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Amarelle L, Katzen J, Shigemura M, Welch LC, Cajigas H,
Peteranderl C, Celli D, Herold S, Lecuona E, Sznajder JI. Cardiac
glycosides decrease influenza virus replication by inhibiting cell
protein translational machinery. Am J Physiol Lung Cell Mol Physiol

316: L1094–L1106, 2019. First published March 20, 2019; doi:
10.1152/ajplung.00173.2018.—Cardiac glycosides (CGs) are used
primarily for cardiac failure and have been reported to have other
effects, including inhibition of viral replication. Here we set out to
study mechanisms by which CGs as inhibitors of the Na-K-ATPase
decrease influenza A virus (IAV) replication in the lungs. We found
that CGs inhibit influenza virus replication in alveolar epithelial cells
by decreasing intracellular potassium, which in turn inhibits protein
translation, independently of viral entry, mRNA transcription, and
protein degradation. These effects were independent of the Src sig-
naling pathway and intracellular calcium concentration changes. We
found that short-term treatment with ouabain prevented IAV replica-
tion without cytotoxicity. Rodents express a Na-K-ATPase-�1 resis-
tant to CGs. Thus we utilized Na-K-ATPase-�1-sensitive mice, in-
fected them with high doses of influenza virus, and observed a modest
survival benefit when treated with ouabain. In summary, we provide
evidence that the inhibition of the Na-K-ATPase by CGs decreases
influenza A viral replication by modulating the cell protein transla-
tional machinery and results in a modest survival benefit in mice.

antiviral treatment; intracellular potassium; Na-K-ATPase

INTRODUCTION

Cardiac glycosides (CGs) are a family of steroidal com-
pounds that inhibit the Na-K-ATPase and have been commonly
used in the treatment of cardiac diseases (25). Although the
clinical use of CGs has decreased (56), they still are used for
treatment of heart failure (45) and atrial fibrillation (29).
Interestingly, in the past two decades, other therapeutic effects
of CGs have emerged, such as an anticancer drug (38). More
recently, in vitro screenings have revealed that CGs could be
potential antiviral drugs with effectiveness against influenza
virus (26) and other pathogenic viruses including both RNA (3,

8, 21) and DNA viruses (18, 23, 28). CGs exert their action by
binding to their receptor, Na-K-ATPase (16). Depending on the
dose, CG binding to Na-K-ATPase could inhibit its function,
affecting intracellular concentrations of Na� and K� ions (15,
46), or activate signal transduction pathways via the Src kinase
(24, 36).

Influenza virus infection causes significant morbidity with
an annual global incidence between 5 and 10% in adults and
even higher in children, 3–5 million cases worldwide develop
severe illness, and there are ~250,000 to 500,000 deaths per
year (59a). In the 2015–2016 season, more than 10,000 deaths
were reported in the United States (49). The viral cycle begins
with the attachment of the virus to the host cell through the
binding of the viral hemagglutinin with sialic acid of the
glycoproteins or glycolipids of the cellular surface (58). Sub-
sequently, the endocytosis and fusion of the virus with the
endosomal membrane allow the release of the viral compo-
nents into the cell cytoplasm via acidification of the endosome
through an ionic pore formed by the viral protein matrix 2 (M2)
(43). The viral RNA is replicated, transcribed to mRNA, and
translated into proteins by the host cell translation machinery
(35). In the final steps of the cycle, the viral proteins and RNA
are transported to the plasma membrane where the budding and
release of newly formed viral particles occur (40).

In the present study, we set out to study mechanisms by
which CGs decrease viral replication and found that CGs, by
inhibiting Na-K-ATPase, decrease the levels of intracellular
potassium, which in turn inhibits the cell protein machinery
and thus viral replication. Rodents are relatively insensitive to
cardiac glycosides needing 1,000-fold higher concentrations
than other mammals to show inhibition of Na-K-ATPase in
vitro (1). However, using a lethal dose of influenza A virus
(IAV) in transgenic CG-sensitive mice (20), we found that
ouabain treatment moderately improved survival.

MATERIALS AND METHODS

Reagents. All cell culture reagents were from Corning Life Sci-
ences (Tewksbury, MA), except where indicated. Alveolar Epithelial
Cell Medium (no. 3201) was from ScienCell Research Laboratories
(Santiago, CA). Ouabain (no. 102541) was from MP BioScience
(Santa Ana, CA). Cinobufagin (no. C1272), digoxin (no. D6003),
BAPTA-AM (no. A1076), valinomycin (no. V0627), pinacidil (no.
P154), and chloroquine (no. C6628) were from Sigma-Aldrich (St.
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Louis, MO). Lactacystin (no. 426100) and PP2 (no. 529573) were
from Calbiochem (San Diego, CA). MG-132 (no. 474790) from EMD
Millipore (Burlington, MA). The Na/Ca exchanger inhibitor SN6 (no.
203698) was from Santa Cruz Biotechnology (Dallas, TX). Puromy-
cin dihydrochloride (no. A1113803) was from Thermo Fisher
(Waltham, MA). L-364,373 (no. 2660) was from Tocris Bioscience
(Bristol, UK).

