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Idiopathic pulmonary fibrosis (IPF) is a fatal fibrotic lung disorder with no effective medical treatments available. The
generation of myofibroblasts, which are critical for fibrogenesis, requires both a mechanical signal and activated TGF-g;
however, it is not clear how fibroblasts sense and transmit the mechanical signal(s) that promote differentiation into
myofibroblasts. As transient receptor potential vanilloid 4 (TRPV4) channels are activated in response to changes in
plasma membrane stretch/matrix stiffness, we investigated whether TRPV4 contributes to generation of myofibroblasts
and/or experimental lung fibrosis. We determined that TRPV4 activity is upregulated in lung fibroblasts derived from
patients with IPF. Moreover, TRPV4-deficient mice were protected from fibrosis. Furthermore, genetic ablation or
pharmacological inhibition of TRPV4 function abrogated myofibroblast differentiation, which was restored by TRPV4
reintroduction. TRPV4 channel activity was elevated when cells were plated on matrices of increasing stiffness or on
fibrotic lung tissue, and matrix stiffness-dependent myofibroblast differentiation was reduced in response to TRVP4
inhibition. TRPV4 activity modulated TGF-p1-dependent actions in a SMAD-independent manner, enhanced actomyosin
remodeling, and increased nuclear translocation of the a-SMA transcription coactivator (MRTF-A). Together, these data
indicate that TRPV4 activity mediates pulmonary fibrogenesis and suggest that manipulation of TRPV4 channel activity
has potential as a therapeutic approach for fibrotic diseases.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a scarring disorder of the
lungs without any effective medical treatment available. As such,
the roughly 100,000 patients in the USA with IPF have a median
survival of only 2 to 3 years (1). Experience with decades of less than
successful therapeutic drug trials has shown that only through a bet-
ter understanding of the fibrogenic process can we hope to amelio-
rate this fatal disorder (1-4). Overwhelming evidence demonstrates
the significance of myofibroblast differentiation and persistence
to normal and pathological wound healing in the lung, heart, skin,
skeletal muscle, and liver (5, 6). During the repair process, myofi-
broblasts localize to fibrotic lesions, synthesize and remodel extra-
cellular matrix proteins in part through their contractile properties,
and express cytokines and chemokines that can drive pathologic
fibrosis (5-7). Myofibroblasts are characterized by their expression
of a-smooth muscle actin (a-SMA) and its incorporation into actin
stress fibers that function to stabilize cell shapes and generate intra-
cellular contractile force. Optimal myofibroblast differentiation is
regulated by active TGF-, the presence of the fibronectin ED-A
domain, and a mechanical force signal (5-9). Classic studies show
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that fibroblasts in floating collagen gels, a condition in which they
are incapable of generating intracellular tension, will fail to undergo
myofibroblast differentiation (10). In addition, stiffening of the
extracellular matrix itself, in the range noted in fibrotic lung tis-
sue, for example, is capable of providing a myofibroblast-inducing
mechanical signal (11-14). The exuberant extracellular matrix depo-
sition and the resultant stiffening of the tissue are thus recognized
as critical inducers of myofibroblast differentiation. However, the
precise mechanisms, or pathway(s), by which these physical proper-
ties are transduced into the biological response remain elusive.
Ca* second messenger signals are critical for many essential
cellular functions, including differentiation, gene expression, cell
proliferation, growth, and death (15). In an in vivo study, mibe-
fradil, a Ca* channel blocker, significantly reduced collagen pro-
duction and fibroblast differentiation in rats treated with angioten-
sin II or aldosterone (16). Recently, it has been demonstrated that
transient receptor potential (TRP) family member-mediated (i.e.,
mediation by TRPM7 and TRPC6) Ca?* influx plays an essential
role in atrial and dermal fibroblast differentiation (17, 18). These
studies demonstrate that intracellular Ca* influx via calcium per-
meable channels can play an important role during fibroblast dif-
ferentiation. Although Ca?-initiated signals can regulate actomy-
osin assembly/dissolution and protein function, the mechanism
by which intracellular calcium signals are mediated in response
to changes in intracellular tension or matrix stiffness is unknown.
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TGF-B1 is the best-studied mediator of both myofibroblast
differentiation in vitro and in fibrosis of many organs (19-21).
TGF-p1 signals through a plasma membrane receptor complex of
TGF-B1 receptor type I and II, which phosphorylates the transcrip-
tion factors SMAD2/3 to activate canonical (SMAD-dependent)
pathways (19-21). TGF-f1 can also signal through noncanonical
(SMAD-independent) pathways that include c-JUN N-termi-
nal kinase, p38 kinases, focal adhesion kinases, phosphatidyli-
nositol 3-kinase, and Rho GTPases (19-21). Both canonical and
noncanonical pathways have been linked to myofibroblast dif-
ferentiation and fibrosis (19, 20). However, TGF-B1 also has ben-
eficial roles in regulating immune suppression, inflammation, cell
growth, and tissue homeostasis in various normal and pathologic
tissues (19-21). Thus, any molecular strategy that targets the pro-
fibrotic signals of the TGF-B1 pathway without disrupting its bene-
ficial/homeostatic roles will have great therapeutic potential. The
integration of the matrix stiffness signal with that of soluble TGF-$
in fibroblasts may provide such a selective target.

We reasoned that a protein that was able to respond to either
intracellular tension or matrix stiffness with a calcium signal
might be a good candidate to function as a stiffness sensor and
myofibroblast differentiation signal initiator. While functional
voltage-gated calcium channels in fibroblasts have not been
described, the TRP channel family of ion channels are gated by
a variety of physical and chemical stimuli, including growth fac-
tor receptor ligation, hypotonicity-induced cell swelling, mem-
brane stretching, lipid mediators, and thermal stimuli (22-25).
TRP vanilloid 4 (TRPV4) is a nonselective cation channel that
was originally identified as an osmosensor in C. elegans (22-25).
TRPV4 is ubiquitously expressed in various cell types (such
as neurons, endothelial cells, and epithelial cells) and tissues
(such as lung, heart, and kidney). Furthermore, mutations in
TRPV4 have been linked to diseases including skeletal dysplasia
and sensory and motor neuropathies (26-28). TRPV4 has been
implicated recently in the differentiation of chondrocytes, osteo-
clasts, and cardiac myofibroblasts via Ca?* influx (29-31). It has
beenreported that TRPV4 initiates the acute calcium-dependent
vascular permeability in pulmonary edema that develops upon
ventilator-induced lung injury or by elevated pulmonary venous
pressure associated with heart failure in mice (32, 33). How-
ever, TRPV4 has not been previously shown to be involved in
lung myofibroblast differentiation or fibrosis, and the molecular
mechanism of its involvement in this process has not been deter-
mined. In the present study, we tested the hypothesis that the
TRPV4 channel plays a role in lung myofibroblast differentiation
and in the generation of lung fibrosis in mice. Our work reveals a
novel role for TRPV4 in pulmonary fibrogenesis and for TRPV4-
mediated Ca? influx in myofibroblast differentiation.

