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Inhibition of Cytomegalovirus Replication by Smooth-Muscle Relaxing Agents’ (42581)
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Abstract. The effect of the smooth-muscle relaxing agents, papaverine, sodium nitroprusside,
and verapamil, on the replication of human cytomegalovirus (CMV) was investigated. At a con-
centration of 100 pM, infectious yields of CMV were reduced by 1.23 to 5.72 log,, by these drugs
(papaverine, 5.72 log,,; nitroprusside, 1.85 log,; verapamil, 1.23 log,o). The EDs, for papaverine
was found to be somewhat less than 1 pM, a concentration which appears to be within the range
achieved clinically. Papaverine did not irreversibly modify treated cells to a virus-resistant state
since treatment of cells with papaverine from 24 hr before until immediately prior to CMV
infection did not significantly reduce CMV yields. Replication of CMV was most sensitive to
inhibition when papaverine was added at or before 6 hr after CMV infection. Addition of papaverine
at later times resulted in a substantial reduction of the inhibitory effect on virus yields, suggesting
that the phase of CMV replication sensitive to papaverine inhibition occurred early in the replication
cycle. These results, particularly in light of the potency of papaverine, indicate that some smooth-
muscle relaxing agents have significant antiviral activity toward the replication of CMV. © 1987

Society for Experimental Biology and Medicine.

Cytomegalovirus (CMYV) is known to be re-
sponsible for serious congenital infections and
for life-threatening infections in persons of all
ages whose immune systems have been com-
promised. Recently, the association of severe
CMYV infections with loss of immune respon-
siveness has been emphasized by recognition
of the frequent complication of CMV disease
in individuals with acquired immune defi-
ciency syndrome (AIDS). Although several
drugs have been demonstrated to influence
infections by other herpesviruses, except for
9-(1,3-dihydroxy-2-propoxymethyl) guanine
(DHPG) (1, 2), these drugs are, for the most
part, ineffective against life-threatening CMV
disease (3). It may be reasonable, however, to
explore approaches other than conventional
therapies which have involved nucleoside an-
alogs or interferons since CMVs seem to have
unique effects on their host cells (4-6). Such
a novel approach to the development of ther-
apeutic treatment for CMV infections was
suggested by our recent findings which re-
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vealed that characteristic cellular responses to
CMV infection, including rounding, “con-
traction,” “relaxation,” and enlargement, were
blocked by several smooth-muscle relaxing
agents. Here we describe the inhibition of the
replication of CMV by three smooth-muscle
relaxing agents (papaverine, sodium nitro-
prusside, verapamil). Papaverine was the most
potent of these drugs, producing a 95.4% re-
duction of CMYV yields with a dose of 6.3 uM,
suggesting that this drug might have potential
clinical significance for the treatment of CMV
infection. The finding that these drugs also in-
hibit CMV replication suggests that there may
be a relationship between inhibition of these
cellular responses and interference with CMV
replication. The remarkable potency of pa-
paverine, however, could not be correlated
completely with inhibition of early cellular re-
sponses.

Materials and Methods. Materials. Vera-
pamil was obtained from Knoll Pharmaceu-
tical Co. (Whippany, NJ). Sodium nitroprus-
side and papaverine (except as noted below)
were obtained from the University of Texas
Medical Branch Hospital Pharmacy (Galves-
ton, TX). Sodium nitroprusside was supplied
by Abbott Laboratories (North Chicago, IL).
Papaverine was supplied by Eli Lilly and Co.
(Indianapolis, IN). DHPG from a single lot
supplied by the Syntex Corp. (Palo Alto, CA)
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was distributed by Dr. Leslye D. Johnson
(Hepatitis Program Officer, Development and
Applications Branch, Microbiology and In-
fectious Diseases Program, National Institute
of Allergy and Infectious Diseases, NIH, Be-
thesda, MD) to us and to other investigators
examining the potency of antiviral drugs for
CMV. Papaverine from a single lot supplied
by Eli Lilly was similarly distributed.

