.5

Oscillatory Pressure

* *

***

m
ir-

19
a

m
ir-

27
b

-1
25

a-
5p

m
ir-

12
5b

m
ir-

14
1

m
ir-

15
5

m
ir-

18
1a

m
ir-

18
1c

m
ir-

14
6a

m
ir-

21

m
ir-

20
0c

m
ir-

23
b

m
ir-

32
0a

m
ir-

22
1

m
ir-

33
a

0.0

0.5

1.0

m
m

ir-
1 m m m m m m m

U
pr

eg
ul

at
ed

F
ol

d 
ch

an
ge

 o
f m

iR
N

A
 e

xp
re

ss
io

n
m

co
m

pa
re

d 
w

ith
 u

nt
re

at
ed

 c
el

ls
(n

or
m

al
iz

ed
 to

 U
18

)

TNF-α + Oscillatory Pressure

TNF-α

* * ** * **

hsa-miRNA-145
hsa-miRNA-2278
hsa-miRNA-146a
hsa-miRNA-650
hsa-miRNA-1248
hsa-miRNA-641
hsa-miRNA-573
hsa-miRNA-1260
hsa-miRNA-371-3p
hsa-miRNA-485-5p
hsa-miRNA-324-3p
hsa-miRNA-1263
hsa-miRNA-367
hsa-miRNA-432
hsa-miRNA-1976
hsa-miRNA-634

hsa-miRNA-1974
hsa-miRNA-630
hsa-miRNA-2117
hsa-miRNA-494
hsa-miRNA-1260
hsa-miRNA-650
hsa-miRNA-1284
hsa-miRNA-146a
hsa-miRNA-1291
hsa-miRNA-493
hsa-miRNA-576-3p
hsa-miRNA-1912
hsa-miRNA-708
hsa-miRNA-371-3p
hsa-miRNA-1915
hsa-miRNA-626
hsa-miRNA-1260

T C T+PP

C: Control P: Oscillatory Pressure
Green: lower expression
Red: higher expression

T: TNF-α

Down-
regulated 

Figure 3. Effect of TNF-�, oscil-
latory pressure, and both TNF-�
and pressure on miRNA expres-
sion. A, B) Heatmaps of miRNAs
with statistically significant dif-
ferences in expression levels
(P
0.05) during TNF-� treat-
ment (A) and pressure treat-
ment (B). Data also shown for
combined TNF-� and pressure
treatment (B). Data generated
in triplicate using Nanostring
nCounter System with 12 h ex-
posure time. C) Fold change of
miRNA expression in HSAEpCs
exposed to 12 h of 30 ng/ml
TNF-�, 0.2-Hz oscillatory pres-
sure, or both TNF-� and pres-
sure compared to untreated
cells; n � 2–3. Data were gener-
ated using RT-PCR. *P 
 0.05
vs. untreated cells.
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change in miR-146a. Perry et al. (40) also demonstrated
that IL-1� can induce IL-8 secretion from A549 alveolar
epithelial cells, and we demonstrate that IL-1� also
induces increased IL-8 secretion from HSAEpCs. We
therefore conclude that IL-1� is a potent inducer of
IL-8 cytokine production in HSAEpCs but does not
alter miR-146a expression in these cells.

Effect of silencing NF-�B on miR-146a expression
and cytokine secretion

As shown in Fig. 1A, oscillatory pressure leads to the rapid
activation of NF-�B in primary HSAEpCs. MiR-146a has
been previously reported to be a NF-�B-dependent gene
in monocytes (41). Therefore, we conducted siRNA ex-
periments to investigate whether increased miR-146a ex-
pression during oscillatory pressure is dependent on
NF-�B activation. Intracellular NF-�B was effectively si-
lenced using either 50 or 100 nM siRNA NF-�B p65
(Fig. 4A). Silencing NF-�B at 50 nM resulted in a small
decrease in miR-146a expression during oscillatory pres-
sure conditions (P�0.064 with respect to scrambled
siRNA control; Fig. 4B). Since NF-�B is a key mediator of
inflammation, we also examined how silencing NF-�B
influences pressure-induced cytokine release. Silencing
NF-�B at 50 nM significantly (P
0.05) attenuated pres-
sure-induced increases in IL-6 and IL-8 secretion (Fig.
4C). These results indicate that, although pressure-in-
duced increases in miR-146a expression are only weakly
dependent on NF-�B, pressure-induced cytokine produc-
tion and secretion are strongly NF-�B dependent.