Results
Trpv4 KO mice are protected from the profibrotic effects of bleomy-
cin. To investigate the role of TRPV4 on pulmonary fibrogenesis
in vivo, the effect of bleomycin was studied in Trpv4 KO mice.
The Trpv4 KO mice were significantly protected from bleomycin-
induced lung fibrosis. Trpv4 KO mice had less lung collagen accu-
mulation after bleomycin (by 75% in mice given 4 U/kg bleomy-
cin, day 14, n > 5 per group, P < 0.05), as quantitated biochemically
Volume 124 Number 12
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by measuring hydroxyproline levels (Figure 1A), by measuring col-
lagen-1 in the lung tissue extracts by immunoblotting (n > 5 per
group, P < 0.05) (Figure 1B), or by trichrome staining of lung tissue
sections (P< 0.01for WT vs. Trpv4 KO; n="5 per group) (Figure 1C),
as compared with the congenic WT mice. Further, the Trpv4 KO
mice had a smaller decrease in lung compliance (by 57% in mice
given 4 U/kg bleomycin, day 14, P < 0.05; n = 5 per group) after
bleomycin instillation, as compared with the WT mice (Figure 1D).
Bleomycin-instilled Trpv4 KO mice showed less myofibroblast dif-
ferentiation compared with the WT mice, as revealed by immuno-
blotting analysis of lung tissue extracts for a-SMA (n > 5 per group,
P < 0.05) (Figure 1E). Importantly, the lung histology and compli-
ance in saline-instilled WT and Trpv4 KO mice were indistinguish-
able. Furthermore, we saw no difference in the total wbc counts or
cell differentials in lung lavages from WT mice, as compared with
those from Trpv4 KO mice that received bleomycin 7 days previ-
ously (WT vs. KO, 1,122 + 258 x 10° total cells/ml vs. 1,000 * 322
x 103 total cells/ml, n = 5 per group), suggesting that differences
in early inflammation do not account for the differences in the
later fibrosis (Figure 1F). Given the high mortality (WT, 60% vs.
KO, 15%; P < 0.05; number of mice at the start of the experiment:
17 WT and 13 Trpv4 KO; number of mice analyzed: 5 WT and 9
Trpv4 KO) at the 4 U/kg dose and the possibility of a confounding
survivor effect, experiments were repeated using a 1 U/kg dose of
bleomycin. As with the high dose (4 U/kg) of bleomycin, the Trpv4
KO mice receiving the lower dose had a smaller increase in lung
hydroxyproline content (WT, 203% * 67% vs. KO, 143% *+ 44% of
WT intratracheal [IT] saline; P < 0.004; n =5 per group; Figure 1G)
and a 2.5-fold less impairment in lung compliance (WT, 69% *+7%
vs. KO, 88% *+ 4% of IT saline, which was set as 100%; P = 0.031;
n =5 per group; Figure 1H), with no mortality. Collectively, these
data clearly demonstrate that the Trpv4 KO mice are protected
from the profibrotic effects of bleomycin.

TRPV4 is expressed and functional in both primary human and
murine lung fibroblasts. To determine the potential role of TRPV4
in lung myofibroblast differentiation, we first examined its expres-
sion in normal lung fibroblasts and those derived from patients
with IPF. Immunoblotting analysis detected expression of TRPV4
protein in the lung fibroblasts from both normal control subjects
and patients with IPF (Figure 2A). However, there were no differ-
ences in total cellular TRPV4 protein expression among normal
lung fibroblasts and those derived from patients with IPF, stimu-
lated or unstimulated with TGF-B1. To test whether TRPV4 chan-
nel activation induces Ca?* influx (cytosolic calcium increases) in
human lung fibroblasts (HLFs; 19Lu cells) we measured its spe-
cific agonist-induced Ca? influx. We noted a rapid (within 1 to 2
minutes) increase in intracellular Ca?" influx in HLFs in response
to the selective TRPV4 agonist, GSK1016790A (GSK; ref. 34), and
its concentration-dependent inhibition by pretreatment with the
selective TRPV4 antagonist, RN-1734 (ABI; ref. 35 and Figure 2, B
and C). To further confirm the existence of functional TRPV4 chan-
nel in lung fibroblasts, we compared Ca?*" influx in primary lung
fibroblasts from Trpv4 KO and congenic WT mice, using a range
of concentrations of GSK. TRPV4 agonist-induced (GSK-induced)
Ca* influx was completely absent in Trpv4 KO fibroblasts, even in
the presence of 30-fold excess of GSK (EC, =10 nM) (Figure 2D),
demonstrating the absence of redundant GSK-responsive Ca*
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Figure 1. Trpv4 KO mice are protected from the profibrotic effects of bleomycin. WT or Trpv4 KO mice were instilled with (A-F) 4 U/kg or (G and H) 1U/kg
bleomycin or saline. (A) Hydroxyproline content in the lungs of WT and Trpv4 KO mice (day 14; n > 5 per group, *P < 0.05). (B) Representative immunoblots
of total lung protein lysates show reduced expression of collagen-1. Bar graphs show collagen-1 band density normalized to GAPDH. *P < 0.05, WT vs.
Trpv4 KO; n > 5 per group. (C) Representative photomicrographs of trichrome-stained lung tissue (original magnification, x10). The bar graph shows the
percentage of fibrotic area. **P < 0.01, WT vs. Trpv4 KO; n = 5 per group. (D) Static lung compliance (Cst) was measured using the FlexiVent (day 14, static
P-V loop; *P < 0.05, WT vs. Trpv4 KO; n = 5 per group). (E) Representative immunoblots of total lung protein lysates show reduced expression of a-SMA
protein. The bar graph shows a-SMA band density normalized to GAPDH. *P < 0.05; n > 5 per group. (F) Cells counts and differentials from lung lavage
from mice given bleomycin (4 U/kg, day 7, n > 5 per group). Macs, macrophages; PMNs, polymorphonuclear leucocytes; Lymphs, lymphocytes. (G) Hydroxy-
proline as in A. WT, 203% + 67% vs. KO, 143% + 44% of WT IT saline; *P < 0.004; n = 5 per group. (H) Lung compliance as in D. *P < 0.05, WT vs. Trpv4 KO
mice; n =5 per group. (A, F, and G) Results are expressed as mean + SD. (B-E and H) Results are expressed as mean + SEM.

