
Abstract. N-methyl-pyridinium formate, a novel component
of coffee extracts, inhibited the multiplication of both DNA and
RNA viruses. In the presence of the compound, the progeny
viral yields of both herpes simplex virus type 1 (HSV-1) and
poliovirus in HEp-2 cells and those of influenza virus type A
in MDCK cells decreased with increasing concentrations of
the compound, although the degree of viral sensitivity to this
compound differed. In addition, none of these viruses were
directly inactivated by the compound at the concentrations
tested. Characterization of the mode of action of this compound
against HSV-1 multiplication revealed that it inhibits the viral
growth primarily at the initial step of virus multiplication, i.e.,
within 2 h after the onset of multiplication, although the virus
multiplication was affected by the compound throughout the
multiplication cycle. In addition, this compound showed a
significant cytotoxic effect, although the observed antiviral
effect was unlikely to be attributed to the cytotoxic effect.

Introduction

Previously, we showed that hot water extracts of coffee grinds
and commercial instant coffee solutions exhibit marked
antiviral activities against herpes simplex virus type 1 (HSV-1)
and poliovirus (1). Characterization of the antiviral activity
revealed that the activity is independent of the suppliers of

the coffee grinds and of the locations where the coffee beans
were produced. Instant coffee preparations also showed a
similar degree of antiviral activities. The ubiquitous presence
of antiviral activity among these coffee preparations suggests
that the components bearing antiviral activity are stable against
heating while the coffee beans are roasted.

Among the components in coffee extracts, we and others
reported that caffeine exhibits an antiviral activity against
HSV-1 (2-4), but there must be component(s) other than
caffeine in coffee extracts which is(are) responsible for the
observed antiviral activity, since a decaffeinated coffee
preparation also showed a similar level of antiviral activities
as regular coffee preparations (1). Considering the heat-
resistant nature of the antiviral activity of coffee extracts,
formic acid (or its derivatives) was presumed to be a candidate
antiviral substance among the components in coffee extracts,
since this compound is present before the roasting process
and remains even at the carbonizing step. Regarding a counter
cation of formic acid, N-methyl-pyridinium is produced during
roasting from trigonelline, a compound found in raw coffee
beans by decarboxylation. We, therefore, examined the anti-
viral effects of N-methyl-pyridinium formate on the viruses of
different families (i.e., HSV-1, influenza virus and polio-
virus).

Materials and methods

Cells and viruses. MDCK, HEp-2 and Vero cells were grown
in Eagle's minimum essential medium (MEM) containing 5%
fetal bovine serum (FBS). Herpes simplex virus type 1 strain F
(HSV-1), influenza virus A/Aichi/68 (H3N2) and poliovirus
type 1 Sabin vaccine strain, were used as test viruses.
Influenza virus was propagated in MDCK cells in MEM
supplemented with 0.1% bovine serum albumin (BSA) and
acetylated trypsin (4 μg/ml), while both HSV-1 and polio-
virus were propagated in Vero cells in MEM supplemented
with 0.5% FBS. These viruses were stored at -80˚C until use.
The amount of each virus was measured by a plaque assay as
described previously (5-7).
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Preparation of N-methyl-pyridinium formate (NMPF).
NMPF was synthesized as follows. Ten milliliters of a 2.0 M
aqueous solution of commercially available N-methyl-
pyridinium chloride and the equal amount of a 2.0 M aqueous
solution of silver formate were freshly prepared. The two
solutions were mixed and kept at room temperature for 1 h.
The resulting precipitates of silver chloride were removed
quantitatively by filtration, and the slightly yellow colored
solution containing NMPF at the concentration of 1.0 M was
obtained. As to the purity of the compound, although further
purification by recrystallization was not successful, the
solution showed a maximum ultraviolet absorption at 258 nm
as expected from the structure (data not shown) and, as
shown in Fig. 1, nuclear magnetic resonance (NMR) chemical
shifts were observed exclusively at 4.41 (three methyl-
protons), 8.79 (two ortho-protons), 8.07 (two meta-protons),
8.54 (a para-proton) and 8.46 ppm (formate proton). These
spectroscopic features were consistent with the assigned
structure and undeuterated hydrogens of 3-(trimethyl-
silyl)propionic-2,2,3,3-d4 acid sodium salt (TSP), an internal
standard, and revealed that our NMPF solution did not
contain possible contaminated materials except the solvent.
The aqueous solution of NMPF was stored in a refrigerator
until use.

