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Inhibition by caffeic acid of the influenza A
virus multiplication in vitro
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Abstract. Caffeic acid has been shown to inhibit the multipli-
cation of influenza A virus in vitro, whereas caffeine, quinic
acid and chlorogenic acid do not. Caffeic acid has also been
shown to have antiviral activity against herpes simplex virus
(DNA virus) and polio virus (RNA virus). In the present study,
a comparison of the one-step growth curve of the influenza
virus in the presence of caffeic acid with that in the absence
of the reagent showed that an eclipse period of the virus multi-
plication in the infected cells was not affected by the reagent,
while the progeny virus yield was markedly decreased in the
presence of caffeic acid. In additional experiments, it was
found that the addition of caffeic acid at an early time point
post-infection (within 3 h post-infection) was mandatory for
extensive antiviral activity, suggesting that a major target of the
reagent exists in the early stages of infection. Simultaneously
with the decrease in the progeny virus yield, both the virus-
induced cytopathic effects and apoptotic nuclear fragmentation
were markedly suppressed by the reagent, suggesting that
caffeic acid suppresses, at least temporally, the degeneration of
the virus-infected cells and that the observed antiviral activity
is likely not the secondary result of the cytotoxic effects of the
reagent. These results suggest the potential pharmacological
use of caffeic acid or its derivatives as an antiviral drug against
influenza A virus.
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Introduction

The control of influenza A virus infection poses a major social
and economical issue. Although neuraminidase inhibitors have
been used as an effective treatment for influenza infection, the
rapid development of drug-resistant variants of the virus often
limits the applicability of these antiviral drugs with single
targets. Thus, there is a constant need for the development of
novel anti-influenza drugs. Considering the potential safety of
natural dietary products, in previous studies, we examined the
antiviral and virucidal activities of various natural products
and their components (1-3, reviewed in ref. 4). We found that
caffeic acid inhibits the multiplication of herpes simplex virus
type 1 (HSV-1) in vitro by interfering mainly with the early
stages of HSV-1 multiplication in the infected cells prior to the
completion of viral genome DNA replication, independently of
its cytotoxic action (5).

Caffeic acid (3,4-dihydroxycinnamic acid) is one of the
abundant plant-derived polyphenol compounds with 2 phenolic
hydroxyl groups and is known to have antioxidant activity (6).
This compound is the major metabolite produced by the hydroly-
zation of chlorogenic acid, which is commonly found in a variety
of foods, including coffee, fruits, vegetables and grains. In the
present study, we aimed to further characterize the antiviral
activities of caffeic acid against a variety of viruses with different
replication mechanisms. We found that the reagent effectively
inhibited the multiplication of influenza A virus in MDCK cells,
as well as the virus-induced cytopathic effect (CPE). We present
the results of an in vitro virological characterization of the anti-
viral activity of caffeic acid against influenza A virus.

Materials and methods

Cells and viruses. The MDCK cells (obtained from Dr Katsuhisa
Nakajima, Nagoya City University, Nagoya, Japan), HEp-2
cells (obtained from Dr Takahiro Uchida, Tokushima
University, Tokushima, Japan) and Vero cells (obtained from
Dr Kamesaburo Yoshino, University of Tokyo, Tokyo, Japan)
were grown in Eagle's minimum essential medium (MEM)
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(Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) containing 5%
fetal bovine serum (FBS) (Euroclone, Pero, Italy). Influenza
virus A/Aichi/68 (H3N2) (obtained from Dr Katsuhisa
Nakajima, Nagoya City University), Sabin strain of poliovirus
type 1 (PV-1) (from Dr Akio Nomoto, University of Tokyo) and
HSV-1 strain F (from Dr Bernard Roizman, Chicago University,
Chicago, IL, USA), were used throughout the experiments. The
influenza virus was propagated in the MDCK cells in MEM
supplemented with both 0.1% bovine serum albumin (BSA)
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) and
acetylated trypsin (4 pg/ml) and stored at -80°C until use. The
amounts of the viruses were measured by a plaque assay as
previously described (7-9). Briefly, Vero (for PV-1 and HSV-1)
or MDCK (for influenza virus) cell monolayers were washed
once with Dulbecco's phosphate-buffered saline without Ca**
and Mg** (PBS) and received an aliquot of the virus suspension
in PBS containing 0.5% FBS (for PV-1 and HSV-1) or 0.1% BSA
(for influenza virus), followed by an incubation for 60 min at
room temperature with mechanical rocking on a rocker plat-
form (Taitec Co., Ltd., Koshigaya, Saitama, Japan). The infected
cell monolayer were incubated at 37°C (for HSV-1 and influenza
virus) or at 35.5 °C (for PV-1) in MEM containing 0.5% FBS and
0.68% methylcellulose (Nacalai Tesque Inc., Kyoto, Japan) for
PV-1 and HSV-1 or in MEM containing 0.6% Difco agar noble
(Becton, Dickinson and Co., Sparks, MD, USA) and 5.3 pg/ml
acetylated trypsin (Sigma-Aldrich Corp., St. Louis, MO, USA)
for influenza virus until the formation of plaques.

