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La J, Reed EB, Koltsova S, Akimova O, Hamanaka RB,
Mutlu GM, Orlov SN, Dulin NO. Regulation of myofibroblast
differentiation by cardiac glycosides. Am J Physiol Lung Cell Mol
Physiol 310: L815–L823, 2016. First published February 5, 2016;
doi:10.1152/ajplung.00322.2015.—Myofibroblast differentiation
is a key process in pathogenesis of fibrotic diseases. Cardiac
glycosides (ouabain, digoxin) inhibit Na�-K�-ATPase, resulting
in increased intracellular [Na�]-to-[K�] ratio in cells. Microarray
analysis suggested that increased intracellular [Na�]/[K�] ratio
may promote the expression of cyclooxygenase-2 (COX-2), a
critical enzyme in the synthesis of prostaglandins. Given antifi-
brotic effects of prostaglandins through activation of protein kinase
A (PKA), we examined if cardiac glycosides stimulate COX-2
expression in human lung fibroblasts and how they affect myofi-
broblast differentiation. Ouabain stimulated a profound COX-2
expression and a sustained PKA activation, which was blocked by
COX-2 inhibitor or by COX-2 knockdown. Ouabain-induced
COX-2 expression and PKA activation were abolished by the
inhibitor of the Na�/Ca2� exchanger, KB-R4943. Ouabain inhib-
ited transforming growth factor-� (TGF-�)-induced Rho activa-
tion, stress fiber formation, serum response factor activation, and
the expression of smooth muscle �-actin, collagen-1, and fibronec-
tin. These effects were recapitulated by an increase in intracellular
[Na�]/[K�] ratio through the treatment of cells with K�-free
medium or with digoxin. Although inhibition of COX-2 or of the
Na�/Ca2� exchanger blocked ouabain-induced PKA activation,
this failed to reverse the inhibition of TGF-�-induced Rho activa-
tion or myofibroblast differentiation by ouabain. Together, these
data demonstrate that ouabain, through the increase in intracellular
[Na�]/[K�] ratio, drives the induction of COX-2 expression and
PKA activation, which is accompanied by a decreased Rho acti-
vation and myofibroblast differentiation in response to TGF-�.
However, COX-2 expression and PKA activation are not sufficient
for inhibition of the fibrotic effects of TGF-� by ouabain, suggest-
ing that additional mechanisms must exist.

ouabain; digoxin; intracellular sodium-to-potassium ion ratio; cyclo-
oxygenase-2

IDIOPATHIC PULMONARY FIBROSIS (IPF) is a progressive fatal
disease characterized by parenchymal fibrosis and structural
distortion of the lungs. Age-adjusted mortality due to pulmo-

nary fibrosis is increasing, and it poses a vexing clinical
challenge given the lack of efficacious therapy. IPF is thought
to be a disorder of abnormal wound healing (54), in which the
initial trigger to the fibrotic response is injury to the alveolar
epithelial cell, followed by an exuberant nonresolving wound-
healing response (50). Injury of alveolar epithelial cells is
thought to result in the elaboration of a fibrinous provisional
matrix and activation of several proinflammatory, procoagu-
lant, and profibrotic mediators, of which transforming growth
factor-�1 (TGF-�1) is the most established (47). Fibroblasts,
under stimulation of TGF-�1, respond by altering their gene
expression profile with de novo expression of cytoskeletal and
contractile proteins normally found within smooth muscle
(SM) cells, modified focal adhesion complexes, and compo-
nents of the extracellular matrix (18, 27). These SM-like
fibroblasts are called myofibroblasts and display a phenotype
that is in an intermediate state between fibroblasts and SM cells
(10, 19). Several cytoskeletal and SM proteins are expressed in
myofibroblasts, including SM �-actin, the most established
marker for myofibroblast differentiation (19, 52). Additionally,
induction of myofibroblast phenotype is also associated with
secretion of extracellular matrix proteins (collagen isoforms,
cellular fibronectin, etc.) and of profibrotic factors (connective
tissue growth factor, insulin-like growth factor-II, etc.), thus
perpetuating the ongoing tissue remodeling and fibrosis. Myo-
fibroblasts are invariably found in histological sections of
human lung specimens from patients with pulmonary fibrosis
and are thought to be a critical pathogenic mechanism respon-
sible for the progressive nature of IPF (27). Therefore, disrupt-
ing cellular mechanisms that induce and maintain the myofi-
broblast phenotype may be a potential strategy to attenuate the
ongoing fibrotic response in pulmonary fibrosis.