Viral yields in the presence of NMPF. Monolayered cells in
35 mm-dishes were infected with the virus at an indicated
multiplicity of infection (MOI). The infected cells were
further incubated at 37˚C (for HSV-1 and influenza virus) or
35.5˚C (for poliovirus) for the indicated period in the serum-
free MEM containing 0.1% BSA and the indicated
concentrations of NMPF. In the case of the influenza virus,
acetylated trypsin (4 μg/ml) was also added to the medium
for the activation of virus infectivity. At the end of infection
with influenza virus, the culture medium was harvested, and
the amounts of infectious virus in the medium were deter-

mined as a total progeny virus. For HSV-1 and poliovirus,
the amount of total progeny virus in the infected culture was
determined at the indicated time after two or three cycles of
freezing and thawing of the infected cells along with the
culture media.

For the ‘time of addition experiment’, confluent mono-
layers of HEp-2 cells were incubated with HSV-1 for 60 min
at room temperature with continuous rocking on a rocker
platform (Bellco). The infection was initiated by incubating
the cells at 37˚C in MEM supplemented with 0.1% BSA. At
various times after infection, NMPF (40 mM) was added to the
culture medium. At 24-h post infection (h p.i.), the infected
cells together with the medium were harvested as described
above, and the amounts of infectious virus in the cell lysates
were assayed. 

Assay for virucidal activity. All the starting materials were
stored on ice prior to the virus inactivation experiments. A
virus preparation (25-μl) was mixed with a 475-μl aliquot
of the compound solution in a 1.5-ml plastic tube [~108 or
109 plaque-forming units (PFU)/ml], followed by incubation
at the indicated temperature. At intervals, aliquots of these
virus samples were 100-fold diluted with ice-cold phosphate-
buffered saline (PBS) containing 1% calf serum (for HSV-1
or poliovirus) or 0.1 % BSA (for influenza virus) to stop the
virucidal action of the compound. The viruses were further
diluted to determine the number of infectious viruses in the
treated preparation by plaque assay. All of the experiments
were conducted in duplicate or triplicate (8,9).

Determination of cytopathic effects (CPEs) and cell death.
Monolayers of HEp-2 (for HSV-1 and poliovirus) or MDCK
(for influenza virus) cells were mock-infected or infected
with the test virus at the indicated MOI. The infected cells
were incubated in the serum-free MEM containing 0.1%
BSA and the indicated concentrations of the compound. In
the case of the infection with influenza virus, the infected
cells were incubated in the serum-free MEM containing 0.1%
BSA and acetylated trypsin (4 μg/ml). The CPEs were deter-
mined by microscopic observation of the cells; approximate
amounts of rounded cells on monolayers were estimated
under a phase-contrast microscope.

To determine the extent of cell death in the cultures,
monolayered cells were trypsinized at the indicated time p.i.
to obtain a single-cell suspension. After the addition of MEM
containing 5% FBS to the suspension to neutralize the trypsin
and to stabilize the cells, the numbers of the living and dead
cells were determined by a dye-exclusion method with trypan
blue (10).

Results and discussion

Effect of N-methyl-pyridinium formate (NMPF) on the
multiplication of viruses. To examine the antiviral activities
of NMPF, we tested three viruses of completely different
virion structures and replication strategies; i.e., HSV-1
(Herpesviridae Family), influenza virus (Orthomyxoviridae
Family) and poliovirus (Picornaviridae Family). Both HSV-1
(a double-stranded DNA virus) and influenza virus (a
negative-stranded RNA virus) are large enveloped viruses
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Figure 1. NMR spectrum of the NMPF solutions. The NMR spectrum
captured by the 600 MHz apparatus using deuterated water containing TSP
as an internal standard.
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and require cell nuclei for the multiplication of the virus in
the infected cells (11,12), while poliovirus (a positive-stranded
RNA virus) is a small non-enveloped virus and replicates in
the cytoplasm of the infected cells (13).