MiR-146a regulates pressure-induced cytokine
secretion in HSAEpCs

Although miR-146a has been shown to regulate inflam-
matory responses to bacterial and chemical stimuli in

alveolar and bronchial epithelial cells (40), it is not known
whether miR-146a can regulate the mechanotransduction
events responsible for increased IL-6 and IL-8 secretion in
primary human airway epithelial cells. We therefore con-
ducted a set of miRNA transfection studies to investigate
how silencing and overexpressing miR-146a influences
both baseline (i.e., no mechanical stimulation) and me-
chanically induced cytokine production in HSAEpCs. As
shown in Supplemental Fig. S5A, transfection with 50 or
100 nM of the anti-miR-146a inhibitor significantly re-
duced baseline miR-146a expression levels and led to a
small but statistically significant increase in baseline IL-6
secretion (P
0.05). Conversely, transfection with the pre-
miR-146a precursor resulted in a concentration dependent
overexpression of miR-146a and a reduction in baseline IL-6
secretion for concentrations � 0.08 nM (Supplemental Fig.
S5B). Therefore, miR-146a negatively modulates baseline
cytokine secretion in HSAEpCs.

To determine whether miR-146a expression regulates
mechanically induced inflammation and cytokine secre-
tion, we manipulated miR-146a levels in HSAEpCs and
exposed cells to either 4 or 12 h of oscillatory pressure.
First, suppression of miR-146a expression levels with 100
nM anti-miR-146a resulted in no statistically significant
change in pressure-induced NF-�B activation (Fig. 5A).
However, suppression of miR-146a expression did result
in a statistically significant (P
0.05) increase in pressure-
induced IL-6 and IL-8 secretion (Fig. 5B, C). Conversely,
overexpression of miR-146a with 0.5 nM pre-miR-146a
resulted in significant (P
0.05) reductions in pressure-
induced NF-�B activation (Fig. 5D) and dramatically re-
duced IL-6 and IL-8 secretion during oscillatory pressure
(Fig. 5E, F). These results indicate that changes in miR-146a
expression can regulate mechanically induced inflammation
and cytokine production in HSAEpCs.
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Figure 4. Effect of silencing NF-�B on miR-
146a expression and cytokine release. A)
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small decrease in miR-146a expression dur-
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MiR-146a targets IRAK1 and TRAF6 in HSAEpCs

Previous studies indicate that miR-146a may regulate
inflammatory responses to microbial components and
proinflammatory cytokines by targeting key proteins
in the TLR signaling pathway (41), including IRAK1
and TRAF6. However, the potential role of IRAK1 and
TRAF6 in regulating mechanically induced inflamma-
tion in primary human lung epithelial cells has not
been investigated. Since miRNA targeting can vary by
cell type, we first confirmed that overexpression of
miR-146a in HSAEpCs results in reduced IRAK1 and
TRAF6 protein levels. As shown in Supplemental Fig.
S6A, B, overexpression of miR-146a suppressed IRAK1
protein expression in a concentration-dependent fash-
ion and also suppressed TRAF6 expression. To validate
that IRAK1 and TRAF6 are direct targets of miR-146a in
HSAEpCs, reporter plasmids containing the IRAK1 and
TRAF6 3= UTR with the binding site for miR-146a and
the mutated internal control were cotransfected with
pre-miR-146a into HSAEpCs. As shown in Supplemen-
tal Fig. S6C, D, transfection with the IRAK1 or TRAF6
reporters resulted in lower luciferase activity for cells
treated with 2 nM pre-miR-146a (P
0.05), while no
change in luciferase activity was observed in cells trans-
fected with the mutated internal control. These data
indicate that miR-146a regulates IRAK1 and TRAF6
expression through specific 3=-UTR binding site.

