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Summary. The sequestration of cellular K+ has been shown elsewhere to elicit
a broad spectrum of antiviral activity. The obligatory, coupled cotransports of
Na+, K+ and Cl− (NKCC1) and of Na+ and K+ (NKATPase) effect net cellular
K+ influx. We examined the effects of specific inhibitors of these transports; a
cardiac glycoside (Digoxin) and a loop diuretic (Furosemide) on virus replication
in vitro. The replication of the DNA viruses, herpes simplex virus, varicella zoster
virus, human cytomegalovirus and adenovirus was inhibited. There was normal
replication of the RNA virus encephalomyocarditis virus. Antiviral activities of
both drugs were influenced by extracellular K+.Antiviral effects were most potent
when Digoxin and Furosemide were used in combination. Targeting the host cell
in this way is fundamentally different to other antiviral drug developments to date
and we propose the descriptive term Ionic Contra Viral Therapy (ICVT) for the
purpose of definition. We believe that specific inhibitors of coupled K+ transports
merit controlled clinical trial for a broad spectrum of DNA virus infections by
local application.

∗
The obligatory, coupled cotransport of Na+, K+ and Cl− by cell membranes has
been reported in nearly every animal cell type. Two isoforms of the Na+, K+
and Cl− cotransporter (NKCC) protein are currently known; NKCC2 is found
exclusively in the kidney and NKCC1 is found in nearly all cell types. Their
functions include the maintenance of a higher internal Cl− concentration than
the predicted electrochemical equilibrium and the regulation of cell volume. The
history of its discovery and its fundamental properties have recently been com-
prehensively reviewed and extensively referenced [21].
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Sodium-potassium ATPase (NKATPase) is another obligatory, coupled co-
transporter also found in almost all animal cells. It is important in the mainte-
nance of Na+ and K+ gradients across the plasma membrane and fundamental in
providing energy for several essential cellular functions including the control of
membrane potential and cell volume [22].

While the NKCCs are responsible for a net influx of Na+, K+ and Cl−,
NKATPase effects net influx of K+ and Na+ efflux. This study is primarily
concerned with K+ influx since it has been shown by X-ray microanalysis that
K+ is an essential factor in viral DNA synthesis [8].

Viruses are obligate, intracellular parasites and while the viral genome usu-
ally encodes macromolecules with functions specific and vital to the virus, it is
ultimately dependent upon the milieu of the infected host cell for its proliferation.
Curiously, human cytomegalovirus (HCMV) has been shown to subvert the cell’s
electrodynamics to its advantage; during the normal course of infection, NKCC1
is translocated from the plasmalemma to a perinuclear site, halting the cell cycle
in the G1/S interphase and accommodating the characteristically long life cycle
of HCMV [16].

Li+ inhibits replication of herpes simplex virus (HSV) and other DNA viruses
in vitro [2, 20, 23, 29]. It was subsequently shown that Li+ mediated the se-
questration of intracellular K+ leading to inhibition of viral DNA synthesis. In
addition, culture in potassium-depleted tissue culture medium, without recourse to
Li+, inhibited HSV DNA synthesis just as effectively [8]. Under these conditions,
viral gene products necessary for HSV DNA synthesis, for example thymidine
kinase and DNA polymerase, were available in abundance, yet the synthesis of
progeny viral DNA, which is essential to virus proliferation and infectivity, was
completely inhibited.

Antiviral drug development is guided, in part, by the need to minimise ad-
verse consequence to the host and it has tended to focus, therefore, on synthetic
pathways peculiar to the particular virus under consideration and distinct from
those of the host cell. For example, acyclic nucleoside analogues, which can be
incorporated into nascent DNA molecules, preventing chain extension [24], and
antisense oligonucleotides, which are short, synthetic DNA molecules designed to
inhibit translation of a targeted gene via interaction with messenger RNA [1]. Both
types of molecule are effective through intimate interaction with virus-specific
biosynthetic pathways and their antiviral activities are usually extremely virus
specific.