Virus and cell lines. Influenza virus strain A/WSN/1933 (WSN)
was provided by Robert Lamb (Dept. of Molecular Biosciences,
Northwestern University, Evanston, IL) and grown by the Cell Cul-
ture and Translational Studies Core (P01-HL-071643-12 Core B) (13).
Viral titers were measured by plaque assay in Madin-Darby canine
kidney (MDCK) epithelial cells. Virus aliquots were stored in liquid

nitrogen, and freeze/thaw cycles were avoided. A549, BEAS-2B, and
MDCK cells were from American Type Culture Collection (no. CCL
185; no. CRL-9609 and no. CCL-34 respectively; Manassas, VA).
Mouse embryonic fibroblasts cells (S/S and A/A clones) were gener-
ously provided by R. Kaufman from University of Michigan (53).
A549 cells stably expressing the rodent �1-subunit isoform of Na-K-
ATPase were generated as described previously (6). Human alveolar
type II (ATII) cells were isolated from explanted lungs from the
Northwestern Medicine Lung Transplant Program. Human pulmonary
alveolar epithelial cells were purchased from ScienCell Research
Laboratories (no. 3200).

Antibodies. For anti-nucleoprotein, Western blot (no. 20343) and
fluorescence microscopy (no. 128193) were from Abcam (Cambridge,

Fig. 1. Cardiac glycosides inhibit influenza A virus replication between 4 and 6 h postinfection. A–C: A549 cells were infected for 1 h with 1 multiplicity of
infection WSN virus, washed, and treated at 0 h postinfection (hpi) with increasing concentrations of ouabain (n � 4; A), digoxin (n � 4–5; B), or cinobufagin
(n � 4; C). Twenty-four hpi virus titer was determined by plaque assay of the supernatant. D: A549 cells were treated for 24 h with PBS (CT; n � 9), 20 nM
ouabain (Ouab; n � 5), 50 nM digoxin (Dig; n � 4), or 100 nM cinobufagin (Cino; n � 4), and cell death was measured using LDH assay. E: human primary
human alveolar type II (ATII) cells were infected as in A; treated at 0 hpi with 20 nM ouabain, 50 nM digoxin, or 100 nM cinobufagin; and 24 hpi virus titer
was measured via plaque assay (n � 5). F: human BEAS-2B cells were infected as in A; treated at 0 hpi with 20 nM ouabain, 50 nM digoxin, or 100 nM
cinobufagin; and 24 hpi virus titer was measured via plaque assay (n � 4–5). G: time of removal of A549 cells infected as in A and treated 0 hpi with 20 nM
ouabain. Ouabain was removed from the media at 2-h intervals, from 0 to 24 hpi. Twenty-four hpi virus titer was measured via plaque assay (n � 4–6). H: time
of addition of A549 cells infected as in A and treated with 20 nM ouabain at 2-h intervals [from 0 to 8 hpi]. Twenty-four hpi, virus titer was measured via plaque
assay (n � 4–6). I: viral titers were plotted as a function of time-of-addition and time-of-removal. All graphs show means � SD. Graphs were analyzed by
one-way ANOVA with Dunnett’s post hoc test. *P � 0.05, **P � 0.01, ***P � 0.001, ****P � 0.0001.
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UK). Anti-Matrix 1 (no. 22396) was from Abcam. Anti-nonstructural
1 (no. 130568), and anti-�-tubulin (H-235) (no. 9104) were from
Santa Cruz Biotechnology. Anti-actin (no. 2066) was from Sigma-
Aldrich. Anti-Stat3 (no. 12640), anti-phospho-eukaryotic initiation
factor 2� (eIF2�; no. 9721), anti-total-eukaryotic initiation factor-2�
(no. 2103), and anti-GADPH (D16H11) (no. 5174) were from Cell
Signaling (Danvers, MA). Anti-Puromycin (no. MABE341) was from
EMD Millipore. Goat anti-rat IgG-HPR (no. 2006) was from Santa
Cruz Biotechnology. Goat anti-mouse IgG HPR (no. 1721011) and

goat anti-rabbit IgG HPR (no. 1706515) were from Bio-Rad (Hercu-
les, CA). Goat anti-mouse Alexa fluor 568 (no. A11004) was from
Life Technologies (Carlsbad, CA).

PCR primers. Primers for nucleoprotein (NP), matrix 1 (M1),
and GADPH were purchased from Integrated DNA Technologies
(Coralville, IA). Sequences were as follows: M1 forward: 5=-GAC-
CAA-TCC-TGT-CAC-CTC-3=; M1 reverse: 5=-GAT-CTC-CGT-
TTC-CAT-TAA-GAG-3=; NP forward: 5=-CTC-GTC-GCT-TAT-
GAC-AAA-GAA-3=; NP reverse: 5=-AGA-TCA-TCA-TGT-GAG-
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TCA-GAC-3=; GADPH forward 5=-ACC-ACA-GTC-CAT-GCC-
ATC-AC-3=; and GADPH reverse 5=-TCC-ACC-ACC-CTG-TTG-
CTG-TA-3=.

Mice. Ouabain Na-K-ATPase-�1-sensitive mice (S/Smice):R111Q
mutant mice were mated for over 10 generations onto C57BL/6 mice
and were generously provided to us by J. Lingrel (Univ. of Cincinnati,
Cincinnati, OH; Ref. 20) and housed at the Center of Comparative
Medicine at Northwestern University.

Cell culture and in vitro infections. Cells were cultured in DMEM
supplemented with 20 mM HEPES buffer, 10% fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 �g/ml streptomycin. Cells were
seeded in 12-well plates to a single confluent monolayer and 24 h later
inoculated with IAV at 1 multiplicity of infection (MOI � 1) in
infection media: DMEM � 0.1% FBS � 0.3% bovine serum albumin
(BSA) in a humidified atmosphere of 5% CO2-95% air at 37°C. For
alkalemic conditions, medium without potassium was made with
sterile H2O, 6,400 mg/l NaCl, 200 mg/l CaCl2, 97.7 mg/l MgSO4, 125
mg/l Na2HPO4, 3,700 mg/l NaHCO3, 4,500 mg/l D-glucose, 10 ml
HEPES, 0.1% FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin.
For single-cycle infection experiments, after 1 h, cells were washed
and infection medium was replaced, and then, the assigned drug was
added for the desired time and cells were lysed with cell lysis buffer
(Cell Signaling) for Western blot analysis or RNA was extracted for
real-time quantitative polymerase chain reaction (qPCR). For multi-
cycle infection, cells were infected and the drug was added 1 h later
without washing of the media.