IRAK1 and TRAF6 are required for the
mechanotransduction of pressure into cytokine secretion

To elucidate further the mechanotransduction mecha-
nisms by which oscillatory pressure induces cytokine pro-
duction in lung epithelia, we silenced the miR-146a
targets, IRAK1 and TRAF6, using siRNA and measured
IL-6 and IL-8 cytokine secretion after exposure to 12 h of
oscillatory pressure. First, as shown in Fig. 6A, siRNA
efficiently knocked down IRAK1 and TRAF6 protein
expression levels. As shown in Fig. 6B, silencing IRAK1
with 50 nM siRNA resulted in a significant (P
0.05)
reduction in both baseline cytokine production and pres-
sure-induced IL-6/IL-8 secretion. Similarly, silencing of
TRAF6 using 50 nM siRNA resulted in a significant
(P
0.05) reduction in baseline cytokine production and
pressure-induced IL-6 secretion as well as a reduction in
pressure-induced IL-8 secretion (P�0.06; Fig. 5C). These
data indicate that the mechanotransduction of oscillatory
pressure into cytokine secretion depends on key enzymes
and proteins in the TLR signaling pathway; i.e., IRAK1
and TRAF6.

MiR146a’s regulation of pressure-induced cytokine
secretion depends on its targeting of IRAK1 and TRAF6

To determine the relative importance of IRAK1 and
TRAF6 on miR-146a’s ability to regulate pressure-in-
duced cytokine secretion, we investigated how miR-
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146a inhibitors influence pressure-induced cytokine secre-
tion in cells with silenced IRAK1 or TRAF6. HSAEpCs
were cotransfected with siRNA against IRAK1 or
TRAF6 (or a scrambled siRNA control); and miR-146a
inhibitor (anti-miR-146a) (or the negative anti-miR
control). IL-6 and IL-8 cytokine secretion were then
measured in both cells exposed to no pressure and 12
h of oscillatory pressure. As shown in Fig. 7, oscillatory
pressure induced an increase in IL-6 and IL-8 secretion
for all cotransfection combinations. Consistent with
single-transfection experiments (Fig. 5B, C), treatment
with anti-miR-146a and scrambled siRNA resulted in a
statistically significant increase in IL-6 and IL-8 cytokine
secretion (white bars) with respect to cells treated with
the negative anti-miR and scrambled siRNA (black
bars). In addition, treatment with IRAK1 siRNA or
TRAF6 siRNA and negative anti-miR resulted in a
dramatic reduction in both IL-6 and IL-8 secretion (P 

0.01), also consistent with single-transfection siRNA
experiments (Fig. 6B, C). However, treatment with
IRAK1 siRNA and anti-miR-146a resulted in no change
in IL-6 and IL-8 secretion with respect to cells treated
with IRAK1 siRNA and the negative anti-miR. Similarly,
treatment with TRAF6 siRNA and anti-miR-146a also
resulted in no change in IL-6 and IL-8 secretion with
respect to cells treated with TRAF6 siRNA and the
negative anti-miR. If the regulation of pressure-induced
cytokine secretion by miR-146a occurred via non-
IRAK1 or non-TRAF6 targets, we would have expected
an increase in cytokine production during cotransfec-
tion with siRNA IRAK1 or siRNA TRAF6 and anti-miR-
146a. Since this increase was not observed, these data
indicate that miR-146a’s ability to regulate pressure-

induced cytokine secretion depends on its modulation
of both the IRAK1 and TRAF6 targets.