In the absence of effective chemotherapies, viral infections continue to have
widespread adverse impact: Adenoviruses (AV), for example, are the most com-
mon cause of acute red eye; vision may be impaired during the acute phase of
infection and in severe cases, immune complexes deposit in the cornea, leading
sometimes to permanent visual impairment. The human herpesvirus varicella
zoster virus (VZV) causes corneal disease and acute retinal necrosis, and human
cytomegalovirus (HCMV) causes retinitis, often leading to permanent visual
impairment [4, 12].
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If, as we believe, different DNA viruses are dependent upon K+ for replication,
then the controlled depletion of cellular K+ might elicit a broad spectrum of
antiviral activity.

The inhibitory effects of cardiac glycosides and loop diuretics on coupled
cotransporters are well known. Digoxin, for example, inhibits NKATPase [6]
while the loop diuretic Furosemide inhibits NKCC1 [7]; both drugs inhibiting
K+ influx. We report here the effects of these drugs on the replication of a
broad spectrum of DNA viruses, namely adenovirus (AV) and the human her-
pesviruses varicella zoster virus (VZV), cytomegalovirus (HCMV) and herpes
simplex virus (HSV), as well as an RNA virus, encephalomyocarditis virus
(EMCV).

Furosemide injection BP was obtained from Antigen Pharmaceuticals and
Digoxin injection BP from the Glaxo Wellcome Group of Companies. Cells were
propagated in Eagle’s medium supplemented with non essential amino acids, L-
glutamine and 10% (v/v) foetal bovine serum (FBS), 10,000 units/ml penicillin
and 10,000 µg/ml streptomycin and maintained in medium supplemented with
2% FBS. MTT assays were performed as described elsewhere [19].

Plaque reduction assays (PRA) were used to determine antivirally effective
drug concentrations. The 50% plaque inhibitory concentrations (IC50), based
on three separate determinations, were taken from best-fit plots and presented
as mean ± SD (Table 1). The nature of drug interaction was evaluated using the
formula:

1 = D1/IDx1 + D2/IDx2

where IDx1 and IDx2 are the concentrations of each respective drug alone, and
D1 and D2 are the concentrations of each drug in the mixture that yield 50%
inhibition. When the right hand side (RHS) of the equation is less than 1.0, then
Loewe synergism is indicated, when greater than 1.0, then Loewe antagonism is
indicated [14].

The effects of Digoxin and Furosemide on virus replication and on the rate of
cell metabolism are summarised in Table 1, and the following observations will
be considered later in discussion: 1. In MRC5 cells, the Digoxin and Furosemide
IC50s for HSV2 (186), HCMV (AD169) andVZV (Ellen) were virtually identical.
2. In A549 cells, the Digoxin and Furosemide IC50s for AV Usha (serotype 10)
and AV McEwan (serotype 5) were indistinguishable. 3. In Vero cells, both the
Digoxin IC50s and the Furosemide IC50s were significantly different for HSV2
(186) and HSV1 (McKrae). 4. In BHK 21 cells, there was normal replication of the
RNA virus, EMCV, in the presence of either Digoxin (60 ng/ml) or Furosemide
(1 mg/ml) at concentrations inhibitory to HSV replication.

Neither Digoxin (500 ng per ml) nor Furosemide (1 mg per ml) neutralized
virus infectivity as adjudged by incubation of cell-free virus suspension in drug
containing media for 24 h at +4 ◦C, and the excipients of intravenous preparations
were antivirally inactive at the concentrations concerned here, as adjudged by
appropriate control PRAs.
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Table 1. The effects of Digoxin and Furosemide on virus plaque formation and cell metabolism
(MTT assay)

Virus Host cell Furosemide MTT reduction Digoxin MTT reduction
IC50 (µg/ml) IC50 (ng/ml)