Plaque assays. The supernatant of infected cells was collected at
the indicated time points postinfection and centrifuged at 2,000 rpm,
and the supernatant was frozen at 	80°C until assay day. Lungs of
infected mice were collected at the indicated times, homogenized, and
kept at 	80°C until assay day as described before (39). MDCK cells
were grown in six-well plates, incubated with a 10-fold serially
diluted supernatant for 1 h in DMEM with 1% BSA at 37°C and 5%
CO2 atmosphere, washed with phosphate-buffered saline (PBS) buffer
and replacement media with DMEM, and 2.7% avicel (FBC Biopo-
lymer no. RC-591NF), and 1.5 �g/ml of N-acetyl trypsin were added.
After 3 days of incubation, the overlay was removed and viral plaques
were visualized using naphthalene black dye solution (0.1% naphtha-
lene black, 6% glacial acetic acid, and 1.36% anhydrous sodium
acetate). Viral titer (plaque-forming units/ml) was calculated as num-
ber of plaques/(dilution factor) 
 (inoculum per well), as described
elsewhere (27). For in vivo experiments, whole lungs were homoge-
nized in PBS and placed on ice immediately until use for plaque assay.

Cell death assay. To measure cell death, LDH assay was performed
using the Roche Cytotoxicity Detection Kit (no. 11644793001).

Western blot analysis. Protein concentration was quantified from
cell lysates by Bradford assay (Bio-Rad), and proteins were resolved
in 10–15% polyacrylamide gels. Thereafter, proteins were transferred
to nitrocellulose membranes (Bio-Rad) using a Trans Blot Turbo
(Bio-Rad). Incubation with specific antibodies was performed over-

night at 4°C. Blots were developed with a chemiluminescence
detection kit (Perkin Elmer), and the bands were visualized with an
Odyssey FC Imager using Image Studio Software (LI-COR, Lin-
coln, NE).

Real-time qPCR. Total RNA was extracted using miRNeasy Mini
kit (Qiagen). cDNA was synthesized from 1 �g of total RNA by using
a qScript cDNA Synthesis kit (Quanta Biosciences, Beverly, MA),
and mRNA expression was determined by qPCR using SYBR Green
chemistry (Bio-Rad). Relative expression of the transcripts was de-
termined according to the ��Ct method using GADPH as reference
for normalization.

Time of addition and removal. At the time of addition, A549 cells
were infected and then treated with 20 nM ouabain at 2-h intervals
[from 0 hours postinfection (hpi) to 8 hpi]. For time of removal, A549
cells were infected and then treated with 20 nM ouabain at time 0 hpi.
At 2-h intervals, ouabain was removed from the growth media, from
0 to 24 hpi. After 24 h, virus titer was measured via plaque assay.

Immunocytochemistry. A549 cells were single or multicycle in-
fected with WSN virus at 1MOI and treated with 20 nM ouabain and
fixed, permeabilized, and stained with NP antibody. Nuclei were
visualized by Hoechst 33342 (no. H3570; Invitrogen, Carlsbad, CA).
Pictures were acquired using Axioplan 2 imaging fluorescent micros-
copy (Carl Zeiss).

Global protein synthesis assay. For determining global protein
synthesis with surface sensing of translation (SUnSET) assay, cells
were incubated 30 min with puromycin 20 �M before cell lysis and
specific anti-puromycin antibodies were used (54).

Measurement of intracellular Na� and K�. Intracellular K� was
measured by Thermo iCAP Q Inductively Coupled Plasma Mass
Spectrometry at the Northwestern University Quantitative Bio-ele-
ment Imaging Center generously supported by NASA Ames Research
Center NNA06CB93G. Intracellular Na� was measured with the
fluorescent Na� indicator CoroNa green AM (no. C36676; Thermo
Fisher Scientific). Briefly, after treatment with ouabain, cells were
incubated 30 min with 5 �M CoroNa green and washed with PBS
and fluorescence was measured at excitation 492 nm and emission
516 nm using Gemini EM Microplate Reader (Molecular Devices,
Sunnyvale, CA).

Precision-cut lung slices and ex vivo infection. Lungs of S/Smice
were excised for precision-cut lung slices. Briefly, following trache-
otomy, excised mouse lungs were insufflated with 2.5% low-melting
point agarose in PBS and placed in cold PBS, and after the agarose
gelled, the right lobe was separated and sectioned into slices 100 �m
thick using a tissue slicer (Precisionary Instruments VF-300). Lung
slices were incubated at 37°C in DMEM supplemented with 10%
FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin in 24-well
plates. After 1 h, the slices were washed, 1 ml of infection media was
added and 2.5 
 106 WSN virus was instilled; at 1 hpi, 20 nM ouabain
was added to the assigned wells; and then at 24 hpi, ouabain was
quenched using 20 mM KCl. After 0, 24, and 48 h postouabain, the