DISCUSSION

Although mechanical ventilation is a life-saving therapy
for patients with ARDS, the mechanical forces gener-
ated during ventilation exacerbate lung injury, pro-
mote lung inflammation, and can lead to distant organ
failure (6, 8). Notably, ARDS is a heterogeneous disease
where different lung regions experience different types
of mechanical forces (e.g., cyclic stretching, shear stress,
and high transmural pressure). In addition to causing
physical injury, these mechanical forces can be sensed
by lung epithelial cells and converted into biochemical
signals related to inflammation. In particular, mechan-
ically induced secretion of proinflammatory cytokines
may be important, since these cytokines may contribute
to systemic inflammatory responses and multisystem
organ failure (8, 17). However, the molecular mecha-
nisms that regulate mechanotransduction in lung epi-
thelia are not well established. In this study, we ex-
plored the novel hypothesis that mechanical forces can
induce differential expression of miRNAs in HSAEpCs
and that miRNAs play an important role in regulating
mechanically induced inflammation in lung epithelia.
To our knowledge, this is the first study to identify an
early responsive miRNA, miR-146a, that is differentially
expressed in response to compressive pressure forces
and can also regulate pressure-induced cytokine secre-
tion from lung epithelial cells. In addition to being a
mechanosensitive miRNA that regulates mechanically
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induced inflammation, miR-146a can also regulate cy-
tokine induced inflammation in lung epithelia (31).
MiR-146a may, therefore, represent a novel biomarker
and/or treatment target for lung inflammation during
mechanical ventilation and ARDS.

Although cyclic stretching of lung epithelial cells can
result in cytokine production (14), the inflammatory
response of lung epithelial cells to transmural pressure
is not as well characterized. In this study, we demon-
strated that 0.2-Hz, 20-cmH2O oscillatory pressure can
activate NF-�B inflammatory pathways in HSAEpCs
within 1 to 4 h (Fig. 1A, B). This rapid activation is
consistent with LPS stimulation, which activities NF�B
within 1 to 2 h (42). We also demonstrate that oscilla-
tory pressure induces a time-dependent increase in
IL-6, IL-8, and IL-1� cytokine production (Fig. 2) and a
negligible amount of TNF-� secretion (Fig. 1F) and
that 20-cmH2O pressure induces significantly more
cytokine production than 5-cmH2O pressure (Supple-
mental Fig. S3A). We also show via siRNA experiments
that pressure-induced increases in IL-6, IL-8, and IL-1�
are not dependent on TNF-� expression (Supplemen-
tal Fig. S1) and that pressure-induced increases in IL-6
and IL-8 cytokine production are strongly NF-�B de-
pendent (Fig. 4C). Although we recognize that factors
other than NF-�B might regulate cytokine production,
data in this report indicate that NF-�B inflammatory
signaling pathways play a key role in the mechanotrans-
duction processes responsible for excessive inflamma-
tion during mechanical ventilation.

Mechanotransduction is the process by which cells
convert mechanical forces into biochemical signals and
has been shown to play a critical role in diverse
biological processes (4, 21). Recently, the role of miRNAs

as both mechanosensitive agents and regulators of
mechanotransduction have been investigated. For ex-
ample, laminar flow or shear stress can alter miRNA
expression in endothelial cells, and manipulation of
specific miRNAs can alter shear-stress-induced changes
in endothelial cell growth, apoptosis, and inflammation
(33, 34, 37, 39, 43). In addition, cyclic mechanical
stretching has been shown to alter miRNA expression
in human airway smooth muscle cells (44), chondro-
cytes (45), and human trabecular meshwork cells (46).
However, to our knowledge, no information is available
about how mechanical forces, such as oscillatory pres-
sure, influence miRNA expression in primary HSAEpCs.
Also, there is limited information about how specific
miRNAs regulate the mechanotransduction processes
responsible for lung inflammation. In this study, we
profiled miRNA expression patterns in HSAEpCs in
response to chemical (TNF-�) and mechanical (oscil-
latory pressure) stimuli and showed that both stimuli,
as well as a combination of chemical and mechanical
stimuli, significantly increased miR-146a expression
(Fig. 3). qRT-PCR measurements validated increased
miR-146a expression for all three conditions (Fig. 3C)
and also indicated that pressure-induced increases in
miR-146a are time dependent (Supplemental Fig. S2B).
Therefore, miR-146a is an early responsive, mechano-
sensitive miRNA that was selected for further analysis in
this study. We note that in our qRT-PCR array (Fig. 3C)
oscillatory pressure, TNF-� and combined pressure/
TNF-� significantly down-regulated miR-33a expres-
sion. Recently, miR-33a was shown to target the serine/
threonine kinase Pim-1 (47) and Pim-1 has been shown
to regulate NF-�B activity and IL-6 production (48).
Therefore, future studies that investigate the role of