HSV2 (186) MRC5 460 ± 114 10% (48 hrs) 20 ± 7.5 20% (48 hrs)
HSV2 (186) VERO 1000 ± 138 10% (48 hrs) 30 ± 8.0 20% (48 hrs)
HSV2 (186) BHK21 800 ± 200 NT 30 ± 10 NT
HSV1 (McKrae) VERO 2000 ± 200 30% (48 hrs) 60 ± 21 20% (48 hrs)
CMV (AD169) MRC5 430 ± 120 10% (7 days) 20 ± 7.5 30% (7 days)
VZV (Ellen) MRC5 470 ± 106 10% (7 days) 20 ± 7.5 30% (7 days)
AV (Usha) A459 440 ± 114 10% (7 days) 77 ± 22 20% (7 days)
AV (McEwen) A459 500 ± 122 10% (7 days) 60 ± 25 20% (7 days)
EMCV BHK21 Neg 1mg/ml 20% (5 days) Neg 60 20% (5 days)

50% plaque inhibitory concentrations (IC50 ± 2 × SEM) for Furosemide and Digoxin against
the DNA viruses herpes simplex virus (HSV), cytomegalovirus (CMV), varicella zoster virus (VZV)
and adenovirus (AV), and the RNA virus encephalomyocarditis virus (EMCV). The percentage
inhibition of the rates of uninfected cell metabolism are given together with the duration of drug
exposure; the same time period required by the corresponding plaque reduction assays

MRC-5 cells [10] and BHK-21 cells [15] were obtained from BioWhittaker. Vero cells were a
gift from The Doheny Eye Institute, University of Southern California USA. A549 cells [5] were
obtained from ATCC. Cells were propagated in Eagle’s medium supplemented with non essential
amino acids, L-glutamine and 10% (v/v) foetal bovine serum (FBS), 10,000 units/ml penicillin and
10,000 µg/ml streptomycin and maintained in medium supplemented with 2% FBS

Strain 186 of HSV2 was obtained from PHLS, Colindale, UK. The Ellen strain of VZV, the
AD169 strain of HCMV and encephalomyocarditis virus (EMCV) were obtained from ATCC.
Adenovirus (AV) serotype 10 (Usha) was isolated from an ocular infection and AV serotype 5
(strain McEwen) and HSV1 (McKrae) were gifts from The Doheny Eye Institute. The rate of
uninfected cell metabolism was reduced by only 20–30% by Digoxin or Furosemide at their IC50s
and uninfected cell morphology was normal. Uninfected cell replication, however, was inhibited
by Digoxin or Furosemide at their respective viral IC50

PRAs were undertaken using HSV 2(186) in Vero cells in media contain-
ing supplemental K+. While normal virus replication was observed in Digoxin-
(30 ng per ml) treated cells supplemented with 20 mM K+, the Furosemide IC50
was reduced (500 µg per ml from 1000 µg per ml) in cells supplemented with
20 mM K+.

When applied in combination at fractional IC50 concentrations, there was
enhanced antiviral activity. AV replication was inhibited by 50% when both drugs
were applied at 1/4 × individual IC50 concentrations, i.e. Digoxin 20 ng/ml and
Furosemide 100 µg per ml, indicating Loewe synergy (RHS = 0.5). The rate of
cell metabolism was decreased by 20–25%.

HCMV replication was inhibited by 50% when both drugs were applied at
1/3 × individual IC50 concentrations, i.e. 7 ng/ml and 130 µg/ml, respectively,
indicating Loewe synergy (RHS = 0.6). The rate of cell metabolism was decreased
by 20–25%.
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Digoxin and Furosemide interact specifically with the cell membrane ion
cotransporters NKATPase [6] and NKCC1 [7], respectively. Targeting the host
cell in this way is fundamentally different to other antiviral drug developments to
date, and we propose the descriptive term Ionic Contra Viral Therapy (ICVT) for
the purpose of definition.