Fig. 2. Cardiac glycosides inhibit influenza A virus replication by impairing protein translation. A: A549 cells were infected for 1 h with 1 multiplicity of infection
WSN and lysed at 2, 4, 6, 8, and 24 h postinfection (hpi), and protein expression was analyzed by Western blotting. Viral proteins nucleoprotein (NP) and matrix
1 (M1) were detected using specific antibodies. Graph represents viral protein abundance relative to the internal control (�-tubulin) (n � 6). B: representative
image of a viral plaque assay from supernatant collected from A549 cells infected as in A and collected 0, 2, 4, 6, 8, and 24 hpi (n � 4). C: A549 cells were
preincubated for 2 h with 20 nM ouabain (Ouab), washed, infected as in A, and lysed at 24 hpi for Western blot analysis of viral proteins NP and M1. Graph
represents viral protein abundance relative to the internal control (CT; GAPDH) (n � 4). D: A549 cells were infected as in A, PBS or 20 nM ouabain was added
at 0 hpi, and NP and M1 mRNA abundance was quantified by quantitative PCR at 24 hpi. Graph represents fold change of viral mRNA of infected cells vs.
infected cells treated with ouabain (n � 4). E: A549 cells were infected as in A, and 20 nM ouabain was added at 0 hpi. Cells were lysed at 0, 6, 8, and 24 hpi,
and viral proteins NP and M1 were detected by Western blotting using specific antibodies. Graph represents viral protein abundance relative to the internal control
(�-tubulin) (n � 4–6). F: A549 cells were infected as in A, 20 nM ouabain was added at 0 hpi, and 24 hpi cells were fixed and NP (red) and nuclei (blue) were
analyzed by immunofluorescence microscopy. Graph represents quantification of infected cells analyzed by unpaired t-test (n � 3). G–I: A549 cells were infected
as in A and then treated at 0 hpi with 20 nM ouabain in the presence or absence of 1 �M MG-132 (G), 1 �M lactacystin (Lact; H), and 10 �M chloroquine
(Chlo; I). At 8 hpi, cells were lysed and proteins were detected by Western blotting using specific antibodies. Graphs represent viral protein abundance relative
to the internal control (�-tubulin or actin) (n � 4–5). All graphs show means � SD. Except for F, graphs were analyzed by one-way ANOVA with Dunnett’s
post hoc test. *P � 0.05, **P � 0.01, ***P � 0.001, ****P � 0.0001.
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tissue was fixed in 3.7% paraformaldehyde, permeabilized with 0.1%

TritonX-100 5 min at room temperature, washed and blocked in

normal goat serum � 0.2% BSA at 37°C for 1 h, washed once with

PBS and incubated with primary NP antibody overnight at 37°C, and

washed with PBS and incubated with secondary antibody goat anti

mouse Alexa fluor 568 and then with 1 �g/ml Hoechst 33342 (no.

H3570; Invitrogen) for nucleic acid staining. Slices were mounted in

glass microslides with fluoromount mounting media (no. F4680;

Sigma-Aldrich) and stored in the dark at room temperature overnight.

With the use of the same protocol as per ex vivo immunostaining,

slices were analyzed using ImageJ 1.48 v (National Institutes of

Health).

In vivo experiments. The S/Smice, males and females between 9 and

12 wk of age and weighing 20–25 g, were infected with WSN IAV by

intratracheal instillation under inhalation anesthesia with isoflurane as

described elsewhere (39) with a lethal doses of IAV. The mice were

treated with 50 �g/kg ouabain or saline solution by intraperitoneal

injection beginning the infection day, daily for 2 days. For the

mortality curve, mice were followed for up to 15 days after infection,

weight was recorded daily, and mortality was recorded up to three

times a day.

Ethics statement. Animal work was conducted in accordance with

the recommendations in the Guide for the Care and Use of Laboratory

Animals of the National Institutes of Health. All animals were pro-

vided with food and water ad libitum, maintained on a 14-h light/10-h

dark cycle, and handled according to National Institutes of Health

guidelines. All procedures were approved and conducted according to

regulations of the Northwestern University Institutional Animal Care

and Use Committee (protocol no. IS00000380). Intratracheal instilla-

tion of IAV was performed under anesthesia with isoflurane. Human

alveolar type II (ATII) cells were isolated by the Cell Culture and

Translational Studies Core (P01-HL-071643-12 Core B) from ex-

planted lungs provided by the National Disease Research Interchange.

The use of human lung samples was approved by the Institutional

Review Board Office of Northwestern University (no. STU00041428-

CR0001). All samples were anonymized. Human data collection was

approved by the Northwestern University Institutional Review Board

(no. SA1707).

Statistical analysis. Data are expressed as means � SD. For com-

parisons between two groups, significance was evaluated by unpaired

Student’s t-test. When more than two groups were compared, one-way

ANOVA was used followed by the Dunnett’s or Sidak’s post hoc test.

Mortality curves were compared by log-rank (Mantel-Cox) test using

GraphPad Prism 7.02 software.

RESULTS

Cardiac glycosides inhibit IAV replication. To determine
the minimal effective dose of CGs against influenza A virus
(IAV) and whether all CGs have the same effect, we
exposed the human cell line A549 to increasing concentra-
tions of ouabain and digoxin (cardenolides) or cinobufagin
(bufadenolides) (46). We observed that the minimal dose
necessary to inhibit IAV replication without cytotoxic effect
at 24 h post infection (hpi) was 20 nM for ouabain, 50 nM
for digoxin, and 100 nM for cinobufagin (Fig. 1, A–D). An
inhibitory effect on IAV replication was also observed in
primary human alveolar epithelial cells as well as in the
bronchial epithelial cell line BEAS-2B (Fig. 1, E and F). To
determine the time of action of ouabain in the viral cycle, we
performed time-of-addition and time-of-removal experi-
ments and determined viral replication by plaque assay. We
observed that at least 4 h of incubation with ouabain after
infection was needed to inhibit IAV replication and that the
inhibitory effect decreases if the drug was added later than
6 hpi (Fig. 1, G–I). Together, these data suggest that CGs
inhibit IAV replication between 4 and 6 hpi of the viral
cycle.