influx channels in lung fibroblasts. To substantiate the IPF disease
relevance of TRPV4, we showed that TRPV4-mediated Ca?" influx
is 2-fold greater in fibroblasts derived from patients with IPF com-
pared with that in normal lung fibroblasts (Figure 2E; P < 0.05 for

IPF vs. normal lung fibroblasts; n = 5 per group). Altogether, these
results demonstrate that both HLFs and murine lung fibroblasts
express functional TRPV4 channels capable of inducing a rise in

intracellular calcium.
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TRPV4 is required for TGF-fl-induced lung myofibroblast dif-
ferentiation. TRPV4 has recently been linked to the differentiation
of chondrocytes, osteoclasts, and cardiac myofibroblasts (29-31).
To determine whether TRPV4 contributes to lung myofibroblast
differentiation, we performed knockdown of TRPV4 in HLFs with
TRPV4 siRNA before induction of myofibroblast differentiation
by treatment with TGF-B1. TRPV4 siRNA reduced TRPV4 protein
levelby>70% (20 and 50 nM TRPV4 siRNA; n=3,P<0.05) in HLFs
compared with that in scrambled siRNA-treated cells (Figure 3,
A and B). This knockdown of TRPV4 protein attenuated TGF-f1-
induced myofibroblast differentiation by greater than 50% (50 nM
TRPV4 siRNA; n = 3, P < 0.05) compared with scrambled siRNA
(Figure 3C), as measured by total cell a-SMA protein levels. To
further confirm the requirement of TRPV4 in lung myofibro-
blast differentiation by a second independent method, we com-
pared TGF-pl-induced myofibroblast differentiation in primary
lung fibroblasts from Trpv4 KO and congenic WT mice. TGF-p1-
induced lung myofibroblast differentiation was reduced by 60%
(n > 18 cells per group; P < 0.01 by ANOVA for WT vs. Trpv4 KO
cells treated with TGF-B1) in Trpv4 KO fibroblasts compared with
those from WT mice, as examined by a-SMA incorporation into
stress fibers (Figure 3, D and E). Furthermore, reconstitution of
TRPV4 in Trpv4 KO cells, using a lentivirus expression system,
restored the myofibroblast differentiation defect seen in the Trpv4
KO fibroblasts (80% vs. <4%; P < 0.01; n = 20 cells per condi-
tion) (Figure 3F). To investigate the role of TRPV4 in regulating
IPF fibroblast function, we determined the relative importance
of TRPV4 to normal and IPF patient-derived myofibroblast dif-
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ferentiation. Upon using the TRPV4 antagonist, AB1, we noted
that TRPV4 activity was a greater determinant of myofibroblast
differentiation in fibroblasts derived from patients with IPF than
in those from normal lung fibroblasts (Figure 3, G and H; n =5
per group, P < 0.05). Taken together, these results confirm that
TGF-pl-induced lung myofibroblast differentiation is dependent
on TRPV4 and that fibroblasts derived from patients with IPF
exhibit a greater dependency of myofibroblast differentiation on
TRPV4 than those from normal lung fibroblasts.

Blocking of TRPV4 channel activity by selective small-molecule
antagonists abrogates Ca** influx and TGF-fl-induced myofibroblast
differentiation. To investigate the effect of pharmacologic inhibi-
tion of TRPV4 channel activity (Ca?" influx) on TGF-pl-induced
lung myofibroblast differentiation, we first examined whether the
presence of extracellular calcium is required for the TRPV4-depen-
dent rise in intracellular calcium. As expected from work in other
cell types, the TRPV4-mediated rise in intracellular calcium was
absolutely dependent on the presence of external calcium in HLFs
(Figure 4A). Recently, it has been reported that TGF-B1 induces a
calcium wave in HLFs that is dependent on both an external influx
of calcium and the release of calcium from internal pools (36). How-
ever, blocking of known regulators of intracellular calcium stores,
including the inositol 1,4,5-trisphosphate receptor, ryanodine
receptors, and the sarco/endoplasmic reticulum calcium transport
ATPase, with selective small-molecule inhibitors (xestospongin C
for inositol 1,4,5-trisphosphate receptor, ryanodine for ryanodine
receptors, and cyclopiazonic acid for sarco/endoplasmic reticulum
calcium transport ATPase) had no effect on the TRPV4-dependent
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Figure 3. TRPV4 is required for TGF-B1-induced lung myofibroblast differentiation. HLFs were plated on fibronectin-coated (10 ug/ml) plastic wells and
incubated with or without TGF-B1(2 ng/ml, 24 hours), TRPV4 siRNA, or scrambled siRNA. (A) Representative immunoblots show knockdown of TRPV4
proteins by TRPV4-specific siRNA and blocking of TGF-B1-induced a-SMA expression under conditions of TRPV4 knockdown. (B and €) Quantification of
(B) TRPV4/GAPDH and (€C) a-SMA/GAPDH protein bands from A. *P < 0.05 scrambled vs. TRPV4 siRNA-treated cells, *P < 0.05 TGF-B1-treated cells treated
with scrambled siRNA vs. TRPV4 siRNA; n = 3. (D) Representative fluorescence micrographs (original magnification, x20). Myofibroblast differentiation is
reduced in fibroblasts from Trpv4 KO mice (colocalization of a-SMA and F-actin, orange). (E) Quantification of results from D by Pearson’s coefficient analy-
sis. **P < 0.01; TGF-B1-treated WT vs. Trpv4 KO cells; n > 18 cells per group. UT, untreated. (F) Reconstitution of TRPV4 into Trpv4 KO mouse lung fibroblasts
(MLFs) using a lentivirus expression system (lenti-TRPV4-GFP) restores myofibroblast differentiation in response to TGF-1. Lenti-GFP-infected Trpv4 KO
mouse lung fibroblasts were used as negative control; uninfected WT mouse lung fibroblasts were used as positive control. Original magnification, x20. (G)
TRPV4 blockade has a greater inhibitory effect on myofibroblast differentiation (a-SMA/GAPDH band density in immunoblots) in fibroblasts from patients
with IPF than in normal fibroblasts. (H) Quantitation of results from G. *P < 0.05; n = 5 per group. Results are expressed as mean + SEM.
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Figure 4. TRPV4-dependent Ca* influx from the extracellular space mediates TGF-B1-induced myofibroblast differentiation. (A) Extracellular calcium
is required for TRPV4-mediated intracellular calcium rise. HLF monolayers were compared for their Ca?* influx in response to the indicated concentrations
of GSK, as in Figure 2C, with or without extracellular calcium. A23187 (2 uM), a calcium ionophore, was used as a positive control. Ca** influx for each
condition is shown by the respective red arrow. (B) TRPV4-dependent calcium rise is independent of intracellular pools and/or regulators of calcium. HLF
monolayers were compared for their intracellular calcium rise after TRPV4 activation (GSK, 10 nM) with or without selective inhibitors (30 minutes of pre-
treatment before addition of GSK) to the inositol 1,4,5-trisphosphate receptor (xestospongin C [Xesto], 10 uM), ryanodine receptors (ryanodine [RyD],