In vitro studies have demonstrated that differentiation, pro-
liferation, and extracellular matrix deposition by pulmonary
myofibroblasts can be diminished by activators of cAMP and
protein kinase A (PKA) (21, 32, 44), suggesting that cAMP/
PKA signaling may be a potential therapeutic target for the
treatment of pulmonary fibrosis. In vivo studies have shown a
protective effect of cAMP-raising agonists such as prostaglan-
din E2 (PGE2), prostacyclin analog, iloprost (8, 59), or adre-
nomedullin (11, 23) in a bleomycin model of pulmonary
fibrosis. However, identification of suitable agonists acting
through cAMP/PKA signaling that could be effective in hu-
mans remains unaccomplished.
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Cyclooxygenases are the rate-limiting enzymes in the pro-
duction of prostaglandins (PGE2, PGI2, PGD2) from arachi-
donic acid (48). It is well documented that the expression of
inducible cyclooxygenase isoform COX-2 is decreased in
lungs from IPF patients (42, 56, 57). COX-2 inhibition or
genetic deficiency worsens the degree of pulmonary fibrosis in
animal models of pulmonary fibrosis (6, 17, 20). Therefore,
upregulation of COX-2 expression in the lung providing pro-
duction of endogenous prostanoids and resulting in a sustained
PKA activation in fibroblasts could be an attractive strategy for
treatment of pulmonary fibrosis.

Data on the beneficial effect of extracts from the leaves of
Digitalis on the patients with heart failure documented more
than 200 years ago led to the isolation of plant-derived cardiac
glycosides known also as cardenolides (12). Digoxin isolated
from Digitalis lanata has been widely employed in clinics,
whereas ouabain isolated from Strophanthus gratus and pos-
sessing much higher water solubility is commonly used for in
vitro studies. Mg2�-dependent Na� � K�-stimulated adeno-
sine triphosphatase (Na�-K�-ATPase) is the only target that is
inhibited by cardiac glycosides (49). Na�-K�-ATPase is an
integral plasma membrane protein consisting of �- and �-sub-
units and detected in all types of animal cells. It was shown that
ATP hydrolysis by the larger �-subunit leads to its phosphor-
ylation, conformational transition, and pumping of 3Na� out of
the cell and 2K� into the cell against their gradients (51).
Recently performed microarray analysis suggested that COX-2
mRNA is upregulated in ouabain-treated vascular SM cells
from the rat aorta, human umbilical vein endothelial cells, and
the HeLa cancer cell line (26). Therefore, we examined
whether cardiac glycosides affect COX-2 expression in human
lung fibroblasts (HLF) and whether this translates to PKA
activation and regulation of myofibroblast differentiation.

EXPERIMENTAL PROCEDURES

Isolation and culture of primary human lung fibroblasts. Human
lung fibroblasts were isolated as described previously (44). Briefly,
tissue samples from explanted lungs from patients undergoing lung
transplantation were obtained and placed in Dulbecco’s modified
Eagle medium (DMEM) with 100 U/ml streptomycin, 250 ng/ml
amphotericin B, and 100 U/ml penicillin. Alveolated lung tissue was
minced, washed in PBS, and plated on 10-cm plates in growth media
containing DMEM supplemented with 10% FBS, 2 mM L-glutamine,
100 U/ml streptomycin, 250 ng/ml amphotericin B, and 100 U/ml
penicillin. Expanded populations of fibroblasts were subsequently
subcultured after 4–5 days, resulting in the development of a homog-
enous fibroblast population. All primary cultures were used from
passage 3 to 10.

Transfection and luciferase assay. Subconfluent cells were cotrans-
fected with desired firefly luciferase reporter plasmid, and thymidine
kinase promoter-driven Renilla luciferase plasmid. Cells were serum-
starved, followed by stimulation with desired agonists. Cells were
washed and then lysed in protein extraction reagent. Lysates were
assayed for firefly and Renilla luciferase activity using the dual
luciferase assay kit (Promega). To account for differences in trans-
fection efficiency, firefly luciferase activity of each sample was
normalized to Renilla luciferase activity.

Knockdown of COX2. For COX2 knockdown, the following small-
interfering RNA (siRNA) was used: 5=-UAGGGCUUCAG-
CAUAAAGCGU-3= (Qiagen, Valencia, CA). COX siRNA or scram-
bled RNA were transfected using use Lipofectamine RNAiMAX
transfection reagent (Life Technologies, Grand Island, NY) following
the manufacturer’s standard protocol.