Cardiac glycosides inhibit IAV replication by impairing
protein translation. To explore which viral processes occur
between 4 and 6 hpi in our in vitro study conditions, we first
determined that viral proteins are translated between 4 and 6
hpi (Fig. 2A). Virus budding occurred between 8 and 24 hpi
(Fig. 2B), suggesting that ouabain acts between the virus entry
and protein translation. To determine whether ouabain affected
the early steps in the viral cycle, attachment and endocytosis,
we incubated A549 cells for 2 h with 20 nM ouabain before
IAV infection and found that preincubation with ouabain did
not affect IAV replication (Fig. 2C). As virus entry was not
affected by ouabain, we assessed whether the transcription of
viral mRNA was regulated by ouabain treatment. We per-
formed qPCR for IAV mRNA using specific primers and found
that viral mRNA expression was not decreased after ouabain
treatment (Fig. 2D). We observed by Western blotting and
immunofluorescence decreased viral protein abundance after
ouabain treatment (Fig. 2, E and F), which was independent of
protein degradation, as pharmacological inhibition of the pro-

Fig. 3. Na-K-ATPase inhibition shuts off the translational machinery via intracellular ionic changes and independently of eukaryotic initiation factor 2� (eIF2�)
phosphorylation. A: A549 cells were treated with 20 nM ouabain for 0, 2, 4, 6, and 8 h. Cells were lysed at those time points, and phospho-eIF2� and total-eIF2�
were detected by Western blotting using specific antibodies. Graph represents phospho- vs. total-eIF2� (n � 4–6). B: mouse embryonic fibroblast (MEF) cells
expressing wild-type (WT) eIF2� (clone S/S) were infected as in A and treated at 0 h postinfection (hpi) with 100 �M ouabain (Ouab). At 24 hpi, proteins were
lysed and viral nucleoprotein (NP) and matrix 1 (M1) proteins were detected by Western blotting using specific antibodies. Graph represents viral protein
abundance relative to the internal control (CT; actin) (n � 4). C: mouse embryonic fibroblasts cells expressing S51A eIF2� (clone A/A) were infected as in A

and treated at 0 hpi with 100 �M ouabain. At 24 hpi, proteins were lysed and viral NP and M1 proteins were detected by Western blotting using specific
antibodies. Graph represents viral protein abundance relative to the internal control (�-tubulin) (n � 4). D: A549 cells were infected as in A, and at 0 hpi 20
nM ouabain was added in the presence or absence of 10 �M of the Src inhibitor PP2. At 8 hpi, proteins were lysed and viral proteins M1 and NS1 were detected
by Western blotting using specific antibodies. Graph represents viral protein abundance relative to the internal control (actin) (n � 3). E: A549 cells were infected
as in A and 0 hpi media were replaced with 5 mM KCl or 0 mM KCl media. At 24, hpi cells were lysed and viral proteins NP and M1 were detected by Western
blotting using specific antibodies. Graph represents viral protein abundance relative to the internal control (actin) (n � 4–5). F: A549 cells expressing the
Na-K-ATPase rat �1-subunit were infected as in A, and 20 nM ouabain was added at 0 hpi. At 8 hpi, cells were lysed and viral proteins NP and NS1 detected
by Western blotting using specific antibodies. Graph represents viral protein abundance relative to the internal control (actin) (n � 5). G and H: A549 cells were
treated with 20 nM ouabain for 2, 4, or 6 h, and intracellular potassium concentration was measured by inductively coupled plasma/mass spectrometry (n � 6–7;
G) and intracellular sodium concentration by fluorescence assay (n � 5; H). I and J: A549 cells were infected as in A, and at 0 hpi 20 nM ouabain was added
in the presence or absence of 10 �M of Na�/Ca2� exchanger SN-6 (I) or 25 �M of calcium chelator BAPTA-AM (J). Viral proteins NP and NS1 were detected
by Western blotting using specific antibodies. Graphs represent viral protein abundance relative to the internal control (actin) (n � 3–5). All graphs show
means � SD. Graphs were analyzed by one-way ANOVA with Dunnett’s post hoc test. *P � 0.05, **P � 0.01, ***P � 0.001, ****P � 0.0001.
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teasomal and lysosomal systems did not blunt the effect of
ouabain (Fig. 2, G–I). Taken together these data suggest that
ouabain impairs IAV replication by inhibiting viral protein
translation.

Na-K-ATPase inhibition shuts off the translational machin-
ery via intracellular ionic changes and independently of eIF2�

phosphorylation. Mammalian cells respond to viral infections
through activation of dsRNA-dependent protein kinase (PKR),
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which phosphorylates the eukaryotic translation initiation fac-
tor 2� subunit (eIF2�) leading to inhibition of protein synthesis
from viral mRNAs (17, 48). However, IAV hijacks the host
cell machinery preventing eIF2� phosphorylation and favors
its own replication (37, 44). We explored whether ouabain
counteracted the effect of IAV on eIF2� phosphorylation and
thus inhibits IAV replication and found that cells treated with
ouabain had increased eIF2� phosphorylation (Fig. 3A). To
determine whether phosphorylation of eIF2� played a role in
the inhibition of viral protein synthesis by ouabain, we incu-
bated mouse embryonic fibroblasts constitutively expressing
wild-type eIF2� (clone S/S) or eIF2� where Ser51 was sub-
stituted for an alanine (S51A) (clone A/A; which cannot be
phosphorylated) (53), with ouabain after IAV infection and
found decreased IAV replication in both wild-type and S51A,
suggesting that the anti-influenza action of ouabain is indepen-
dent of eIF2� phosphorylation (Fig. 3, B and C).