10 uM), or sarco/endoplasmic reticulum calcium transport ATPase (cyclopiazonic acid [CPA], 10 uM). Results are expressed as mean + SEM. (C) Represen-
tative photomicrographs. Extracellular calcium is required for myofibroblast differentiation, as measured by intracellular remodeling of F-actin and a-SMA
by immunofluorescence. Original magnification, x20. (D) Quantification of photomicrographs from C using Image) software. Results are expressed as
mean + SEM. *P < 0.001 for TGF-B1-treated cells with vs. without calcium; n > 10 cells per condition, 1-way ANOVA.

(GSK-induced) intracellular Ca* rise (Figure 4B). These results indi-
cate that the mobilization of internally sequestered Ca®*is not neces-
sary for TRPV4-dependent Ca* influx in HLFs. Similarly, in order to
test the requirement of extracellular calcium in the TGF-B1-induced
differentiation of fibroblasts, we quantified myofibroblast gener-
ation under conditions of the presence or absence of extracellular
calcium. HLFs showed an absolute requirement for extracellular
calcium to differentiate into myofibroblasts, as assessed by multiple
measures of myofibroblast cytoskeletal remodeling (Figure 4, C and
D). Concordantly, blockade of TRPV4 channel activity by its selec-
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tive antagonist, AB1, abrogated TGF-B1l-induced myofibroblast dif-
ferentiation by approximately 80% compared with untreated con-
trols in a concentration-dependent manner, as revealed by a-SMA
protein expression (Figure 5A), and by incorporation of a-SMA in
stress fibers (Figure 5B), as quantified using Pearson’s coefficient
(Figure 5C; n > 18 cells per condition, P < 0.01 for TGF-B1-treated
cells with vs. without AB1). We also found similar concentration-de-
pendent results using a second structurally distinct, highly selective
small-molecule TRPV4 antagonist, HC-067047 (HC) (37). HC sup-
pressed both TRPV4 agonist-induced Ca* influx (IC50 =300 nM)
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blockade reduces TGF-B1-induced expression of a-SMA protein in a concentration-dependent manner, without inhibiting total TRPV4 protein level. n = 3.
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Figure 6. Increased matrix stiffness augments TRPV4-induced Ca* influx and myofibroblast differentiation. (A and B) HLFs were plated (15,000 cells
per well) on collagen-coated (100 pg/ml) hydrogels with varying degrees of stiffness (1, 6, 8, and 25 kPa) under vehicle-treated or AB1-treated (50 uM) con-
ditions, with or without TGF-B1 (2 ng/ml, 24 hours). (A) GSK-induced (10 nM) Ca** influx, measured as in Figure 2C, is increased by stiffness and abrogated
by AB1. (B) Fluorescence microscopy analysis shows that the TGF-B1response in myofibroblast differentiation seen with increasing stiffness of the matrix
is dependent on TRPV4 channel activity. *P < 0.05, **P < 0.01 by ANOVA; n > 12 cells per group. Int., integrated. (C and D) HLFs were plated on normal or
stiffer fibrotic lung tissue sections with or without TRPV4 antagonist, AB1 (50 uM). (C) Representative confocal micrographs (original magnification, x63)
of phalloidin-stained F-actin (red). (D) Quantification of actin stress fiber density from C. The results are expressed as mean + SD. *P < 0.05 by ANOVA for
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(Figure 5D) and TGF-Bl-induced myofibroblast differentiation in
a concentration-dependent manner (IC, = 30 nM; Figure 5E), as
quantified using Pearson’s coeflicient (Figure 5F; n > 18 cells per
condition, P < 0.01 for TGF-B1-treated cells with vs. without HC).
We also assessed other key functional properties of myofibroblasts
by examining TGF-Bl-induced collagen-1 production. Results show
that collagen-1 production in lung fibroblasts was abrogated by
greater than 50% (P < 0.05 for TGF-Bl-treated cells with vs. without
AB1) upon blockade of TRPV4 with AB1 (Figure 5, G and H). Taken
together (Figures 4 and 5), these results suggest that TRPV4-depen-
dent Ca* influx potentiates the TGF-f1 signal and thereby modu-
lates TGF-Bl-induced myofibroblast differentiation.

Increased matrix stiffness potentiates TRPV4-induced calcium
influx and myofibroblast differentiation. Extracellular matrix deposi-
tion, with subsequent stiffening of the tissue microenvironment, is
recognized as a critical inducer of myofibroblast differentiation dur-
ing the fibrotic process (9-14). However, precisely how the matrix
stiffness signal is transduced intracellularly and the molecular
mechanism by which TRPV4 participates in myofibroblast differen-
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tiation has remained elusive. We found that TRPV4 channel activ-
ity (as measured by the response in agonist-induced Ca?* influx)
was increased when cells were plated on stiffer matrices within the
pathophysiological range (Figure 6A). In addition, TGF-f1 had a
greater enhancing effect on myofibroblast differentiation in fibro-
blasts plated on stiffer matrices, as measured by a-SMA integrated
density (Figure 6B). Importantly, the TRPV4 blockade selectively
abrogated this stiff matrix response (Figure 6B).