Assays for inhibition of infectious CMV
yields. Human embryo skin—muscle (SM) cells
(7) between the 5th and 25th passage were cul-
tured in Leighton tubes, as described previ-
ously in detail (4). When the SM cells had at-
tained confluence, they were inoculated with
CMYV (strain AD169) at a calculated multi-
plicity of about five plaque-forming units
(PFU) per cell. After 1 hr for adsorption, the
inocula were removed, the cells were washed
twice with maintenance medium (Eagle’s
MEM with Earle’s salts, 0.150% NaHCO;, and
5% +y-irradiated fetal calf serum), and each
tube was inoculated with 1 ml of maintenance
medium, with or without one of the drugs. All
drug solutions were made immediately prior
to use and the maintenance medium, with or
without the drug, was replaced every 24 or 48
hr. Cell cultures were maintained at 37°C in
the absence of antibiotics. At selected times
after infection, virus replication was stopped
by quick-freezing and duplicate or triplicate
Leighton-tube cultures were stored at —90°C,
until they were assayed for infectivity (8).

Assays for the rate of cell DNA synthesis.
The rate of cell DNA synthesis was determined
by measuring the incorporation of [methyl-
3H]thymidine (ICN Biomedicals, Inc., Irvine,
CA) into cell DNA. CMV and cell DNA were
separated by isopycnic centrifugation in CsCl.
The methods have been described in detail
previously (8).

Results. Infectivities assayed at various
times during the single-step replication of
CMV demonstrate that the smooth-muscle
relaxing agents, verapamil, nitroprusside, and
papaverine, inhibited CMV multiplication
(Fig. 1). Papaverine was the most potent of
the three drugs; at a concentration of 30 ug/
ml (80 uM) the CMYV yield was inhibited by
5.21 log,o at 120 hr postinfection (PI). Nitro-
prusside at a concentration of 30 ug/ml (115
uM) reduced the expected infectious yield by
2.85 log . Verapamil, at 30 ug/ml (61 uM),
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FIG. 1. Inhibition of CMV replication by papaverine
(A; 30 ug/ml; 80 wM), sodium nitroprusside (O; 30 pg/
ml; 115 pM), or verapamil ((J; 30 ug/ml; 61 uM). Medium
with or without (@) drug was changed daily. Symbols in
parentheses indicate maximum surviving virus infectivity,
since within the limits of the plaque assay, surviving virus
infectivity was not detected at these drug concentrations
and intervals of exposure.

reduced the yield by 1.03 log;. Quantitatively
similar results were obtained in three addi-
tional experiments. The antiviral effect of the
smooth-muscle relaxing agents was not de-
pendent on the type of human fibroblast used
as substrate. For example, papaverine (10 ug/
ml) reduced CMYV vyields in cells derived from
embryonic thyroid, lung, and SM to about the
same degree (4.16, 4.44, and 4.01 log,e, re-
spectively). Apparently, the inhibitory effect
of these drugs was not due to cellular toxicity
since cell viability was not affected over a 120-
hr period when measured by trypan blue ex-
clusion (data not shown). Moreover, the dou-
bling time for the papaverine-treated cells after
papaverine was removed was very similar to
the doubling time for cells not treated with
papaverine.

The inhibitory effect of these smooth-mus-
cle relaxing drugs on CMV replication was
concentration-dependent (Fig. 2). Papaverine
was the most potent inhibitor, producing sig-
nificant inhibition at all concentrations tested.
Log;, reductions in yields of CMV obtained
from cells treated with papaverine at concen-
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FIG. 2. Inhibition of CMV replication as a function of
the concentration of smooth-muscle relaxing agents (A,
papaverine; O, sodium nitroprusside; (1, verapamil). The
experimental conditions were essentially the same as those
described in the legend to Fig. | except that the mainte-
nance medium with or without drug was changed every
48 hr instead of every 24 hr. All data were obtained from
cell cultures harvested at 96 hr PL. Y,, CMV infectivity in
drug-treated, CM V-infected cell cultures; Y,, CMV infec-
tivity in the absence of drug in CMV-infected cell cultures.
Infectivities (for each datum point) were the averages of
the values obtained by assay of three independent cell cul-
tures.

trations of 6.3, 12.5, 25, 50, and 100 uM were
1.34, 2.82, 3.70, 5.08, and 5.72, respectively.
Sodium nitroprusside and verapamil were
much less potent, reducing CMV yields by
1.85 and 1.23 log,,, respectively, at a concen-
tration of 100 uM. The data for the concen-
tration effect obtained in several experiments
were transformed to a logarithmic scale and
then fit with a simple linear regression model.
The slope was —1.095 + 0.078 uM ! for pa-
paverine, —0.425 + 0.087 uM ! or nitroprus-
side, —0.332 + 0.095 uM ! for verapamil, and
—1.000 * 0.390 uM ! for DHPG (data not
shown).