Fig. 2 shows the effects of NMPF on the relative viral
yields of these three viruses, when the infected cells were
incubated in the medium, which contained the indicated
concentrations of the compound. The multiplication of HSV-1
in HEp-2 cells was the most sensitive to this compound; the
viral yield decreased as the compound concentration was
increased and, in the presence of 40 mM NMPF, the yield
decreased >100-fold. This decrease was 10-fold more promi-
nent than the decrease in the yield in the presence of 40 mM
sodium formate (data not shown), but not enough to explain
the observed antiviral activity of the coffee extract (1), since
the NMPF concentration in the extract was 1-2 mM at
maximum, depending on the degree of roasting of the coffee
beans (Oka et al, unpublished data).

In addition, the multiplication of two RNA viruses, i.e.,
influenza virus and poliovirus, were also affected by the
compound, but were not as sensitive as HSV-1. The multipli-
cation of the influenza virus in MDCK cells was affected
concentration-dependently by the compound showing a
>10-fold decrease in the viral yield at 40 mM NMPF, while
the multiplication of poliovirus in HEp-2 cells was less
affected by the compound; the progeny viral yields of the
poliovirus decreased <10-fold even at 40 mM NMPF. The
difference in the sensitivity to the compound between DNA
and RNA viruses is not known. One possible explaination for
this difference is that RNA viruses do not have a specific step
in their virus multiplication which is sensitive to the
compound, rather a non-specific retardation of the viral
growth by NMPF occurs, while HSV-1 has a primary
compound-sensitive step in the initial stage immediately after
the infection, as we describe later. 

The results, shown in Fig. 2, indicate that NMPF inhibits
the multiplication of both DNA and RNA viruses, which
widely differ in their virion structure (i.e., enveloped or non-
enveloped) and the way genome replication and transcription
occur (i.e., in the nucleus or in the cytoplasm of the infected
cells). The results also revealed antiviral activity of the
compound in completely different cells; MDCK cells are
derived from canine kidney cells and HEp-2 cells are from
human cervical carcinoma.

We previously found that coffee extracts exert, not only
antiviral activity against HSV-1, but also virucidal activity
against the same virus (1). Therefore, the virucidal activity of
NMPF was examined. HSV-1 or influenza virus was incubated
on ice for 60 min with the compound at different concen-
trations. As shown in Fig. 3, NMPF showed no apparent
virucidal activity against these two viruses. The infectivity of
HSV-1 or influenza virus was not affected by the compound
even at 200 mM. Similar results were obtained when the
viruses were incubated at 37˚C in the presence of the
compound. This demonstrates that the observed virucidal
activity of coffee extracts is due to a component (or
components) other than NMPF.

Multiplication of HSV-1 in the presence of NMPF. We
further characterized the mode of inhibitory action of NMPF
on HSV-1 infection. Fig. 4 shows one-step growth curves of
HSV-1 in HEp-2 cells in the presence or absence of NMPF.
In the absence of the compound, the progeny infectious virus
appeared after 6 h p.i. and increased rapidly for the following
8 h, leveling off to a plateau at ~14 h p.i. However, in the
presence of NMPF at 40 mM, the virus multiplication was
markedly suppressed. The formation of infectious progeny
virus appeared to start at 8 h p.i., but then increased only
slightly. The final viral yield was 100-fold less than the yield
in the absence of the compound, agreeing with the result in
Fig. 2. When the one-step growth curve was examined in the
presence of 20 mM NMPF, similar results were obtained
except that the degree of inhibition was less prominent; the
final yield was only 10-fold less than that of the control
untreated culture (data not shown). 
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Figure 2. Effect of NMPF on the viral yields. Confluent monolayers of HEp-2
(for HSV-1 and poliovirus) or MDCK (for influenza virus) cells were
infected with each of these three viruses at a MOI of 12 for HSV-1, 10 for
influenza virus and 10 for poliovirus. The infected cells were incubated
overnight in the medium containing varying concentrations of NMPF at
37˚C for HSV-1 and influenza virus or at 35.5˚C for poliovirus. At the end
of infection, the amounts of infectious progeny viruses were determined
and normalized to the viral yield in the absence of the reagent. ‡, HSV-1;
Δ, influenza virus; ∫, poliovirus. 