To understand the pathophysiological relevance of our obser-
vations to fibrotic lung disease, we developed a model system to
test the interaction of fibroblasts with actual normal and fibrotic
lung tissue (38). The contribution of TRPV4 to myofibroblast dif-
ferentiation was studied using fibroblasts plated on unfixed nor-
mal and fibrotic lung tissue sections from bleomycin-treated WT
mice. Myofibroblast differentiation was enhanced in fibroblasts
maintained on fibrotic lung tissue compared with those plated on
normal lung tissue (Figure 6, C and D). Interestingly, inhibition of
TRPV4 function reduced myofibroblast differentiation (as mea-
sured by F-actin stress fiber density) selectively on fibrotic lung
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tissue (Figure 6, C and D). Taken together, these data demonstrate
for the first time that TRPV4 mediates the lung myofibroblast dif-
ferentiation response to matrix stiffness in two pathophysiologi-
cally relevant model systems.

TRPV4 activity modulates TGF-S1 actions in a SMAD-inde-
pendent manner. Since the profibrotic functions of TGF-f1 are
regulated by both SMAD-dependent and SMAD-indepen-
dent signals, we examined whether TRPV4 activity modulates
TGF-Bl-induced activation of SMAD2/3 in HLFs. We found that
TRPV4-mediated Ca? influx in HLFs was insensitive to treat-
ment with SD208, a selective inhibitor of the TGF-BRI kinase
(Figure 7A). We also observed that, while TGF-B1 caused a rapid
increase in phosphorylation/activation of SMAD2/3 as expected,
this response was not inhibited by the TRPV4 antagonist, AB1
(Figure 7B). These results demonstrate that TRPV4 activity reg-
ulates TGF-pl-dependent myofibroblast differentiation indepen-
dent of SMAD2/3 activation.

TRPV4 activity potentiates TGF-f1-induced actomyosin remod-
eling. Recent data demonstrate that the TGF-p1 signal induces the
polymerization of actin monomers, whereupon the myocardin-
related transcription factor (MRTF-A) is released and then binds to
serum response factor coactivator, and the complex translocates
to the nucleus to induce a-SMA gene transcription (39, 40). As we
showed that actin polymerization (F-actin, stress fiber formation)
is dependent on TRPV4, we investigated whether TRPV4 potenti-
ates TGF-Bl-induced upregulation of a-SMA expression via modu-
lation of MRTF-A translocation to nucleus. Antagonism of TRPV4
by ABI lead to an inhibition of TGF-Bl-induced actin polymer-
ization (F-actin, ~70% inhibition, compared with untreated con-
trols) (Figure 8, A and B). Furthermore, the downstream MRTF-A
translocation to the nucleus was similarly inhibited (~60% of that
of the positive control polymerization inhibitor, latrunculin B)
(Figure 8, C and D). Similarly, KO of Trpv4 completely abrogated
(P < 0.05 for TGF-B1 WT cells vs. Trpv4 KOj; n = 3 per condition)
the MRTF-A nuclear translocation seen in response to TGF-B1 in
the WT fibroblasts (Figure 8, E and F). RhoA/ROCK pathway has

been implicated in MRTF-A nuclear translocation and in mechani-
cal stiffness and TGF-Bl-induced myofibroblast differentiation (12,
41), thus, we measured TGF-Bl-induced RhoA activation under
TRPV4-inhibited conditions. TGF-B1-induced activation of RhoA
was completely abrogated (n = 3, P < 0.05, Student’s ¢ test) upon
pharmacological inhibition of TRPV4 (Figure 8G). TRPV4 inhibi-
tion by the antagonist, AB1, similarly attenuated TGF-pl-induced
myosin activation, as revealed by inhibition of phosphorylation
of myosin regulatory light chain (MLC2) in HLFs (Figure 8H).
Altogether, these molecular gain- and loss-of-function data put
TRPV4 upstream of RhoA and MRTF-A nuclear translocation in
the myofibroblast differentiation pathway.

Discussion

The major findings of this study are as follows: (a) Trpv4 KO mice
are protected from lung fibrosis, (b) functional TRPV4 channel
is expressed in primary human and murine lung fibroblasts, (c)
TRPV4-dependent Ca* influx potentiates TGF-pl-induced lung
myofibroblast differentiation under conditions of pathophysio-
logical range stiffness seen in fibrotic lung tissue, and (d) TRPV4
activity is upregulated in IPF fibroblasts and is more of a deter-
minant of myofibroblast differentiation in IPF fibroblasts than
it is in normal lung fibroblasts. Absolute TRPV4 dependence of
myofibroblast differentiation was shown by both genetic ablation
and pharmacological inhibition of TRPV4 function. Furthermore,
pathophysiologically relevant matrix stiffness sensitizes both
TRPV4 function and myofibroblast differentiation. We provide
evidence that cytoskeletal remodeling and consequent release
and nuclear translocation of the a-SMA transcription factor,
MRTF-A, is downstream of TRPV4 action.

Given its ubiquitous cell type and tissue expression, its sen-
sitivity to multiple stimuli, and the existence of other family
members, it is surprising that data are emerging that mice lack-
ing only TRPV4 have altered pressure sensation, vasodilatory
responses, osmosensing, neurological function, and bone devel-
opment and are more susceptible to either high vascular pressure
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Figure 8. Inhibition of TRPV4 channel activity abrogates molecular signaling essential for myofibroblast differentiation. (A-D) HLFs were incubated
with or without TGF-B1(2 ng/ml, 48 hours) as well as with or without indicated TRPV4 inhibitor (AB1) or with or without inhibitor (latrunculin B [Lat-B],
500 nM) or activator (jasplakinolide [Jak], 100 nM) of actin polymerization, as indicated. n = 3. Results are expressed as mean + SEM. (A) Immunoblots of
cell lysates were separated into F-actin (filamentous) and G-actin (monomeric) fractions, which show abrogation of F-actin formation upon TRPV4 inhi-
bition by AB1. (B) Quantification of results in A. *P < 0.05 for TGF-B1-treated cells with or without AB1. (C) MRTF-A nuclear translocation is abrogated by
TRPV4 inhibition. Nuclear and cytoplasmic fractions were separated, and an equal amount of protein per lane was immunoblotted for MRTF-A, a nuclear
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Figure 9. Schematic model showing the mechanistic pathway by which
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Our data suggest that TRPV4-dependent Ca* influx activity is sensitized

by stiff matrices within the pathophysiological range. Interaction between
TRPV4 activity (Ca? influx) and the profibrotic TGF-B1 signals promote
nuclear localization of a-SMA transcription factor, MRTF-A, via regulation of
actomyosin remodeling to potentiate myofibroblast differentiation during
fibrogenesis. TBR, TGF-BR.