Effect of the reagent on the virus yields. Caffeic acid, quinic acid
and chlorogenic acid were obtained from Wako Pure Chemical
Industiries, Ltd. (Osaka, Japan). The reagent solution (1.0 or
100 mM) was prepared by dissolving the reagents in hot water
and neutralizing its acidity with 1 N sodium hydroxide solution,
followed by filtration through a Millipore Dimex membrane
(pore size 0.22 ym; Merck Millipore, Billerica, MA, USA).
Monolayered cells in 35 mm-dishes were infected with the
viruses at an indicated multiplicity of infection (MOI). The
infected cells were further incubated at 37°C (for influenza
virus and HSV-1) or 35.5°C (for PV-1) for the indicated periods
of time in serum-free MEM containing both 0.1% BSA and the
indicated concentrations of the reagent. For the influenza virus,
acetylated trypsin was added to the infected culture and, at the
indicated time point, the culture medium of the infected cells was
harvested and the amount of the progeny virus in the medium
was determined by a plaque assay as previously described (8).

Determination of CPE and apoptotic cell nuclei. Confluent
monolayers of MDCK cells were mock-infected or infected
with the influenza virus and were then incubated at 37°C for
the indicated periods of time in serum-free MEM containing
0.1% BSA and acetylated trypsin, supplemented with the indi-
cated concentrations of the reagent. The CPE was determined
by a microscopic observation of the cells; approximate amounts
of rounded cells on cell monolayers were estimated under a
phase-contrast microscope (Eclipse E800 model; Nikon Corp.,
Tokyo, Japan).

Apoptotic cell nuclei were observed after the cells were fixed
with methyl alcohol/acetic acid (3:1) and stained for 10 min with
the DNA-binding dye, Hoechst 33258 (0.05 pg/ml), according to
the method previously described in the study by McGarrity (10).
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Figure 1. Effect of caffeic acid on the multiplication of influenza virus.
Confluent monolayers of MDCK cells were infected with influenza A virus at a
multiplicity of infection (MOI) of 9. The infected cells were incubated at 37°C
for 12 h in medium containing 0.1% bovine serum albumin (BSA) and acety-
lated trypsin, supplemented additionally with the indicated concentrations of
caffeic acid, chlorogenic acid, quinic acid or caffeine. At the end of infection,
the amounts of infectious progeny viruses were determined and normalized
to the virus yield in the absence of the reagent. O, caffeine; a, caffeic acid;
0, quinic acid; ©, chlorogenic acid.