Cell lysis and Western blotting. After stimulation of cells with
desired agonists, cells were lysed in the radioimmunoprecipitation
buffer containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton
X-100, 0.1% SDS, 2 mM EDTA, 2 mM EGTA, 10% glycerol, 1 mM
NaF, 200 �M sodium orthovanadate, and protease inhibitor cocktail
(Sigma). Cells were scraped and sonicated, a sample was taken for the
measurement of protein concentration, and the remainder was boiled
in Laemmli buffer for 5 min. The samples were normalized to the
protein content, subjected to polyacrylamide gel electrophoresis, an-
alyzed by Western blotting with desired primary antibodies and
corresponding horseradish peroxidase-conjugated secondary antibod-
ies, and developed by an enhanced chemilumeniscence reaction
(Pierce). The digital chemiluminescent pictures were imaged by the
Luminescent Image Analyzer LAS-4000 (Fujifilm).

Reverse transcription-quantitative real-time PCR. RNA STAT-60
(TEL-Test) was used to isolate total RNA following the manufactur-
er’s protocol. RNA was randomly primed and reverse transcribed
using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) accord-
ing to the manufacturer’s protocols. Real-time PCR analysis was
performed using iTaq SYBR Green supermix with ROX (Bio-Rad) in
a MyIQ single-color real-time PCR detection system (Bio-Rad). The
COX-2 primers were as follows: AGAAAACTGCTCAACACCGGA
(forward) and CAAGGGAGTCGGGCAATCAT (reverse).

Fluorescent microscopy of stress fibers. For visualization of stress
fibers, cells grown on cover slips were fixed in 4% paraformaldehyde
in PBS followed by permeabilization with 0.2% Triton X-100 in PBS.
Cells were then incubated in 2% BSA in PBS, followed by incubation
in rhodamine-conjugated phalloidin (Life Technologies) for 1 h at
room temperature. Cells were then washed five times with PBS, and
cover slips were mounted using Vectashield mounting medium con-
taining DAPI nuclear stain (Vector Laboratories, Burlingame, CA).
Fluorescence images were obtained using an Olympus 1X71 fluores-
cent microscope.

In vitro isolation of stress fibers. Stress fibers were isolated as
previously described (45). All procedures were performed on ice
using the buffers containing protease inhibitor cocktail (Sigma). After
stimulation with desired agonists, cells were washed with PBS and
then extracted with a buffer containing 2.5 mM triethanolamine (pH
8.2) for 30 min with six buffer changes followed by extraction with
0.05% Nonidet P-40 (pH 7.2) for 5 min and subsequent extraction
with 0.5% Triton X-100 (pH 7.2) for an additional 5 min. Cells were
then immediately washed with cold PBS, scraped, and suspended in
PBS, followed by centrifugation at 100,000 g for 1 h. Supernatant was
removed, and the pellet was sonicated in 0.5% Triton X-100, 50 mM
NaCl, 20 mM HEPES (pH 7.0), and 1 mM EDTA. Laemmli buffer
was added, and samples were boiled for 5 min before further Western
blot analysis as described above.

Intracellular content of monovalent ions. Intracellular K� and Na�

content was measured as the steady-state distribution of extra- and
intracellular 86Rb and 22Na, respectively. To establish isotope equi-
librium, cells growing in 12-well plates were preincubated for 3 h in
control or K�-free medium (Sp-DMEM � Ca) containing 0.5 �Ci/ml
86RbCl or 4 �Ci/ml 22NaCl with high concentration ouabain added for
the next 3 h. To test the action of K�-free medium, the cells were
washed two times with ice-cold Sp-DMEM � Ca. Next, cells were
transferred to Sp-DMEM � Ca medium containing 22NaCl. After 3 h,
cells were transferred on ice, washed four times with 2 ml of ice-cold
medium W containing 100 mM MgCl2 and 10 mM HEPES-Tris
buffer (pH 7.4). The washing medium was aspirated, and the cells
were lysed with 1% SDS and 4 mM EDTA solution. Radioactivity of
the incubation media and cell lysates was quantified, and intracellular
cation content was calculated as A/am, where A was the radioactivity
of the samples [counts/min (cpm)], “a” was the specific radioactivity
of 86Rb (K�) or 22Na (cpm/nmol), and “m” was protein content (mg).
For more details, see Ref. 2.