or high volume ventilation-induced acute lung edema (22-29, 32,
33). Furthermore, human diseases, including skeletal and nerve
disorders, have been ascribed to mutations in TRPV4 (26-28). A
recently described SNP near the TRPV4 gene has been implicated
in chronic obstructive pulmonary disease (42). However, the role
of TRPV4 in normal fibroblast homeostasis or lung fibrosis has
not been explored until now. Using a bleomycin mouse model of
human IPF, we demonstrate that TRPV4 deficiency protects mice
from fibrosis at the biochemical, histological and physiological
levels. These results implicate TRPV4 in the development of lung
fibrosis for the first time. Furthermore, the lack of difference in
the early inflammatory response, as measured by cell differen-
tials, suggests that the fibrosis-protecting effect of TRPV4 loss is a
function of tissue repair.

There are emerging data supporting a role for Ca*-initiated
signals in myofibroblast differentiation and function; however,
neither the identity of the calcium channel involved nor the mech-
anisms by which Ca? signals promote these effects have been fully
elucidated (36, 43). We show that extracellular calcium is specifi-
cally required for myofibroblast differentiation and that the intra-
cellular calcium rise upon TRPV4 activation is solely dependent
on TRPV4-mediated extracellular Ca** influx. We demonstrate
these findings by the loss of TRPV4-dependent calcium signal in
the absence of extracellular calcium and the lack of effect of ER
calcium pumps and receptors on calcium rise noted after TRPV4
activation. Recently, it has been demonstrated that both external
influx of Ca? and the release of Ca?* from internal sources follow-
ing activation of the inositol 1,4,5-trisphosphate receptor, ryano-
dine receptors, or sarco/endoplasmic reticulum calcium transport
ATPase contribute to TGF-Bl-induced calcium wave activity in
HLFs (36). The reported TGF-f calcium signal is oscillatory and
dependent on ER pumps and receptors (36) and on TGF-BR kinase
activity. In contrast, in the present study, the observed TRPV4 cal-
cium signal is uniphasic, persistent (>20 minutes), and indepen-
dent of ER pumps and receptors and of TGF-BR kinase activity.

RESEARCH ARTICLE

Thus, these data suggest that there is no direct contribution from
the TGF-B-generated calcium or kinase signal on the TRPV4-ini-
tiated calcium signal.

In the current study, we demonstrate that TRPV4 proteins are
expressed in a functional manner and potentiate TGF-Bl-induced
myofibroblast differentiation in primary human and murine lung
fibroblasts. A recent report demonstrated that TRPV4 mediates
TGF-B1 matrix stiffness-induced differentiation of cardiac fibro-
blasts, but the molecular mechanism by which TRPV4 participates
in myofibroblast differentiation was not shown (31). Importantly,
HLFs with inhibited TRPV4 function (by siRNA and two distinct
pharmacological antagonists) or primary lung fibroblasts isolated
from Trpv4 null mice fail to undergo TGF-Bl-induced myofibro-
blast differentiation, clearly demonstrating an absolute require-
ment for TRPV4 action in this process.

Although both a mechanical signal, likely due to the inter-
nally generated cell tension pulling on a stiff matrix (44, 45),
and a TGF-Bl-initiated signal are essential for optimal myofi-
broblast differentiation, the actual molecular pathway by which
the mechanical signal is transduced is not precisely known.
Interestingly, it has been reported that TRPV4 is activated by
cyclical stretching of endothelial cell surface or by mechanical
forces applied to cell surface Bl integrins in endothelial cells (45,
46). Furthermore, TRPV4 mediates the directional migration
of endothelial cells noted upon local matrix compression (46).
Here, we investigated whether TRPV4 will integrate mechanical
(matrix stiffness) and soluble (TGF-B1) signals to mediate lung
myofibroblast differentiation, using collagen-coated polyacryl-
amide gels of varying degrees of stiffness (47), in a model system
we developed using actual lung tissue sections (38). We found
that the TRPV4 channel activity (agonist-induced Ca? influx) is
potentiated when cells are plated on stiffer matrices within the
pathophysiological range seen in diseased/fibrotic lung tissue.
Furthermore, the inhibition of TRPV4 channel activity signifi-
cantly abrogated TGF-pl-induced enhancement of myofibroblast
differentiation selectively under higher stiffness conditions. Con-
cordantly, inhibition of TRPV4 activity reduces myofibroblast dif-
ferentiation selectively on fibrotic lung. It has been increasingly
recognized that the matrix stiffness acts as an important modu-
lator of myofibroblast differentiation, whose molecular pathway
has yet to be fully elucidated (11-14). These data demonstrate the
sensitivity of lung myofibroblast differentiation to TRPV4 chan-
nel activity for the first time. Further, these data show that TRPV4
channel activity in lung fibroblasts is potentiated by pathophysio-
logic range matrix stiffness as well as by fibrotic lung tissue in a
disease-relevant model system.

Recently, it has been reported that TGF-Bl-induced actin
polymerization facilitates MRTF-A release from actin monomers,
thereby allowing for its binding to serum response factor and
translocation into the nucleus to induce a-SMA gene transcription
during lung myofibroblast differentiation (39, 40). Inhibition of
TRPV4 activity abrogated the extensive actin polymerization oth-
erwise noted upon TGF-B1-induced myofibroblast differentiation.
This was shown using both qualitative (i.e., assembly of stress
fibers) and quantitative (i.e., filamentous [F-actin] and monomeric
[G-actin] actin) measures of actin polymerization. Furthermore,
inhibition of TRPV4 activity attenuates TGF-Bl-induced nuclear
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translocation of MRTF-A, similar to that seen upon inhibition
of actin polymerization with latrunculin B. Inhibition of TRPV4
function also impairs activation of RhoA in response to TGF-p.
Since RhoA has been implicated previously in stiffness-induced
differentiation of fibroblasts (12), and in nuclear translocation of
MRTF-A (41), our results underscore the importance of TRPV4 as
a key initiator of a mechanosensitive pathway. Since calcium-reg-
ulated signaling plays a critical role during actin remodeling and
we show a strict dependence of actin remodeling on extracel-
lular calcium, it is likely that the mechanism whereby TRPV4
action mediates TGF-Bl-induced myofibroblast differentiation
is through calcium-triggered actin polymerization-dependent
nuclear translocation of MRTF-A. As there are a number of acto-
myosin-remodeling proteins whose function is calcium depen-
dent (e.g., gelsolin, cofilin, and myosin) (43), we speculate that the
actomyosin machinery system is the critical downstream calcium
response for myofibroblast differentiation.