Results and Discussion

Effects of caffeic acid on the multiplication of influenza A
virus. As shown in Fig. 1, we compared the effects of caffeic
acid, caffeine, quinic acid and chlorogenic acid on the multi-
plication of influenza A virus in the MDCK cells. Chlorogenic
acid is an esterified form of caffeic acid with quinic acid and
is one of the most widely consumed polyphenols abundant in
dietary foods, particularly in coffee. When the virus was prop-
agated in the presence of the indicated concentrations of these
compounds, the virus yield at 12 h post-infection (p.i.) was
compared to the yield in the absence of the compounds. The
yield markedly decreased with the increasing concentrations
of caffeic acid, but not with any of the other 3 compounds.
At a dose of 4 mM caffeic acid, the yield of influenza A virus
was approximately 100-fold lower than that in the absence of
the reagent, while, even at higher concentrations (6 or § mM),
caffeine, quinic acid or chlorogenic acid had insignificant
effects on the virus yields. Although caffeine did not suppress
the multiplication of influenza A virus even at § mM (Fig. 1,
cirle), we have previously found that both caffeic acid and
caffeine, but neither chlorogenic acid nor quinic acid, inhibit
the multiplication of HSV-1 in HEp-2 cells (5), indicating that
caffeic acid suppresses the multiplication of both DNA and
RNA viruses, in contrast to the selective antiviral activity of
caffeine which is effective only against HSV-1 (11).

In addition, in conjunction with the decrease in the virus
yield in the presence of caffeic acid, the virus-induced CPE of
the infected cells was also suppressed; although not completely,
the cell rounding and ballooning, as well as the detachment
from the dish surface in the influenza virus-infected cells in
culture were significantly suppressed even at 12 h p.i. in the
presence of caffeic acid at 4 mM. No such suppression of CPE
was observed with the other 3 compounds (data not shown).

The antiviral effects of caffeic acid against influenza A
virus were compared with those against other DNA and RNA
viruses (i.e., HSV-1 and PV-1, respectively). These 3 viruses
have a different genome structure and replication strategy in the
infected cells; HSV-1 has a double-stranded DNA genome which
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Figure 2. Comparison of antiviral activity of caffeic acid against DNA and RNA
viruses. Confluent monolayers of HEp-2 (for HSV-1 and PV-1) or MDCK (for
influenza A virus) cells were infected with each of these viruses at a multiplicity
of infection (MOI) of 10 for HSV-1, 9 for influenza virus and 5 for PV-1. The
infected cells were incubated overnight in medium containing the indicated
concentrations of caffeic acid at 37°C for HSV-1 and influenza A virus or at
35.5°C for PV-1. At the end of infection, the amounts of infectious progeny
viruses were determined and normalized to the virus yield in the absence of the
reagent. O, HSV-1; 4, influenza A virus; 0, PV-1.
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Figure 3. Effect of caffeic acid on the infectivity of influenza A virus. The
virus was incubated on ice for 60 min in PBS (pH 7.4) containing 0.1% bovine
serum albumin (BSA) and the indicated concentrations of caffeic acid (O) or
caffeine (»). Following incubation, the amounts of infectious viruses in PBS
were determined and normalized to those in the absence of the reagent.

replicates in the nucleus (12) and PV-1 has a positive-stranded
RNA genome which replicates in the cytoplasm (13), while
influenza A virus has a negative-stranded RNA genome which
replicates in the nucleus of the infected cells (14). When the
PV-l-infected or HSV-1-infected HEp-2 cells or influenza virus-
infected MDCK cells were incubated in the medium-containing
various concentrations of caffeic acid, the yield of the respective
virus markedly decreased in a concentration-dependent manner;
these effects were more prominent for PV-1 and influenza A virus
than for HSV-1 (Fig. 2). These results confirm that caffeic acid
can inhibit both DNA and RNA viruses regardless of cell type
and suggest that RNA viruses are more sensitive to the reagent
than DNA viruses. The results also indicate that both enveloped
(influenza virus and HSV-1) and non-enveloped (PV-1) viruses
are sensitive to caffeic acid. It may be noteworthy that, although
PV-1 induced massive CPE in the infected HEp-2 cells, CPE
induced by PV-1 infection was also markedly suppressed by the
addition of caffeic acid (data not shown), similar to the effects
observed by infection with the influenza virus.
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Figure 4. Effect of caffeic acid on the one-step growth curve of influenza A
virus. Confluent monolayers of MDCK cells were infected with influenza A
virus at a multiplicity of infection (MOI) of 7. The infected cells were incubated
at 37°C for 8 h in Eagle's minimum essential medium (MEM) containing 0.1%
bovine serum albumin (BSA) and acetylated trypsin supplemented with (a) or
without (0) 2.0 mM caffeic acid. At the indicated time point, the amounts of
infectious progeny viruses in the culture medium were determined.