It is known that the binding of ouabain to the Na-K-ATPase
not only inhibits the transport of sodium and potassium ions
across the plasma membrane but also activates intracellular
signaling pathways through Src kinase (36). We explored both
ionic and signaling pathways and found that inhibition of Src
did not alter the decreased IAV replication induced by ouabain
(Fig. 3D). To assess in a different way whether inhibiton of the
Na-K-ATPase affects IAV replication, we incubated A549
cells with media without extracellular potassium (41) and
observed inhibition of IAV replication, which was similar to
our results with ouabain (Fig. 3E). Taking advantage of the fact
that rodents are resistant to CGs needing higher doses to get the
same inhibition (33), we used A549 cells expressing a resistant
rodent Na-K-ATPase �1-subunit (6) and found that 20 nM
ouabain treatment did not have an effect on IAV replication in
(Fig. 3F). These findings suggest that the effect of ouabain on
IAV replication was due to inhibition of Na-K-ATPase activ-
ity.

To study the effect of 20 nM ouabain in the concentration of
intracellular ions, we measured intracellular Na� concentration
([Na�]i) and intracellular K� concentration ([K�]i) and
showed a significant decrease in [K�]i as early as 2 h after
ouabain treatment (Fig. 3G), while [Na�]i increased after 6 h
(Fig. 3H). It has been described that an increase in [Na�]i could
lead to a consequential increase in intracellular Ca2� concen-
tration ([Ca2�]i) (47). Therefore, we studied whether [Ca2�]i

changes were responsible for the effect of ouabain on IAV
replication. We found that neither pharmacological inhibition
of the Na�-Ca2� exchanger with 10 �M of the selective
inhibitor SN-6 (Fig. 3I) nor incubation with 25 �M the calcium

chelator BAPTA-AM (Fig. 3J) blunted the effect of ouabain in
IAV protein translation, suggesting that [Ca2�]i changes are
not involved in the effect of ouabain on IAV replication.

Na-K-ATPase inhibition shuts off the protein translational
machinery via decreased intracellular potassium. Since potas-
sium is required for normal protein synthesis (4), and we found
a profound decrease in [K�]i in cells incubated with 20 nM
ouabain (Fig. 3G), we assessed whether inhibition of Na-K-
ATPase activity had an effect in protein synthesis. Figure 4, A
and B , shows that a 24-h incubation with either 20 nM ouabain
or 0 mM KCl led to inhibition of global protein synthesis
assessed by SUnSET (54) (Fig. 4A) and confirmed by the
decreased expression of STAT3 [half-life ~8.5 h (55)] and no
change in T-eiF2� [half-life ~10 days (22)] (Fig. 4B). To
confirm that the effect of CGs in the virus replication is through
the decrease in [K�]i, we utilized a pharmacological approach
using three different drugs that decrease [K�]i levels: the
ionophore valinomycin (50) (Fig. 4, C and D), the voltage-
dependent potassium channel activator L_364, 373 (52) (Fig.
4, E and F), and the calcium-dependent potassium channel
activator pinacidil (5) (Fig. 4, G and H). All three showed a
dose-dependent decrease in viral protein translation, as well as
cellular global protein synthesis.

Short-term inhibition of protein synthesis prevents viral
replication in vitro and ex vivo. Due to the global effect of
ouabain in protein synthesis, we decided to explore whether
short-term treatment would be effective without causing sig-
nificant cytotoxicity. To examine whether the effect of ouabain
was reversible, we incubated A549 cells for 24 h with ouabain,
removed it from the media and determined protein synthesis 24
h postouabain removal. We found that global protein synthesis
was improved (Fig. 5A) and that viral protein expression was
still inhibited (Fig. 5B), suggesting that short-term treatment
with ouabain could be potentially useful. Next, we explored
whether ouabain had effect on a multicycle infection. To
achieve short-term exposure to ouabain without removing the
media in a multicycle infection, we counteracted the effect of
ouabain by adding 20 mM KCl to the culture (12) (Fig. 5C).
We found that using multicycle infection and counteracting the
effect the ouabain after 24 h treatment there was a strong
inhibition of viral protein expression even after 48 h post-
ouabain removal (Fig. 5D), without significant effect on cell
viability (Fig. 5E). To study whether short-term treatment with
ouabain prevents IAV replication in an ex vivo model, we
infected mouse lung precision cut slices from Na-K-ATPase-
�1-sensitive mice (S/Smice) (20) with 2.5 
 106 plaque-form-
ing units IAV, incubated with ouabain for 24 h and then with