While we have put forth several complementary approaches that
convincingly demonstrate that TRPV4 is a key mechanosensor for
myofibroblast differentiation and is altered in IPF fibroblasts, there
are limitations. We show that TRPV4 mediates myofibroblast dif-
ferentiation in vitro and in vivo through a mechanosensing RhoA/
MRTF-A axis. However, it remains possible that TRPV4’s critical
fibrosis-inducing effect(s) occurs through other cells or other path-
ways. Although there is reasonable evidence suggesting that resident
mesenchymal cells are the predominant source of myofibroblasts in
the bleomycin model, cell types, including bone marrow-derived
cells, epithelial cells, endothelial cells, and pericytes, may differ-
entiate into myofibroblasts (48-53). As TRPV4 is not constitutively
active in our system, its pathogenic functions are demonstrable by
its sensitization by TGF-f, matrix stiffness, and in IPF disease and its
physiological relevance to myofibroblast differentiation (29). As we
show evidence that TRPV4-mediated calcium influx does not affect
TGF-B-induced SMAD phosphorylation, the interface by which
TGF- signaling is modified by TRPV4 may be through noncanon-
ical pathways (i.e., PI3K, MAPK) or downstream of SMAD2/3 phos-
phorylation (i.e., SMAD localization, NFAT activation).

In summary, as shown in the proposed schematic model (Fig-
ure 9), our study reveals for the first time a novel role of TRPV4 in
lung fibrogenesis in vitro and in vivo. We show that TRPV 4 activity
modulates TGF-B1 actions in a SMAD-independent manner and
mediates enhanced actomyosin remodeling. Our data suggest
that TRPV4 is sensitized through cell-matrix interactions with
stiff matrices within the pathophysiological range. TRPV4 channel
activity and its biological effects are upregulated in lung fibroblasts
derived from patients with IPF. This work may lead to a novel ther-
apeutic approach to the treatment of IPF, as TRP channel-targeted
small-molecule inhibitors are currently in developmental /preclin-
ical or early-phase clinical trials for other disorders (54). Further-
more, as myofibroblasts are a pathogenic cell in fibrotic disorders
of the liver, heart, skin, and kidney, this work will potentially have
impact beyond lung fibrotic diseases.

Methods

Antibodies and reagents. The following antibodies were obtained as fol-
lows: anti-a-SMA (Sigma-Aldrich); anti-TRPV4 (Alomone Labs); anti-
p-MLC2, anti-MLC2, anti-SMAD2/3, and anti-p-SMAD2/3 (Cell Sig-
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naling); anti-MRTF-A and anti-14-3-3B (Santa Cruz); anti-collagen-1
and anti-LaminA/C (BD Transduction Laboratories); anti-Collagen-1
(Millipore); and anti-GAPDH (Research Diagnostics). TGF-p1 was
purchased from R&D Systems. HC was provided by Hydra Biosciences
Inc.,RN1734 (AB159908 or AB1) was obtained from ABCR GmbH, and
GSK1016790A (GSK101 or GSK) was purchased from Sigma-Aldrich.
Alexa Fluor-phalloidin was obtained from Invitrogen and latrunculin
B was purchased from EMD Biosciences. SD208 was purchased from
Tocris Bioscience. Cyclopiazonic acid, ryanodine, and xestospongin
C were purchased from Sigma-Aldrich. The G-LISA RhoA Activation
Assay Biochem Kit was purchased from Cytoskeleton Inc. All other
chemicals were purchased from Sigma-Aldrich and Fisher Scientific.

Bleomycin-induced pulmonary fibrosis model. Induction of pulmonary
fibrosis in Trpv4 null mice (generated by Mizuno et al.) (55, 56) and age-
matched female congenic WT C57BL/6 mice was done by bleomycin
(4 U/kg or 1 U/kg) or phosphate-buffered saline (as a control) injection
via IT instillation as previously described (57). Fourteen days after ble-
omycin treatment, the lungs were inflated with OCT (Sakura Finetek)
and sectioned for staining with trichrome. Static compliance measure-
ments were done using an animal ventilator (Scireq) equipped with
software (FlexiVent, Scireq) to record and analyze the measurements.
Anesthetized, tracheostomized, paralyzed, and mechanically ventilated
mice were used during all static P-V1oop measurements (as a measure of
lung compliance). Collagen deposition was quantified biochemically by
measuring hydroxyproline levels or detecting collagen-1 in the lung tis-
sue extracts by immunoblotting analysis (58). Fibrosis development was
assessed by quantitation of a-SMA expression in the lung tissue extracts
by immunoblotting analysis. Lung lavage was performed to determine
total wbe counts or cell differentials as described previously (58). All ani-
mal protocols were performed according to guidelines approved by the
Cleveland Clinic Institutional Review Board.

Cell culture, transfection, and lentiviral transduction. After informed
consent was provided, deidentified explanted lung tissues from patients
with IPF and normal controls were provided by the airway tissue pro-
curement program under protocols approved by the University of Ala-
bama at Birmingham forisolation of lung fibroblasts. Adult normal HLFs
(19Lu cells) were purchased from ATCC. Primary isolates of HLFs from
patients with IPF and normal controls were provided by Patricia Sime
(University of Rochester, Rochester, New York, USA) and were obtained
with the approval of the University of Rochester Institutional Review
Board. Fibroblasts were maintained and propagated in Modified Eagle’s
Medium (MEM) supplemented with 10% FBS, and all experiments were
performed on early passages of cells. Primary murine lung fibroblasts
were derived from 7- to 10-week-old Trpv4 null mice and C57BL/6 mice
and propagated as described previously (58). TRPV4 expression was
downregulated by transfecting 19Lu cells with TRPV4-specific siRNAs
using siLentFect lipid reagent (Bio-Rad) following manufacturer’s pro-
tocols. Targeting and control scrambled siRNA duplexes (SMART pool
oligos) were synthesized by and purchased from Origene. Lentivirus-
mediated expression of TRPV4 was achieved by using a GFP-conju-
gated TRPV4 fusion protein that has been functionally validated (lenti-
TRPV4-GFP) (56). For transduction, primary murine lung fibroblasts
were exposed to lentivirus encoding lenti-TRPV4-GFP for 24 hours in
MEM supplemented with polybrene (8 ug/ml, Chemicon International).
For control experiments, infections with the empty lenti-GFP virus were
carried out. Cells were then transferred to 1% BSA-containing serum-
free MEM with or without TGF-p1 for 24 hours. The attached cells were
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fixed, permeabilized, and immunostained for a-SMA to examine the
a-SMA-incorporated cytoskeletal fibers.