5000

6000

8000

10000

12h Osc Pressure

*

12h OscPressure

*
IL

-6
 p

g/
m

L

600

800

1000

4000

2000

4000

6000

No pressure

*
*

*  

NS NS
No pressure

* *

*

NS NS

0

200

400

0

2000

Scrambled siRNA
IRAK1 siRNA
TRAF6iRNA

Negative anti-miR
Anti-miR-146a

+
-
-
+
-

+
-
-
-
+

-
-
++
+
-

-
-
++
-
+

-
+
-
+
-

-
+
-
-
+

+
-
-
+
-

+
-
-
-
+

-
-
++
+
-

-
-
++
-
+

-
+
-
+
-

-
+
-
-
+

Scrambled siRNA
IRAK1 siRNA
TRAF6siRNA

Negative anti-miR
Anti-miR-146a

+
-
--
+
-

+
-
--
-
+

-
-
++
+
-

-
-
++
-
+

-
+
--
+
-

-
+
--
-
+

+
-
-
+
-

+
-
-
-
+

-
-
++
+
-

-
-
++
-
+

-
+
-
+
-

-
+
-
-
+

IL
-8

 p
g/

m
L

*

*

Figure 7. Effect of simultaneously knocking down IRAK1 or TRAF6 and miR-146a on pressure-induced cytokine secretion.
Oscillatory pressure induced more cytokine production in cells treated with anti-miR-146a  scrambled siRNA (open bars) than
in control cells treated with negative anti-miR  scrambled siRNA (solid bars). Cells treated with siIRAK1 or siTRAF6 exhibited
significant reductions in IL-6 and IL-8 secretion compared to the negative anti-miR  scrambled siRNA control. However, no
statistically significant difference was found in cytokine production between the anti-miR146a  siIRAK1 and the negative
anti-miR  siIRAK1 samples (light shaded bars) or between the anti-miR146a  siTRAF6 and the negative anti-miR  siTRAF6
samples (dark shadedbars). These data indicate that regulation of pressure-induced cytokine secretion by miR-146a depends on
its targeting of IRAK1 and TRAF6. n � 4–6. *P 
 0.01 vs. scrambled siRNA and negative anti-miR controls (solid bars).
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miR-33a and Pim-1 in regulating mechanically induced
inflammation are warranted.

MiR-146a is a well-studied miRNA that has an impor-
tant role in regulating the innate and adaptive immune
response, inflammation (49), fundamental cellular pro-
cesses such as differentiation, and proliferation and
cancer metastases (50). Previous studies have demon-
strated that miR-146a expression may be regulated by
several factors, including microbial agents, LPS, and
proinflammatory cytokines and NF-�B (40, 41, 51).
Consistent with those studies, we demonstrated that 30
ng/ml TNF-� increases miR-146a expression in primary
HSAEpCs. Interestingly, although Perry et al. (40) have
shown that IL-1� can induce the expression of miRNA-
146a in primary bronchial epithelial cells, we demon-
strated that IL-1� does not alter miR-146a expression in
HSAEpCs (Supplemental Fig. S4A). More important,
the novel finding of this study is that a mechanical
stimulus, e.g., oscillatory pressure, can increase miR-
146a expression (Fig. 3). In previous studies (40, 41),
increased miR-146a expression was induced via proin-
flammatory stimuli that act through TLR pathways.
Although oscillatory pressure is not normally consid-
ered to be an inflammatory stimulus, we clearly dem-
onstrate that oscillatory pressure can activate NF-�B
inflammatory pathways and induce proinflammatory
cytokine secretion (Figs. 1 and 2). It is therefore
interesting that this mechanical force up-regulates a
miRNA that has been shown to be a counterregulator
of chemically induced inflammation that acts through
NF-�B pathways. However, oscillatory pressure only
induces a �2-fold increase in miR-146a expression (Fig.
3), which is clearly not large enough to regulate
inflammation in normal, nontransfected HSAEpCs,
since we also observe significant increases in cytokine
secretion during oscillatory pressure (Figs. 1 and 2).
However, experiments that increased miR146a expres-
sion levels via pre-miR transfection clearly demonstrate
that overexpression of miR146a can negatively regulate
pressure-induced cytokine production (Fig. 5E, F).
Therefore, overexpression of this miR may have thera-
peutic value as a way to regulate pressure-induced
cytokine production. In addition, our studies indicate
that increased expression of miR-146a may represent a
biomarker of “excessive” pressure during ventilation,
since increased miR-146a expression was not observed
at lower pressures (Supplemental Fig. S3B). Identifying
biomarkers of mechanically induced inflammation
might be important, since a significant amount of
inflammation during ventilation occurs after the initial
bacterial or viral insult has been cleared. However,
developing miRNA biomarkers for mechanically in-
duced inflammation will require an understanding of
how forces other than transmural pressure influence
miR expression.