Figure 3. Direct virucidal effect of NMPF. Aliquots of the virus preparations
were incubated on ice for 60 min in the presence of various concentrations
of the reagent. The number of infectious viruses after the incubation was
determined by a plaque assay method. ‡, HSV-1; Δ, influenza virus.
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Previously, we quantitatively characterized the kinetics of
the viral DNA replication, the encapsidation of the viral
DNA, the envelopment of the nucleocapsids and the formation
of infectious progeny virus (5,14) and revealed that viral
DNA replication occurs exclusively between 3 and 6 h p.i. in
the HSV-1-infected cells. To examine the target of NMPF,
the compound was added to the infected cells at 8 h p.i., when
the replication of viral DNA had been completed and the large
amount of nucleocapsids had accumulated in the infected cells
(5,14). As shown in Fig. 4, the amounts of progeny virus
(closed triangles) continued to increase for additional hours
until the end of the virus multiplication with only a slightly
reduced progeny viral yield. These results clearly demonstrate
that the compound did not interfere with the virus multi-
plication after the viral DNA replication.

To further confirm this finding, we carried out a ‘time of
addition’ experiment on the HSV-1-infected HEp-2 cells.
After the adsorption of the virus at room temperature, the
infection was initiated by incubating the cells at 37˚C, and

the compound was then added to the culture medium at various
times p.i. At the end of the virus multiplication (24 h p.i.),
the infected culture was harvested, and the amounts of
progeny viruses were determined. As shown in Fig. 5, the
effect of NMPF was most prominent when added before 2 h
p.i., although the addition at later stages of the virus multipli-
cation was also significantly effective. Note that, prior to the
addition of the compound at 0 h p.i., the virus adsorption had
already been completed, indicating that the compound inhibits
the virus multiplication at stage(s) after the virus adsorption.
These results agree with the conclusions of the one-step
growth experiment and indicate that there is a critical
compound-sensitive step in the very initial stage (before 2 h
p.i.) of the virus multiplication, although there is also certain
compound-sensitive step(s) in the later stages of virus
multiplication.

Regarding this initial stage of the HSV-1 multiplication,
viral immediate early (IE) genes, such as ICP4 and ICP27,
are expressed by the host RNA polymerase with the help of
viral transactivator protein VP16, and these gene products
play roles in this stage of the infection to positively regulate
the transcription of early genes. It is of interest whether the
IE genes are expressed and play roles in the presence of
NMPF. Further studies may elucidate these questions.

Effect of NMPF on the infected cells. Previously, we
characterized the role of virus-induced apoptosis in the multi-
plication of several DNA and RNA viruses and observed that
the suppression of the progeny virus production by several
reagents is often accompanied by a significant acceleration of
virus-infected cell death (10,15; reviewed in refs. 16,17).
Tumor necrosis factor (TNF) and other compounds including
caffeine and octyl gallate showed a selective degeneration of
the virus-infected cells over the uninfected cells, resulting in
the abortion of the virus multiplication. In agreement with
these observations, the HSV-1-infected cells showed a notable
CPE (i.e., cell-rounding and detachment from the dish surface)
in the presence of NMPF, while HSV-1 usually did not
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Figure 4. One-step growth curves of HSV-1 in the presence or absence of
NMPF. Confluent monolayers of HEp-2 cells were infected with HSV-1 at a
MOI of 17. The infected cells were incubated at 37˚C in MEM containing
0.1% BSA (‡) or in the medium additionally containing 40 mM NMPF (●).
Some of the dishes with the infected cells received the same concentration of
the reagent at 8 h p.i. (▲). At the indicated time, the amounts of infectious
progeny virus were determined after three cycles of freezing and thawing of
the infected cells along with the culture medium. 