45Ca2� influx. Confluent quiescent cultures of HLF seeded in
12-well plates were treated as indicated in the legend for Fig. 10A and
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washed two times at room temperature with 2-ml aliquots of medium
containing 150 mM NaCl and 10 mM HEPES-Tris (pH 7.4),followed
by addition of 0.5 ml of medium containing 140 mM NaCl, 5 mM
KCl, 1 mM MgCl2, 0.1 mM CaCl2, 5 mM glucose, 20 mM HEPES-
Tris 20 (pH 7.4), 4 mCi/ml 45Ca with or without 1 �M nicardipine or
3 �M KB-R4943. After 5 min, isotope uptake was terminated by the
addition of 2.5 ml ice-cold medium W. The dishes were transferred
onto ice, and the cells were washed five times with 2.5 ml of ice-cold
medium W. The cells were lysed with 1 ml of 4 mM EDTA/1% SDD,
and radioactivity was quantified by liquid scintillation counting. 45Ca
influx was calculated as A/am, where “A” is radioactivity in the cell
lysate (cpm), a is specific radioactivity of the incubation medium
(cpm/pmol), and m is the protein content per well (mg). The activity
of L-type Ca2� channel and Na�/Ca2� exchanger was quantified as
nicardipine- and KB-R7943-sensitive components of the rate of 45Ca
influx, respectively. For more details, see Refs. 37 and 40.

Cytotoxicity assay. Cytotoxicity of drugs was measured by a
release of lactate dehydrogenase (LDH) using the colorimetric Cyto-
Tox 96 Non-Radioactive Cytotoxicity Assay kit (Promega) and fol-
lowing the manufacturer’s protocol.

Reagents. TGF-�1 and vasodilator-stimulated phosphoprotein
(VASP) antibodies were from EMD Millipore (Billerica, MA).
COX-2 antibodies were from Cell Signaling Technology (Danvers,
MA); collagen-1 antibodies were from Cedarlane (Burlington, NC);
and fibronectin antibodies were from BD Biosciences (San Jose, CA).
Ouabain, digoxin, nicardipine, and antibodies against SM �-actin
and �-tubulin were provided by Sigma-Aldrich (St. Louis, MO).
22NaCl, 86RbCl, and 45CaCl2 were obtained from PerkinElmer
(Waltham, MA).

RESULTS

Ouabain increases COX-2 expression and activates PKA in
human lung fibroblasts. As shown in Fig. 1, quiescent HLFs do
not express detectable levels of COX-2. Treatment of HLF
with 100 nM ouabain resulted in a profound and sustained
expression of COX-2 at both the mRNA and protein levels
(Fig. 1A). Given the established role of COX-2 in the produc-
tion of prostanoids that act through receptor-mediated activa-
tion of cAMP/PKA signaling, we assessed PKA activation in
HLFs by examining phosphorylation of the PKA substrate
VASP using electrophoretic mobility shift assay as a reporter
for PKA activity (9). As shown in Fig. 1B, 100 nM ouabain
stimulated a sustained VASP phosphorylation at 24–48 h that
paralleled COX-2 expression in HLF cells. Furthermore, the
specific inhibitor of COX-2, NS-398, completely abolished the
ouabain-induced VASP shift while increasing COX-2 expres-
sion (Fig. 1B). To confirm the specificity of NS-398, we
performed a knockdown of COX-2 mRNA. Figure 1C demon-
strates a highly efficient knockdown of COX-2 expression in
HLF resulting in suppression of VASP shift triggered by
ouabain. Together, these data demonstrate that ouabain induces
the expression of COX-2 in HLF, which functionally translates
to activation of PKA.

Activation of Na�/Ca exchanger mediates COX-2 expres-
sion and PKA activation in HLF. It is well documented that
elevation of the [Na�]i/[K�]i ratio as a result of inhibition of
Na�-K�-ATPase typically leads to increases in [Ca2�]i via
activation of the reverse mode of the Na�/Ca2� exchanger (5)
and/or of voltage-gated Ca2� channels (35), a phenomenon
termed excitation-transcription coupling (39). It has been
shown also that agonist-induced COX-2 expression is mediated
by intracellular Ca2� (36, 58). To explore the role of Ca2� in
COX-2 expression triggered by ouabain, we used inhibitors of

voltage-gated L-type Ca2� channels, nicardipine, and of Na�/
Ca2� exchanger compound, KB-R4943. We found that expo-
sure of HLF to 100 nM ouabain increased the rate of 45Ca
influx by �50% (Fig. 2A). These differences were preserved in
the presence of nicardipine but were abolished by KB-R4943.
Figure 2B shows that KB-R4943 sharply decreases COX-2
expression and VASP shift in response to ouabain. Neither
COX-2 expression nor VASP phosphorylation was affected by
nicardipine.