Previous studies indicate that chemically induced
changes in miR-146a expression are predominately
driven by NF-�B (41). However, in this study, silencing
NF-�B had only a minor effect on pressure-induced
increases in miR-146a expression (Fig. 4B). It is there-

fore possible that miR-146a expression in the setting of
oscillatory pressure may be regulated by other tran-
scription factors, such as Krüppel-like factor (KLF; ref.
52) or E-26 transcription factor (ETS; ref. 53). Bhaumik
et al. (50) demonstrated that overexpressing miR-146a
can regulate cytokine production in breast cancer cells
by inhibiting the expression of IRAK1 and TRAF6 and
reducing NF-�B activity. Similarly, in this study, we
demonstrated that overexpression of miR-146a signifi-
cantly attenuates pressure-induced increases in NF-�B
activation and IL-6/IL-8 cytokine production (Fig. 5D–
F). Interestingly, silencing miR-146a resulted in a statis-
tically significant increase in IL-6 and IL-8 cytokine
secretion (Fig. 5B, C), but changes in cytokine levels
during miR-146a knockdown were not as large as the
changes observed during miR-146a overexpression.
These data suggest that overexpression and knockdown
of a miRNA may not necessarily lead to opposite
physiological effects. Although most previous studies
have implicated IRAK1 or TRAF6 targeting in the
regulation of miR-146a on inflammation, Perry et al.
(40) demonstrated that miR-146a can negatively regu-
late chemically induced cytokine production in alveolar
epithelial cells without significantly altering IRAK1 and
TRAF6. In this study, we clearly demonstrate that
overexpressing miR-146a down-regulates the IRAK1
and TRAF6 targets in HSAEpCs (Supplemental Fig. S6)
and that silencing IRAK1 and TRAF6 significantly re-
duces pressure-induced cytokine production (Fig. 6).
We also investigated the relative importance of IRAK1
and TRAF6 targeting on the ability of miR-146a to
regulate pressure-induced cytokine secretion by
cotransfecting cells with the miR-146a inhibitor and a
siRNA against IRAK1 or TRAF6. Under these condi-
tions, recovery of pressure-induced cytokine produc-
tion in siRNA treated cells would indicate that the
regulation of miR-146a on cytokine production occurs
by a non-IRAK1 or non-TRAF6 mechanism. However,
as shown in Fig. 7, we observed no difference in
cytokine production between cells treated with siRNA
IRAK1/TRAF6 and anti-miR-146a and cells treated with
siRNA IRAK1/TRAF6 and a negative anti-miR control.
Therefore, miR-146a’s ability to regulate pressure-in-
duced cytokine secretion is dependent on its targeting
of both IRAK1 and TRAF6.

We summarize the pathways this study implicates in
pressure-induced cytokine production in Fig. 8. Specif-
ically, this study clearly demonstrates that pressure-
induced cytokine production is strongly dependent on
NF�B, IRAK1, and TRAF6. We also demonstrate that
pressure can induce increased miR146a expression but
that this increase is minor (2-fold) and likely occurs via
a non-NF�B dependent pathway (Fig. 8, dashed line).
Finally, this study demonstrated that miR-146a’s ability
to regulate pressure-induced cytokine production is
dependent on its targeting of IRAK1 and TRAF6.