Nuclear and cytoplasmic fractionation, F-actin and G-actin purifica-
tion, RhoA activation assay, and Western blot analysis. Nuclear and cyto-
plasmic fractions from 19Lu cells or mouse lung fibroblasts (WT and
Trpv4 KO) were prepared using the NEPER Nuclear and Cytoplasmic
Reagents Kit (Thermo Scientific) following the manufacturer’s proto-
col. The amount of F-actin and G-actin formation in TGF-B1-treated
19Lu cells was assessed and quantified using the G-Actin/F-Actin In
Vivo Assay Biochem Kit from Cytoskeleton. RhoA activation assays
were performed using a G-LISA kit from Cytoskeleton according
to the manufacturer’s instructions. For the assay, HLFs were serum
starved for 24 hours before treatment with TGF-1 (2 ng/ml or vehicle
controls) for the indicated time points with or without AB1 (50 uM).
Immunoblotting analysis was performed on 1% NP-40 whole cell
lysates, as we described in a previous study (58), and developed with
the enhanced chemiluminescence system (Fisher Scientific).

Immunofluorescence staining. Normal HLFs or primary mouse
lung fibroblasts were plated on fibronectin-coated (10 pg/ml) glass
coverslips and maintained in MEM supplemented with 1% FBS for
24 hours. Cells were then transferred to 1% BSA-containing serum-
free MEM with or without TGF-B1 for 24 to 48 hours. The attached
cells were fixed with 3% paraformaldehyde, permeabilized by 0.1%
Triton X-100, and blocked with 10% normal goat serum. To examine
the o-SMA-incorporated cytoskeletal fibers, the fibroblasts were incu-
bated with primary anti-a-SMA antibodies followed by Alexa Fluor-
conjugated secondary antibody. Staining of F-actin was achieved
using Alexa Fluor-labeled phalloidin. Digital fluorescence micro-
scopic images were analyzed by Image] software. Colocalization of
a-SMA with F-actin was compared with colocalization in different
conditions using Pearson’s colocalization coefficients.

In vitro myofibroblast differentiation assay on mouse lung tissue and
hydrogels with variable stiffness. Female C57BL/6 mice were injected
with 4 U/kg bleomycin or saline via IT instillation, and, after 2 weeks,
lungs were inflated with OCT to prepare 10-um sections containing
both fibrotic and normal areas as published previously (38, 59). HLFs
were allowed to attach on the 5% BSA-blocked lung sections, and unat-
tached cells were washed off with PBS as published previously (38, 59).
After washing, lung section-containing cells were treated with vehicle
or AB1 (20 uM) in 1% BSA /serum-free medium (24 hours), and staining
for F-actin was performed using Alexa Fluor 594-labeled phalloidin (5
U/ml, 60-minute incubation at room temperature; Molecular Probes).
Digital confocal fluorescence images were analyzed by Image]J soft-
ware for quantitation of the actin stress fiber density of cells attached to
normal and fibrotic areas. Assessment of myofibroblast differentiation
as a function of extracellular matrix stiffness was assayed using poly-
acrylamide hydrogels bound to 96-well glass bottom plates with vari-
able stiffness (1, 8, and 25 kPa) (Matrigen). For the assay, HLFs were
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plated on collagen-coated (100 pg/ml) hydrogels and maintained in
MEM supplemented with 1% FBS for 24 hours. Cells were then trans-
ferred to 1% BSA-containing serum-free MEM with or without TGF-p1
under vehicle- or ABI-treated conditions for 24 hours. Staining of
a-SMA and digital image analysis was performed as described above.

Measurement of intracellular calcium. The calcium response in
human or mouse lung fibroblasts was measured by either the Flex-
Station system using the FLIPR Calcium 5 Assay Kit (Molecular
Devices) or Fura-2 dye-loaded cells. Cells were plated a day before at
15,000 cells per well (in 1% serum containing MEM) in 96-well plates
coated with fibronectin. Cells were then placed in 1% BSA-containing
serum-free MEM with or without 2 ng/ml TGF-B1. On the following
day, cells were incubated for 45 minutes at 37°C with FLIPR Calcium
5 dye (Molecular Devices) in 1X HBSS solution (pH 7.4) containing
20 mM HEPES (pH 7.4) and 2.5 mM probenecid. Calcium influx was
induced by the TRPV4 agonist, GSK, in fibroblasts that were pretreated
with vehicle or TRPV4 antagonists (AB1 or HC). Cytosolic calcium
increases (Ca* influx) were recorded by measuring AF/F (max-min),
which is shown as relative fluorescence units. For single cell Ca?* influx
measurements, Fura-2 dye-loaded cells were used and the ratio of
emitted fluorescence after excitation at 340 nm and 380 nm relative
to the ratio measured before cell stimulation (ratio F/FO) was consid-
ered. Measurement of Ca* influx caused by increasing stiffness was
assayed using hydrogels bound to 96-well glass bottom plates with
variable stiffness (1, 8, and 25 kPa). HLFs were plated on collagen-
coated hydrogels and maintained in MEM supplemented with 1%
BSA for 24 hours. The next day, cells were transferred to 1% BSA-con-
taining serum-free MEM with or without TGF-p1 under vehicle- or
ABI-treated conditions for 24 hours. Measurement of calcium influx
was done by the FlexStation system using FLIPR Calcium 5 Assay Kit
(Molecular Devices) as described above.

Statistics. All data are expressed as mean + SEM or SD as indicated
below. Statistical comparisons between control and experimental
groups were performed with the Student’s ¢ tests or 1-way ANOVA
using SigmaPlot software. ANOVA followed by the Student-New-
man-Keuls test was used for multiple comparisons. P < 0.05 was con-
sidered significant.
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