The inhibitory effect of papaverine on CMV
replication was examined further by deter-
mining the time at which addition of papav-
erine was most effective in inhibiting CMV
yields. As shown in Table I, papaverine was
not effective when added 24 hr prior to infec-
tion and removed at the time of virus infec-
tion. Thus, it appears that papaverine treat-
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ment did not irreversibly alter the cells to a
virus-resistant state. Papaverine was most ef-
fective, demonstrating about a 3.4 log,, re-
duction of CMYV yields, when added before (0
hr) or during (6 hr) the rounding and con-
traction (early) phase of the cellular response
to CMYV infection which occurs from 5 to 12
hr after infection (PI) (3, 5, 6). When added
at 12 or 24 hr PI, that is, when cells were about
to enter or were in the relaxation phase, the
effectiveness of papaverine was reduced to a
2.7 log,, inhibition of CMV yields. Addition
of papaverine at 48 hr, after the cells had begun
to enlarge, produced only a 1.42 log,, reduc-
tion in infectivity. Thus, CMV replication was
most sensitive to inhibition when papaverine
was added before initiation of the late-phase
cellular responses of relaxation and enlarge-
ment. Addition of papaverine after cytomegaly
had progressed resulted in a 96-fold decrease
in the effectiveness of papaverine relative to
addition of the drug from 0 to 6 hr PL.

Discussion. As noted above, the smooth-
muscle relaxing agents (papaverine, sodium
nitroprusside, verapamil) inhibited morpho-
logic cellular responses to CMYV infection (6,
9). The present finding that the smooth-muscle
relaxing agents also inhibit CMV replication
suggests that these cellular responses are in-
volved in virus replication, or alternatively that
CMV-induced physiologic responses suscep-
tible to inhibition by these smooth-muscle re-
laxing agents are involved in both morphologic
cellular responses and CMV replication. In
support of these views is the observation that
both CMV replication and late cellular re-
sponses (6) are most sensitive to inhibition by
these smooth-muscle relaxing agents when
they are added before or during the contractile
phase. Furthermore, with respect to sodium
nitroprusside and verapamil, there is reason-
ably good agreement between the concentra-
tion of drug required to produce inhibition of
early cellular responses and CMV replication.
Thus, at first glance it would seem reasonable
to propose that there is a direct correlation
between inhibition of the early cellular re-
sponse and CMV replication.

On the other hand, in the case of papaverine,
CMV replication appeared to be more sen-
sitive to inhibition by this drug than did the
early cellular responses. CMYV yields were re-
duced by factors of —1 to —6 log,, relative to
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TABLE I. EFFECT OF THE TIME OF ADDITION ON THE ANTIVIRAL ACTIVITY OF PAPAVERINE
ON CMV REPLICATION

Time of addition? Virus yield Percentage of Log;o
(hr PI) (PFU/ml)? control reduction®
No papaverine 2.1 X 107

—-24t00 1.7 X 107 81 0.079
—-121t00 1.8 X 107 86 0.079
-2t00 2.0 X 107 95 0.021

-24 t0 96 8.9 X 103 0.042 3.37

—12 to 96 8.9 X 10° 0.042 3.37

—21t096 8.6 X 10° 0.041 3.39

01to 96 8.1 X 10° 0.039 341

21096 8.0 X 10° 0.038 3.42

410 96 8.3 X 10° 0.040 3.40

6 to 96 7.9 X 10° 0.038 3.66

12 to 96 4.1 X 10* 0.20 2.71

24 to 96 3.8 X 10* 0.18 2.74

48 t0 96 7.9 X 10° 3.8 1.42

2 Concentrated papaverine (300 ug/ml) was added to maintenance medium at the times indicated to make a final
concentration of 10 ug/ml (27 uM). For the control infected cell cultures, the appropriate ditution of the diluent for
papaverine was made in the maintenance medium. The cells were infected with CMV at a multiplicity of infection of

4 PFU/cell. The medium was changed at 48 hr PL.

% Virus yields were measured at 96 hr PI by plaque assay.
¢ Relative to CMV yields in the absence of papaverine.

untreated controls at concentrations from 6.3
to 100 uM papaverine. In contrast, early-phase
cellular responses were only inhibited at the
highest concentrations. A 14-fold higher con-
centration of papaverine was needed to inhibit
rounding and contraction by 0.85 log;, than
was required to inhibit CMYV replication to a
higher level (1.34 log,o).