Effects of caffeic acid on virus infectivity and cell viability. The
direct effects of caffeic acid on the infectivity of influenza A
virus were measured by incubating the virus in PBS containing
0.1% BSA and various concentrations of caffeic acid or caffeine.
The viral infectivity was not affected by caffeic acid or caffeine
even at the concentration of 40 mM (Fig. 3). This concentration
is much higher than that used for the antiviral assay described
above (Figs. 1 and 2), indicating that the observed antiviral
activity is not a result of the virucidal effects of caffeic acid.

In addition, although we have previously found (5) that
caffeic acid has significant cytotoxic activity during the
prolonged incubation of cells (>24 h), the cytotoxicity was
mild and not sufficiently strong (data not shown) to explain
the observed antiviral effect, particularly by a short incubation
period for the antiviral assay against influenza virus (<12 h). The
suppression by caffeic acid of CPE of influenza virus-infected
or PV-1-infected cells also suggests that the cytotoxic effects of
caffeic acid are unlikely to result in the observed decrease in
virus yields by caffeic acid.

One-step growth curve in the presence of caffeic acid. To
characterize the mode of the antiviral action of caffeic acid on
the multiplication of influenza A virus, a one-step growth curve
was examined in the presence of 2 mM caffeic acid. In the
absence of the reagent (circle), the number of infectious progeny
viruses began to increase at 3 h p.i. and reached the plateau at
7 to 8 h p.i. in the culture medium of the infected MDCK cells
(Fig. 4). Under these conditions (in the absence of the reagent),
CPE by the virus infection was hardly observed before 6 h p.i.,
when a small number of round cells appeared in the infected
cultures. At 6 h p.i., the number of rounded cells increased with
time, followed by the gradual detachment of the cells from the
dish surface (data not shown). At 10 h p.i., the majority of the
infected cells became rounded and only a limited fraction of
the infected cells remains attached to the dish.

The addition of 2 mM caffeic acid at the beginning of virus
multiplication induced a marked decrease in the number of
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Figure 5. Effect of caffeic acid on the nuclear morphology of the infected cells. Confluent monolayers of MDCK cells were mock-infected (A and C) or infected
with influenza A virus at a multiplicity of infection (MOI) of 7 (B and D). The infected cells were incubated at 37°C for 8 h in MEM containing 0.1% BSA
and acetylated trypsin supplemented with (C and D) or without (A and B) 2.0 mM caffeic acid. At 8 h post-infection, the cells were fixed and stained with
Hoechst H33258 and the nuclear morphology of the cells was examined under fluorescent microscope.

£

Virus yield (PFUx10%)

01

Time (hpi)

Figure 6. Effect of the time of the addition of caffeic acid on the virus yield.
Two groups of confluent monolayers of MDCK cells were infected with influ-
enza A virus at a multiplicity of infection (MOI) of 13 and incubated in Eagle's
minimum essential medium (MEM) containing 0.1% bovine serum albumin
(BSA) and acetylated trypsin. At the indicated time point after infection,
(1) the infected cells cultured in one dish were harvested and the amount of
the infectious virus was determined to reveal a one-step growth curve (open
circle) and (2) the infected cells cultured in another dish received caffeic acid
at the final concentration of 4.0 mM, followed by further incubation in the
presence of the reagent until 9 h post-infection and the progeny virus in each
culture was harvested to determine the amount of the final progeny virus yield
in the presence of the reagent (black bar). hpi, hours post-infection.