Figure 5. Effect of time of addition of NMPF on the final viral yields. HEp-2
cells, infected with HSV-1 at a MOI of 10, were incubated in MEM
containing 0.1% BSA. At various times after the infection, NMPF was
added to the culture medium at the final concentration of 40 mM. At 24 h
p.i., the amount of total progeny virus in each culture was assayed. Relative
viral yields in the reagent-treated cultures to that in the untreated culture
were calculated. Duplicate samples for each time point.

Figure 6. Effect of NMPF on the viability of infected cells. Confluent
monolayers of HEp-2 (‡, ●) or MDCK (Δ, ▲) cells were mock-infected (‡, Δ)
or infected with HSV-1 at a MOI of 12 (●) or with influenza virus at a MOI
of 8 (▲). The infected cells were incubated in MEM containing 0.1% BSA
or in the medium additionally containing indicated concentrations of NMPF
at 37˚C. At 12 h p.i. (Δ, ▲) or 20 h p.i. (‡, ●), the number of dead and living
cells were determined by dye-exclusion method with trypan blue.
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induce a significant CPE in the infected HEp-2 cells until
very late in the infection.

We examined the possible selective acceleration of the
infected cell death in the presence of the compound.
However, as shown in Fig. 6, when the relative amount of
dead cells in the HSV-1-infected HEp-2 cell culture and that
of the mock-infected culture in the presence of the indicated
concentrations of NMPF were examined at 20 h p.i., no
selective degeneration by NMPF of the virus-infected cells
over the uninfected cells was observed. Although the virus-
infected cells in the presence of the compound showed a
significantly high fraction of cell death, the amount of dead
cells was much more prominent in the uninfected cells
particularly at higher compound concentrations. These results
indicate that NMPF has cytotoxic effects on HEp-2 cells,
which can be suppressed by the infection with HSV-1,
probably due to the action of the viral antiapoptosis gene.

It must be noted that the antiviral activity of NMPF is
unlikely the result of the cytotoxicity of NMPF, since the
addition of the compound at 2 h p.i. did not show a similar
degree in the decrease in the viral yield at 24 h p.i. when
compared to the addition at 0 h p.i. (Fig. 5); although both 0
and 2 h p.i. are at a very early stage in the virus multiplication.
This is further supported by observations that the addition of
the compound at 8 h p.i. (a middle stage of the infection) did
not suppress the HSV-1 growth noticeably until 24 h p.i.
(Fig. 4).

In addition, in the case of influenza virus-infected MDCK
cells (Fig. 6) and poliovirus-infected Vero cells (data not
shown), the acceleration of both CPE and cell death by
NMPF, even if occurred, could not be detected, since these
two viruses themselves induced massive CPE and cell death
of the infected cells quickly after the infection. Evident from
the results in Fig. 6, the selective degeneration of the infected
cells is not likely to play a role in the inhibition of virus
multiplication by NMPF.

In conclusion, we demonstrated that (i) the multiplication
of HSV-1, influenza virus and poliovirus is sensitive to
NMPF, indicating that NMPF inhibits both DNA and RNA
viruses. In addition, (ii) NMPF inactivates none of these
three viruses and (iii) NMPF inhibits the multiplication of
HSV-1 primarily at the very initial step of the infection,
although some step(s) in the late stages of virus multipli-
cation is(are) also significantly sensitive to this reagent. (iv)
Although NMPF showed a significantly cytodegenerative
action, the observed antiviral effect is unlikely the result of the
selective acceleration of cell death in the infected cells.
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