Fig. 4. Na-K-ATPase inhibition shuts off the protein translational machinery via decreased intracellular potassium. A and B: A549 cells were treated with 20 nM
ouabain (Ouab) or media replaced with 0 mM KCl for 24 h. A and B: surface sensing of translation (SUnSET) assay was used to visualize global protein
biosynthesis (A), and STAT3 and T-eukaryotic initiation factor 2� (eIF2�) were detected by Western blotting (B) using specific antibodies. Graphs represent
protein abundance relative to the internal control (CT; actin) (n � 3–4). C and D: A549 cells were infected for 1 h with 1 multiplicity of infection (MOI) WSN
and treated at 0 hpi with increasing concentrations of valinomycin. C and D: SUnSET assay was used to visualize global protein biosynthesis (C) and viral
proteins NP and NS1 were detected by Western blotting (D) using specific antibodies. Graphs represent viral protein abundance relative to the internal control
(actin) (n � 3–4). E and F: A549 cells were infected for 1 h with 1 multiplicity of infection WSN and treated at 0 hpi with increasing concentrations of L_364.
E and F: SUnSET assay was used to visualize global protein biosynthesis (E) and viral proteins M1 and NS1 were detected by Western blotting (F) using specific
antibodies. Graphs represent viral protein abundance relative to the internal control (actin) (n � 3–4). G and H: A549 cells were infected for 1 h with 1 MOI
WSN and treated at 0 hpi with increasing concentrations of pinacidil. G and H: SUnSET assay was used to visualize global protein biosynthesis (G) and viral
proteins NP and NS1 were detected by Western blotting (H) using specific antibodies. Graphs represent viral protein abundance relative to the internal control
(actin) (n � 3–4). All graphs show means � SD. Graphs were analyzed by one-way ANOVA with Dunnett’s post hoc test. *P � 0.05, **P � 0.01, ***P �
0.001, ****P � 0.0001.
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20 mM extracellular KCl, and followed the replication of IAV
by immunofluorescence staining for NP viral protein up to 72
h postouabain. We showed that 24 h of incubation with
ouabain was effective in preventing IAV replication in lung
tissue slices, and that the effect persisted for 48 h postouabain
(Fig. 5, F and G).

CG effects in vivo. To determine whether ouabain has a
pharmacological effect in vivo, we first infected S/Smice via
intratracheal instillation with high dose of IAV and treated
the mice for 2 days with 50 �g·kg	1·day	1 ouabain by
intraperitoneal injections, which was the maximal dose
without toxicity (Fig. 6A), and found a delayed mortality

L1101CARDIAC GLYCOSIDES AS ANTI-INFLUENZA TREATMENT

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00173.2018 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung (106.051.226.007) on August 9, 2022.



Fig. 5. Short-term inhibition of protein synthesis prevents viral replication in vitro and ex vivo. A and B: A549 cells were infected for 1 h with 1 multiplicity
of infection (MOI) WSN, treated with 20 nM ouabain (Ouab) for 24 h, washed, and lysed at 0 or 24 h postouabain exposure (hpo). A and B: surface sensing
of translation (SUnSET) assay was used to visualize global protein biosynthesis (A), and STAT3 and viral nucleoprotein (NP) and NS1 were detected by Western
blotting (B) using specific antibodies. Graph represents viral protein abundance relative to the internal control (CT; �-tubulin) (n � 5–6). C: A549 cells were
infected as in A and treated with 20 nM ouabain in the presence or absence of 20 mM KCl media for 24 h. Viral proteins NP and matrix 1 (M1) were detected
by Western blotting using specific antibodies. Graph represents viral protein abundance relative to the internal control (�-tubulin) (n � 4–5). D: A549 cells were
infected with 1 MOI WSN in a multicycle infection and treated with 20 nM ouabain for 24 h. Twenty micromolar KCl was used to counteract the effect of
ouabain. Cells were washed and lysed at 0, 24, or 48 hpo and 24 hours postinfection (hpi) for the infected control. Viral proteins were detected by Western blotting
using specific antibodies. Graph represents viral protein abundance relative to the internal control (actin) (n � 3). E: LDH assay was performed for the same
conditions as in D (n � 3). F and G: S/Smice lungs were cut in 100-�m slices, exposed to multicycle infection with WSN, and treated in the presence or absence
of 20 nM ouabain. Incubation with 20 mM KCl was performed for 0, 24, or 48 h. Tissue was fixed and stained for immunofluorescence microscopy. F: graph
represents quantification of infected cells (n � 3). G: NP viral protein (red) and nuclei (blue) were visualized. All graphs show means � SD. Graphs were
analyzed by one-way ANOVA with Dunnett’s post hoc test. *P � 0.05, **P � 0.01, ***P � 0.001, ****P � 0.0001.
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(Fig. 6B). Moreover, we found that ouabain treatment de-
creased the IAV viral titers in the lungs of infected mice as
compared with saline treated mice (Fig. 6C).

DISCUSSION

Influenza virus infection is a highly contagious disease with
high prevalence worldwide, causing significant morbidity and

mortality (49, 59a). Drug screening studies revealed that CGs
are potentially effective against influenza (26). In this study,
we uncovered that CGs decrease IAV replication in alveolar
epithelial cells and mouse lung tissue via inhibition of cellular
protein translation machinery.

We observed that CGs [cardeniolides and bufadenolides
(46)] inhibit IAV replication in cell cultures at nanomolar
concentrations (Fig. 1, A–C) concurring with a previous report
in RNA viruses such as Newcastle Disease and Vesicular
Stomatitis viruses (26). Our data suggest that ouabain has a
strong inhibitory effect even when added after 4 hpi (Fig. 1I)
and that pretreatment with ouabain does not affect viral repli-
cation (Fig. 2C), suggesting that CGs interfere with viral
translation (3, 23, 28). We found that the influenza A viral
proteins NP and M1 were translated between 4 and 6 hpi (Fig.
2A) (7) and that ouabain treatment inhibited viral protein
abundance (Fig. 2, E and F). Ouabain is known to affect the
cellular proteome (30, 31) and cellular mRNA transcription,
decreasing mRNA of cytokines (32) and expression of genes
related with differentiation and proliferation (34). We found
that although ouabain increased IAV mRNA (Fig. 2D), the
viral protein abundance was reduced, suggesting that the anti-
influenza effect is due to inhibition of viral protein translation.
This hypothesis was further supported by data showing that
inhibition of the proteasome or lysosomal systems did not
prevent the effects of ouabain on the decreased viral protein
abundance.