Disruption of actin stress fibers by ouabain in HLF. Micros-
copy analysis showed that ouabain treatment resulted in cell
shape transition of human lung fibroblasts (Fig. 3A), the effect
that was observed at long-term treatment (24–48 h) but not at
short-term treatment (up to 6 h). Because such cell shape
changes may associate with cell death, and because ouabain is
known to induce apoptosis of various but not all cell types (38,
39), we examined a potential cytotoxic effect of ouabain on
HLF by measuring the release of LDH. As shown in Fig. 3B,
100 nM ouabain had no significant cytotoxic effect for up to 48
h, whereas the positive control H2O2 drove a drastic increase in
LDH release. We also did not observe membrane blebbing or
accumulation of apoptotic bodies (that commonly accompany
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Fig. 1. Ouabain-induced cyclooxygenase (COX)-2 expression and protein
kinase A (PKA) activation in human lung fibroblasts (HLF). Serum-starved
HLFs were treated with 100 nM ouabain with or without 1 �M NS-398 for the
times indicated. Cells were analyzed by real-time qPCR for COX-2 mRNA
levels (A) or by Western blotting for COX-2 expression and vasodilator-
stimulated phosphoprotein (VASP) shift (A–C). C: HLFs were transfected with
a scramble or COX-2 small-interfering RNAs (siRNAs), serum-starved for 24
h, and treated with 100 nM ouabain for 24 h. Shown are the Western blots for
COX-2 and VASP.
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apoptosis) in ouabain-treated HLF (Fig. 3A). On the other
hand, a similar shape change in oubain-treated HLF was
previously described as “arborization” or “stellation” in vas-
cular SM cells treated with agents that disrupt actin filaments
or activate PKA (7, 41). Given that, we examined a potential
effect of ouabain on stress fibers in HLF. As shown in Fig. 3C,
ouabain treatment halved the total content of polymerized actin
and clearly disrupted the structure of stress fibers, as assessed
by phalloidin staining.

Ouabain and digoxin inhibit TGF-�1-induced myofibroblast
differentiation. We and others have demonstrated that myofi-
broblast differentiation is highly sensitive to regulation by
activators of PKA (21, 44). Given the activation of PKA by
ouabain in HLF, we examined its effect on myofibroblast
differentiation in response to TGF-�. As shown in Fig. 4A,
treatment of HLF with TGF-� resulted in a profound induction
of the expression of myofibroblast differentiation markers,
such as SM-specific �-actin, fibronectin, and collagen-1.
Ouabain inhibited the expression of myofibroblast markers in
response to TGF-�1, which paralleled its effect on COX-2
expression. We also examined the effect of clinically relevant
cardiac glycoside, digoxin, on myofibroblast differentiation.
As shown in Fig. 4B, digoxin similarly stimulated expression
of COX-2 and phosphorylation of VASP and completely
blocked myofibroblast differentiation in response to TGF-�.

Upon stimulation with TGF-�1, fibroblasts respond by al-
tering their ultrastructure by formation of prominent actin
stress fibers and modified focal adhesion complexes, which
provide mechanical coupling to the surrounding matrix and
increased contractility of myofibroblasts (18, 53). In addition,
actin stress fiber formation plays a signaling role in driving the
activation of serum response factor (SRF) and SRF-dependent
expression of several myofibroblast markers, including SM
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�-actin (44, 45). Therefore, we examined the effect of ouabain
on this pathway. Consistent with previous data (45), a 48-h
exposure to TGF-�1 resulted in stress fiber formation, as
quantitatively examined by biochemical isolation of stress
fibers (Fig. 5A). Importantly, ouabain decreased TGF-�-in-
duced stress fiber formation. Furthermore, ouabain attenuated
TGF-�-induced SRF-luciferase reporter activity (Fig. 5B). To-
gether, these data suggest that ouabain attenuates TGF-�-
induced myofibroblast differentiation through a disruption of
actin stress fibers and inhibition of SRF activity.