Although visual quantification of cellular
responses possibly is not as quantitatively ac-
curate as measurements of virus yields, rep-
lication of CMV seems to be significantly more
sensitive to papaverine inhibition than CMV-
induced rounding and contraction. The
marked difference in the potency of papav-
erine and the other smooth-muscle relaxing
agents in causing inhibition of virus replication
suggests that the former drug may have an ad-
ditional effect beyond that which inhibits
rounding and contraction of CMV-infected
cells.

The mechanism through which papaverine
and the other drugs inhibited CMV-infected
cells from contracting and from producing
high infectious yields is not known; however,
several possibilities may be considered. First,
it is tempting to speculate that the mechanism
of action underlying the relaxing effect of these

drugs on smooth muscle (10-13) may prevent
at least the initial cell rounding. Thus, the
greater potency of papaverine relative to ni-
troprusside may have resulted from increased
levels of both cyclic AMP (cAMP) and cyclic
GMP (cGMP) (12, 13) rather than from
¢GMP alone (11). Second, it is possible that
in addition to the cyclic nucleotide phospho-
diesterase effect (12, 13), papaverine may have
other effects, which have not yet been identi-
fied. Finally, it is possible that a critical phys-
1ologic event(s) (e.g., the rise in intracellular
free [Ca"]) (14) may be important to both
early cellular responses and CMV replication,
but at quantitatively different levels.

The potency of papaverine in inhibiting
CMV yields may be of clinical interest. The
concentrations tested are in range of those used
in patients (15) and thus this drug may prove
to have some role in the clinical management
of CMV infections. Based on data of the type
presented in Fig. 2, the median inhibitory dose
(EDs,) for papaverine appears to be somewhat
less than 1 pAf against CMV strain AD169
and the EDy, about 1.6 uM, whereas the av-
erage for the median inhibitory doses pub-
lished for DHPG (16-19) is 4.5 uM against
the same strain of CMV (although the EDy,
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in our assays was about 2.0 uM). Thus, pa-
paverine appears to be as potent as this nu-
cleoside analog in preventing CMYV replication
in vitro. Furthermore, papaverine usage may
be less likely to be hampered by toxic com-
plications (20). Papaverine inhibited cellular
DNA synthesis in mock-infected cells (72-96
hr PI) by 53% at a concentration of 10 ug/ml
(27 uM). Thus, in the case of papaverine there
appears to be about a 26-fold difference in the
concentrations inhibiting cellular DNA syn-
thesis (53% inhibition at 10 ug/ml) and CMV
replication (50% inhibition at <0.38 pg/ml).
Since the papaverine effect appears to be syn-
ergistically enhanced by cotreatment with
DHPG [log,, yield reductions of 1.40 for pa-
paverine (3 uM), 1.24 for DHPG (3 uM), and
3.98 for the combination (3 M +3 uM)] toxic
complications by high concentrations of the
individual agents may be reduced further.

The variety of virus pathogens susceptible
to papaverine is not known, but will certainly
extend beyond CMV. Dr. Peter Medveczky
(Department of Pharmacology, The Uni-
versity of Massachusetts Medical Center,
Worcester, MA 01605; personal communi-
cation) has found that the infectious agent as-
sociated with AIDS, LAV (HTLV III), is sus-
ceptible to papaverine inhibition, although
papaverine was not as potent an inhibitor of
this agent as it is of CMV. Furthermore,
Yoshikawa and Yamanouchi recently re-
ported that measles virus was sensitive to pa-
paverine inhibition, which they attributed to
increased intracellular [cAMP] (21). Consid-
ering the diversity of the viruses sensitive to
papaverine, it is possible that other viruses will
be identified as susceptible to papaverine in-
hibition.

In any case, the antiviral effect of smooth-
muscle relaxing agents, particularly in view of
the potency of papaverine, may be of value in
improving our understanding of the replica-
tion of CMV and other viruses and possibly
contribute to controlling these problematic
infections,
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Note added in proof. Dr..P. Medveczky (Department
of Pharmacology, The University of Massachusetts Med-
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ical Center, Worcester, MA 01605) and Dr. J. Drach (De-
partment of Pharmacology, The University of Michigan,
Ann Arbor, MI 48109), using papaverine from one of the
lots employed in this study and either dot-blot hybridiza-
tion techniques to measure yields of CMV DNA or the
plaque assay to measure infectious yields, found the EDs,
for papaverine to be 1.5 or 1.0 uM, respectively.
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