It has been reported elsewhere that inhibition of ATP-sensitive potassium
channels reversibly arrested cells in the G0/G1 phase of the cell cycle, resulting in
the inhibition of cell proliferation [28], and it is consistent that we found inhibited
cell replication. However, the rate of uninfected host cell metabolism was only
moderately decreased (10–30%) by Digoxin and Furosemide at their virus IC50,
and otherwise ‘normal’ cell function was exemplified by the normal replication of
the RNA virus, EMCV, in the presence of Digoxin or Furosemide at concentrations
inhibitory to DNA virus replication.

Within a single host cell type, either MRC5 or A549, both the Digoxin and
Furosemide virus IC50s were the same for different viruses, suggesting that
antivirally effective drug concentrations are a function of the drug affinities for, and
the relative abundances of, NKATPase and NKCC1 sites within the membranes
of the different host cell types.

However, both the Digoxin IC50s for HSV2 (186) and HSV1 (McKrae)
and the Furosemide IC50s, in Vero cells were significantly different, suggesting
perhaps that different viruses carry subtly different ionic requirement. Indeed, the
sensitivities to different antiherpetic compounds of a selection of different isolates
of HSV have been studied, and various cross-sensitivity and resistance patterns to
various other antiviral drugs have been demonstrated [18]. It is, of course, possible
that laboratory strains and clinical isolates might exhibit different IC50s.

Supplemental extracellular K+ restored virus replication in Digoxin-treated
cells, presumably through competitive inhibition of digoxin. However, the virus
IC50 of Furosemide was decreased by supplemental K+. At first surprising, this
is consistent with the much earlier finding that there was “apparent synergistic
action of Furosemide and external Rb+ on K+ efflux” [11].

In our study, neither Digoxin nor Furosemide was inhibitory to the replication
of the RNA virus EMCV. Ulug et al. [27], however, noted changes in Na+–
K+ ATPase activity during the normal course of Sindbis virus (an RNA virus)
infection and Nagai et al. [17] attributed the inhibition of replication of another
RNA virus, namely Sendai virus, by another inhibitor of NKATPase, namely
ouabain, to depletion of cellular potassium. Link et al. [13], however, attributed
the inhibition of cytopathology of another RNA virus, namely, Newcastle disease
virus, by ouabain to “stearic hindrance of virus attachment”. Inhibitors of ion
cotransporters clearly have impact upon the replication of some RNA viruses,
though the mechanisms remain unclear. Finally, it has been reported that there
were reduced levels of human immunodeficiency virus (a retrovirus) in cells
cultured in potassium-depleted medium [3]. We are unaware of other, similar
studies undertaken with DNA viruses.

The replication of AV and HCMV was most effectively inhibited by the
simultaneous application of Digoxin and Furosemide, fulfilling Loewe’s [14]
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requirements for synergy. Given the complexities of the interactions of ion trans-
porters, their peculiar ionic dependencies and their sometimes biphasic regulation
by extracellular ion concentrations [22] as well as the recently recognised influence
of viruses upon them [16], it is difficult at this stage to be more precise than
to suggest that the contraviral synergy reported here represents a function of
transporter expression, their relative abundances, their drug affinities and the net
consequence upon cellular ion distributions.

Human cytomegalovirus (HCMV) was recently shown to effect a translocation
of NKCC1 from the plasma membrane to a perinuclear site, thereby prevent-
ing cell replication and accommodating the characteristically long life cycle of
HCMV [16]. The authors postulated a down-regulation of the NKC cotransporter
protein that might “subserve the need of the virus to halt the cell cycle at the
G1/S phase”. Since the translocated NKCC1 is thought to be inactive, we might
argue that Furosemide inhibits HCMV replication at an event preceding that of
the translocation and inactivation of NKCC1 since we believe, by extrapolation
of more detailed work concerning the role of K+ in HSV replication [8], that
Furosemide is effective by inhibiting HCMV DNA synthesis. It seems likely,
therefore, that the HCMV-mediated translocation of NKCC must be dependent
upon the prior synthesis of HCMV DNA. Indeed, HCMV DNA synthesis peaks
18–24 hrs and 60–80 hrs after infection and the perinuclear accumulation of
NKCC appears 72 hrs after infection [25, 26].
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