Role of intracellular monovalent cations in regulation of
COX-2 expression and myofibroblast differentiation. The roles
of Nai

�/Ki
�-mediated and Nai

�/Ki
�-independent signaling

mechanisms in cellular responses triggered by cardiac glyco-
sides are widely disputed (39). Keeping this in mind, we 1)
employed K�-free medium as an alternative approach for
Na�-K�-ATPase inhibition and 2) compared dose-dependent
action of ouabain on the [Na�]i/[K�]i ratio, COX-2 content,
and expression of myofibroblast markers. As expected, inhibi-
tion of the Na�-K�-ATPase in K�-free media resulted in the
same elevation of intracellular Na� content as it was detected
in HLFs subjected to Na�-K�-ATPase inhibition by 100 nM
ouabain (Fig. 6A). Importantly, similarly to ouabain-treated
cells, inhibition of the Na�-K�-ATPase by K�-free medium
was accompanied by the expression of COX-2, phosphoryla-

tion of VASP, and downregulation of TGF-�1-induced expres-
sion of myofibroblast markers (Fig. 6B).

Figure 7A shows that, at 3 nM, ouabain did not change [K�]i

and slightly but not significantly increased [Na�]i by 74 �
28% (P � 0.6). At higher concentrations (10–100 nM),
ouabain dose-dependently increased [Na�]i and decreased
[K�]i by eight- and sevenfold, respectively. The similar dose-
response analysis of the effect of ouabain on TGF-�-induced
myofibroblast differentiation revealed the following (Fig. 7, B
and C). 1) Ouabain, at doses of 30–100 nM, induced COX-2
expression, which was parallel to inhibition of SM �-actin
expression; and 2) 10 nM ouabain, resulting in a threefold gain
of [Na�]i and twofold loss of [K�]i (Fig. 7A), had no detectable
effect on COX-2 expression, but significantly inhibited the
expression of SM �-actin (P � 0.047), collagen-1 (P � 0.025),
or fibronectin (P � 0.006) (Fig. 7, B and C).

COX-2 expression is not sufficient for inhibition of HLF
differentiation by ouabain. Last, we examined the role of
COX-2-dependent PKA activation in the inhibitory effect of
ouabain on myofibroblast differentiation, first using COX-2
inhibitor NS-398. As shown above, this compound at a con-
centration of 1 �M completely blocked ouabain-induced
VASP phosphorylation as an indicator of PKA activity in HLF
(Fig. 1B). However, NS-398 failed to abolish the inhibitory
effect of ouabain on myofibroblast differentiation (Fig. 8A).
We and others have demonstrated that Rho/Rho kinase
(ROCK) signaling is critical for TGF-�-induced stress fiber
formation and SRF-dependent expression of myofibroblast
marker proteins. Therefore, we examined the contribution of
COX-2 expression on the regulation of this signaling pathway
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factor-� (TGF-�) in the presence or absence of 30 or 100 nM ouabain (A) or
100 nM digoxin (B) for 48 h. Cell extracts were assessed by Western blotting
for COX-2 expression, VASP shift, and myofibroblast differentiation markers
as indicated.
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by ouabain by assessing phosphorylation of cofilin as a down-
stream target of ROCK and a reporter of its activity, as we
performed previously (45). As shown in Fig. 8A, ouabain
inhibited TGF-�-induced phosphorylation of cofilin; however,
NS-398 failed to reverse this effect.

Considering the possibility of prostaglandin-independent ef-
fects of COX-2, we then used the knockdown approach. As
shown in Fig. 8B, transfection of HLF with COX-2 siRNA
resulted in a complete attenuation of ouabain-induced COX-2
expression. However, this did not affect the ability of ouabain
to inhibit TGF-�-induced myofibroblast differentiation or co-
filin phosphorylation as a reporter of Rho signaling. Finally, we
considered the role of [Ca2�]i increase via activation of the
reverse mode of the Na�/Ca2� exchanger in the action of
ouabain (Fig. 2). As show in Fig. 8C, the inhibitor of Na�/
Ca2� exchanger, KB-R4943, while inhibiting the effect of
ouabain on COX-2 expression, failed to reverse the inhibition
of TGF-�-induced Rho activation (cofilin phosphorylation)
and myofibroblast differentiation by ouabain.