The eukaryotic initiation factor 2 � (eIF2�) is a key factor in
the regulation of translation in response to different kinds of
cellular stress (including viral infections), and its phosphory-
lation of Ser51 leads to a decrease in global mRNA translation
(19, 48). We found that ouabain induces eIF2� phosphoryla-
tion, as previously reported (11), but was not involved in
antiviral effects, as IAV replication was still inhibited in
mutant cells when the Ser51 of eIF2� was mutated to an
alanine (53) (Fig. 3, B and C). The inhibition of the Na-K-
ATPase by ouabain causes significant changes in intracellular
ions, increasing Na� and decreasing K� (30), and can also
activate intracellular signaling pathways independently of in-
tracellular cations changes (36). Interestingly, we found that
the antiviral effects of the ouabain occurred via the inhibition
of the Na-K-ATPase and independently of the Src pathway
(Fig. 3D).

The intracellular concentration of Na� and K� cations plays
an important role in protein translation (30), as K� is necessary
for protein biosynthesis (4, 9). We found that ouabain caused
a significant decrease in the intracellular K� concentration on
the same timeline as the antiviral effect, while changes in
intracellular Na� concentrations happened later (Fig. 3, G and
H). Also, we found that intracellular changes in Ca2� are not
related to the anti-influenza effect of CGs (Fig. 3, I and J), in
contrast to the mechanisms described for the inotropic effect of
cardiac glycosides on cardiac cells (59).

We found that the inhibition of the Na-K-ATPase and the
decrease in intracellular potassium arrested the host cell trans-
lation machinery necessary for viral replication (Fig. 4A)
accordingly to previous reports that have shown similar effects
on cytomegalovirus, suggesting a broad effect of this drugs on
viral infections (14). Although intracellular K� changes can
affect intraorganelle pH (10, 57), we showed that initial steps
of the influenza cycle are not affected by ouabain (Fig. 2C). By

Fig. 6. A: cardiac glycoside effects. In vivo S/Smice were treated once a day
with ouabain at the indicated dose by intraperitoneal injection for 15
consecutive days. Mice were weighed and clinically evaluated daily (n �
3 mice per group). Two-way ANOVA with Sidak’s post hoc test. B: S/Smice
were infected with lethal dose of WSN by intratracheal instillation and
injected for 2 consecutive days with saline 0.9% NaCl solution or 50 �g/kg
body wt of ouabain. Kaplan-Meier mortality curve of mice injected with
ouabain is shown (n � 10 mice per group). *P � 0.05. C: graph represents
viral titer [plaque-forming units (PFU)/ml] from lung homogenates har-
vested from S/Smice 1, 3, and 5 days postinfection and treated with saline
0.9% NaCl solution or 50 �g/kg body wt of ouabain (n � 3 mice per
group). **P � 0.01 and not significant (ns) compared with 1 day postin-
fection (dpo) determined by one-way ANOVA with Sidak’s post hoc
test.
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using other means to decrease intracellular potassium, using
the ionophore valinomycin or by activating specific voltage-
and calcium-dependent potassium channels, we mimicked the
effect of ouabain and found similar inhibition of the viral and
global protein biosynthesis (Fig. 4, C–H).

Short-term treatment with ouabain impaired the viral repli-
cation in A549 cells without a significant increase in the
cytotoxicity (Fig. 5). We observed a moderate beneficial effect
in our in vivo model of IAV infection in S/Smice, with a
survival improvement when treated with an intraperitoneal
injection of ouabain (Fig. 6) compared with saline-injected
group. The �-subunit of the Na-K-ATPase is the pharmaco-
logical receptor for cardiac glycosides, and rodents have a
low-affinity �1-isoform. We used S/Smice, in which the �1-
isoform is rendered ouabain-sensitive via the specific muta-
tions: R111Q and D122N (20). We observed that treating the
mice with doses higher than 50 �g/kg of ouabain affected the
overall health with significant weight loss as shown in Fig. 6A.
These data suggest that the levels of ouabain needed to reach
a strong inhibition of IAV replication in mice are probably
above the toxicity levels, which restricts its systemic use in
vivo. The use of CGs at higher doses has the intrinsic limitation
that CGs at high doses inhibit alveolar fluid reabsorption, albeit
at a dose 105 times higher than the one used of the antiviral
effect (20 nM ouabain) (51). Higher doses could also be
detrimental due to the synergistic effects to the well-known
inhibition of Na-K-ATPase in IAV-infected cells (42). Using
the dose of 50 �g/kg we showed a moderate improvement in
survival in mice treated with ouabain probably due to a
decreased viral titer (Fig. 6C). Future studies with other deliv-
ery options, such as nebulized administration of CGs, or
manipulating by other means the intracellular potassium con-
centration or the translational machinery could provide a novel
pharmacological approach to treat influenza infection.

Accordingly, we provide evidence that inhibition of Na-K-
ATPase by cardiac glycosides decreases influenza A virus
replication by inhibiting the cell protein translational machin-
ery via a decrease in the intracellular potassium. Better under-
standing of these mechanism should foster the development of
more specific therapeutic agents that could be effective and
safe to use in patients with influenza virus infection.
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