In addition to the novel findings that mechanical
forces can alter miR-146a expression levels and that
miR-146a can regulate mechanically induced inflamma-
tion, this study has identified the TLR pathway as a
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novel mechanotransduction pathway in lung epithelia.
Specifically, silencing of the key TLR proteins IRAK1
and TRAF6 had a dramatic effect on pressure-induced
cytokine secretion (Figs. 6 and 7). It is well established
that microbial components can activate TLR pathways
in lung epithelial cells and induce cytokine production
(54). In addition, recent studies indicate that mechan-
ical stretching can up-regulate the expression of the
TLR2 receptor (55). However, to our knowledge, this is
the first study to demonstrate that mechanically in-
duced increases in cytokine production from lung
epithelia are dependent on downstream components
of the TLR signaling cascade (e.g., IRAK1 and TRAF6).
This finding has important clinical implications, be-
cause it suggests that targeting the TLR pathway may be
effective in mitigating both bacterially and virally in-
duced inflammation and mechanically induced inflam-
mation during ventilation. In support of this concept,
Vaneker et al. (56) ventilated normal and TLR4-knock-
out mice with a low-tidal-volume ventilation protocol
and observed increased plasma levels of IL-6 in normal
mice but no increase in plasma IL-6 in the TLR4-
knockout mice. Although our study indicates that the
TLR signaling pathways plays a role in the mechano-
transduction of pressure into inflammatory signaling,
the mechanisms responsible for this conversion are not
clear. For example, it is not known whether upstream
components, such as MyD88, and/or the TLR recep-
tors themselves play a role in mechanotranduction, and
future studies could use selective siRNA techniques to
further investigate the mechanisms by which TLR sig-
naling influences mechanotransduction.

Although this study clearly demonstrated that oscil-
latory pressure can activate NF-�B inflammatory path-
ways, increase proinflammatory cytokine production,
and alter miRNA expression patterns, the epithelium
likely experiences other types of mechanical forces
during ventilation. For example, the reopening of
collapsed airways has been shown to exert shear stress
and complex surface tension forces on the epithelium
(9), while nonoccluded regions likely experience large

stretching deformations (7). However, it is not known
how shear stress, surface tension forces, or stretching
deformation influence miRNA expression patterns in
lung epithelia. Future in vitro studies could be con-
ducted to evaluate the miRNA responses to these
mechanical forces. Future studies could also investigate
how changing the magnitude and frequency of me-
chanical stimulation influence miRNA expression pat-
terns and inflammatory responses. Finally, although in
vitro studies are useful in determining the miRNA and
inflammatory response to specific, well-controlled me-
chanical stimuli, future in vivo studies will be required
to fully ascertain the role of miRNAs in regulating
ventilator-associated injury and inflammation.

In summary, we have demonstrated that oscillatory
pressures influence inflammation and miRNA expres-
sion in primary human lung epithelial cells and that
miR-146a is a mechanosensitive miRNA that plays an
important role in regulating mechanically induced
inflammation in lung epithelia. In particular, miR-146a
was found to be an early responsive miRNA that is
sensitive to mechanical forces and may therefore be a
potential biomarker for mechanically induced inflam-
mation during ventilation. Furthermore, we demon-
strated that overexpression of miR146a can regulate
pressure-induced cytokine secretion by targeting key
proteins (IRAK1 and TRAF6) in the TLR signaling
pathway. These data, combined with the known role of
miR-146a in regulating bacterially and virally induced
inflammation, indicate that miR-146a may represent a
potential therapeutic for reducing both microbial and
mechanically induced inflammation during ventilation.
Finally, the identification of the TLR signaling pathway
as an important component of mechanotransduction
in lung epithelia is a novel finding. Our data suggest
that targeting this pathway even after the initial bacte-
rial or viral infection has been cleared, might be an
effective way to reduce lung inflammation and ventila-
tion induced lung injury.
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