DISCUSSION

The present study describes two major findings. 1) We
demonstrate a profound induction of COX-2 expression and
PKA activation under various conditions that inhibit Na�-K�-
ATPase and elevate the [Na�]i/[K�]i ratio (treatment with
ouabain, digoxin, or K�-free media) in human lung fibroblasts,
and this effect is largely mediated by an increase in intracel-
lular Ca2� concentration through activation of a reverse mode
of Na�/Ca2� exchanger. 2) Inhibition of Na�-K�-ATPase by
ouabain results in attenuation of TGF-�-induced fibrotic sig-
naling (Rho activation, stress fiber formation, and SRF activa-
tion) and expression of myofibroblast differentiation markers,
demonstrating a novel function of Na�-K�-ATPase in control
of fibroblast phenotype. However, inhibition of COX-2 or of
Na�/Ca2� exchanger failed to reverse the inhibitory effect of
ouabain on TGF-�-induced fibrotic signaling and myofibro-
blast differentiation. This may suggest that either the antifi-
brotic effects of ouabain are independent of COX-2, or COX-2
expression and PKA activation are not sufficient for inhibition
of the fibrotic effects of TGF-� by ouabain, but may act
together with other mechanisms yet to be identified. Given the
previously established antifibrotic role of COX-2 and PKA
(8, 22, 23, 33, 59), the latter possibility is quite plausible.
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TGF-� for 48 h as indicated. A: intracellular Na� concentration was measured
as described in EXPERIMENTAL PROCEDURES. B: cell extracts were analyzed by
Western blotting with desired antibodies as indicated.
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Our results show for the first time that cardiac glycosides
suppress TGF-�-induced fibrotic signaling (Rho activation,
stress fiber formation, and SRF activation; Figs. 5 and 8) and
myofibroblast differentiation of cultured HLFs (expression of
collagen-1, fibronectin, and SM �-actin) (Fig. 4) without any
impact on their survival (Fig. 3B). During the last two decades,
a number of studies reported that, along with Na�-K� pump
inhibition and modulation of canonical Nai

�/Ki
�-dependent cell

functions, cardiac glycosides may have Nai
�/Ki

�-independent
effects, i.e., promoting the interaction of Na�-K�-ATPase with
the membrane-associated nonreceptor tyrosine kinase Src, ac-
tivation of Ras/Raf/ERK1,2, phosphatidylinositol 3-kinase
[PI(3)K], PI(3)K-dependent protein kinase B, phospholipase C,
[Ca2�]i oscillations, and augmented production of reactive
oxygen species (for review, see Refs. 3 and 31). We show that
TGF-�1-induced myofibroblast differentiation is also blocked
by sustained inhibition of the Na�-K�-ATPase in K�-free
medium (Fig. 6). We also demonstrate that inhibition of myo-
fibroblast differentiation by ouabain dose-dependently associ-
ates with increased [Na�]i/[K�]i ratio (Fig. 7). These data
strongly suggest that cardiac glycosides inhibit myofibroblast
differentiation via an Nai

�/Ki
�-dependent mechanism.

It is noteworthy that actions of cardiac glycosides on fibrotic
response may be cell specific. It was shown that certain
inhibitors of Na�-K�-ATPase increase collagen synthesis by
cultured rat cardiac fibroblasts, human dermal fibroblasts, or rat
vascular SM cells (13–16). However, these studies have not
rigorously examined the effect of these compounds on the
expression of myofibroblast differentiation markers, on the
magnitude of their effect relative to that of TGF-�, or on their
effect on TGF-�-induced myofibroblast differentiation. Fur-
thermore, the association of the effects of these compounds on
collagen synthesis with their actions on the [Na�]i/[K�]i ratio
was not performed. Finally, these studies have largely em-
ployed marinobufagenin, which causes distinct from ouabain
structural changes in the �1-subunit of Na�-K�-ATPase (25)
and may act through Nai

�/Ki
�-independent mechanisms (15).

It was shown that the increase in the [Na�]i/[K�]i ratio
affects the expression of genes via Cai

2�-mediated and Cai
2�-

independent mechanisms of excitation-transcription coupling
(39). We found that COX-2 expression in ouabain-treated HLF
is abolished by KB-R7943, a potent inhibitor of Na�/Ca2�

exchange, suggesting that elevation of the [Na�]i/[K�]i ratio
triggers COX-2 accumulation via Cai

2�-mediated signaling
pathways. It should be noted, however, that, along with inhi-
bition of three isoforms of Na�/Ca2� exchanger (NCX1–
NCX3) (4), KB-R7943 affects other molecules/processes, in-
cluding ATP-dependent K� current (1), nonselective cation
channels (43), and the mitochondrial permeability transition
pore (55). Thus, additional experiments should be performed to
examine the role of intracellular Ca2� in the expression of
COX-2 and to identify other transcriptomic changes contrib-
uting to the suppression of myofibroblast differentiation by
cardiac glycosides.

The antifibrotic action of COX-2, its products, prostaglan-
dins, as well as of PKA is well established (8, 22, 23, 59). It
was shown that genetic disruption or pharmacological inhibi-
tion of COX-2 induces an exaggerated accumulation of myo-
fibroblasts in mouse models of pulmonary fibrosis (6, 17, 20,
24). Our data suggest that antifibrotic action of elevated
[Na�]i/[K�]i ratio parallels the increased expression of
COX-2, which, in turn, leads to activation of PKA. Thus,
treatment of HLF with cardiac glycosides (ouabain or digoxin)
or with K�-free medium sharply augmented the content to
COX-2 mRNA and its immunoreactive protein as well as the
activity of PKA as estimated by VASP mobility shift (Figs. 1,
4, and 6). Furthermore, ouabain blocked TGF-�-induced Rho
activation (Fig. 7), stress fiber formation, and SRF activation
(Fig. 5), the processes critical for myofibroblast differentiation
and known to be regulated by PKA (44, 45). We also showed
that both COX-2 inhibitor NS-398 and siRNA-induced COX-2
knockdown completely abolished the VASP shift seen in
ouabain-treated HLF (Fig. 1). However, neither COX-2 inhib-
itor NS-398 nor the knockdown of this enzyme abolished the
inhibitory action of ouabain on Rho activation and myofibro-
blast differentiation of HLF in response to TGF-�1. This may
suggest that the antifibrotic effects of ouabain are independent
of COX-2. However, given the established antifibrotic role of
COX-2 (8, 22, 23, 59), we propose that augmented COX-2
expression may be an important but not sufficient mechanism
in the inhibition of myofibroblast differentiation by elevated
[Na�]i/[K�]i ratio. Furthermore, our data demonstrate that
inhibition of myofibroblast differentiation by ouabain is not
mediated by the increase in [Ca2�]i, since it was not reversed
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by inhibition of Na�/Ca2� exchanger (Fig. 8C), which largely
contributed to the increase in [Ca2�]i in response to ouabain
(Fig. 2A). Thus, yet unknown potential actions of elevated
[Na�]i/[K�]i ratio may be responsible for the regulation of
myofibroblast differentiation by cardiac glycosides, which is
currently under investigation in our laboratory.

While this study focused on TGF-�-induced myofibroblast
differentiation, myofibroblast phenotype and function depend
on many factors, including matrix stiffness (30, 34). Thus, it
would be important to determine if cardiac glycosides affect
myofibroblast differentiation driven by other factors, especially
given that myofibroblast differentiation induced by stiff matrix
is associated with a decreased COX-2 expression and PGE2

synthesis (30). Furthermore, while this study proposes the
inhibition of the Rho/stress fiber/SRF pathway as a potential
antifibrotic mechanism of cardiac glycosides, their effect on
other mechanosensitive signaling pathways that also contribute
to myofibroblast differentiation should be examined, including
the YAP/TAZ pathway (29).

Finally, it would be fundamentally and practically important
to demonstrate the antifibrotic effect of cardiac glycosides in
vivo. However, numerous studies have demonstrated that, in
rodents, cardiac glycosides inhibit �1-Na�-K�-ATPase at con-
centrations of up to four orders of magnitude higher than in
other mammals, whereas the affinities of rodent �2- and �3-
subunits for cardiac glycosides are similar to those in other
mammals (46). Given that �1-subunit is a predominant isoform
expressed in mouse lung fibroblasts (data not shown), wild-
type rodents could not be used for assessing the antifibrotic
effect of cardiac glycoside models of pulmonary fibrosis. The
resistance to cardiac glycosides is caused by a substitution of
Gln111 and Asn122 of human �1-subunit for Arg and Asp,
respectively, in rodents. Based on this, Lingrel and coworkers
have generated a mouse with knockin of ouabain-sensitive
�1-isoform (�1s/s) of Na�-K�-ATPase and have used it to
delineate the role of �1 in blood pressure regulation, cardiac
and skeletal muscle contraction, and renal salt handling (28).
These mice can be also used for elucidation of the antifibrotic
effect of cardiac glycosides in vivo in the models of pulmonary
fibrosis, which is our future goal.
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