infectious viruses in the early stage of the virus multiplica-
tion, followed by an accelerated increase in the number of the
progeny viruses (Fig. 4). These results showed that the length
of the eclipse period of the formation of the progeny virus in
the influenza virus-infected cells was not affected by caffeic
acid, although the number of infectious viruses produced in
this period was greatly reduced, followed by a recovery of the
formation of infectious viruses at the middle stage of the virus
multiplication (3 to 5 h p.i.). These results suggest that caffeic
acid mostly inhibits the multiplication of influenza virus in the
early stages of viral replication in the infected MDCK cells.
In addition, the one-step growth experiment revealed that
caffeic acid suppressed not only virus multiplication, but also
CPE induced by the infection with influenza virus. The onset

of CPE by viral infection was delayed in accordance with the
suppression of progeny virus production; a small number of
the rounded cells appeared at 8 h p.i. and, at 10 h p.i., a signifi-
cant fraction (approximately 20%) of the infected cells became
rounded and the number of the detached cells was clearly
lower than that in the absence of caffeic acid (data not shown).

Effect of caffeic acid on the induction of apoptosis. As
described above, the presence of caffeic acid in the culture
medium effectively suppressed the virus-induced cytotoxic
effects in the influenza A virus-infected culture. Previously,
we found that the infection with influenza virus induces
apoptosis in the infected cells and compared the kinetics of
the induction of apoptosis in the influenza virus-infected cells
with that of the formation of progeny viruses (8). When the
virus-infected cells in the absence of the reagent were fixed and
stained with the DNA-binding dye, Hoechst 33258, apoptotic
cell nuclei with characteristic morphology (i.e., condensation
and fragmentation of cellular chromatin) appeared at 6 h p.i.
in some (1-2%) of the infected cells and the number of cells
with these apoptotic nuclei increased with time. As shown
in Fig. 5, the majority (approximately 70% or more) of the
cells showed apoptotic nuclei at 8 h p.i. (Fig. 5B) in contrast
to the mock-infected cells (Fig. 5A). In agreement with the
observed suppression of the CPE by caffeic acid, the virus-
induced apoptosis was greatly suppressed in the presence of
the reagent; only a few (1-5%) of the cells showed apoptotic
nuclei at 8 h p.i. (Fig. 5D). Fig. 5 also shows that incubation
with caffeic acid alone did not induce apoptosis (Fig. 5C), in
agreement with the lack of notable cytotoxicity of the reagent.

Target of caffeic acid in the influenza virus multiplication.
Hatada et al (15) reported that viral RNA replication occurs
between 3 and 6 h p.i. in the influenza virus-infected MDCK
cells and, then, the formation of progeny viruses takes place
in conjunction with the envelopment of RNA nucleocapsids at
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the plasma membrane, followed by the release of the virus to
the culture medium (14). In our study, the formation of progeny
viruses began at approximately 4 h p.i. and was completed at 7
to 8 h p.i. under our experimental conditions (Fig. 4).

To further examine the target of the antiviral action of
caffeic acid on the multiplication process of influenza virus,
the ‘time of addition experiment’ was carried out. As shown in
Fig. 6, 4 mM caffeic acid was added to the infected culture at
various time points after infection and the virus yield at the end
of virus multiplication (black bar) was compared to the virus
yield at the time of the addition of the reagent (open circle). The
amounts of progeny virus (black bar) were markedly suppressed
when the infected cells received the reagent in the early stage of
the infection, such as at 0, 2 or 3 h p.i. When the cells received
caffeic acid at 3 h p.i., a notable degree of the suppression of the
progeny virus formation was observed; however, the degree of
the suppression became less and less prominent with the delay
of the addition of the reagent to the infected cell culture. For
example, the amount of the infectious viruses at 3 and 4 h p.i.
was 0.95 and 1.26, respectively (open circles at 3 and 4 h p.i.).
However, when caffeic acid was added at these time points and
cell culture was continued, the final virus yields at 9 h p.i. were
12.4 and 70.8, respectively, meaning that, by the addition of
the reagent at 4 h p.i., but not at 3 h p.i., progeny virus forma-
tion continued significantly after the addition of the reagent.
Although 70.8 was clearly less than the virus yield without the
addition of caffeic acid (i.e., 207), it was far greater than the
amount of the infectious virus formed at 4 h p.i. (i.e., 1.26). Thus,
it is evident that, although the addition of caffeic acid greatly
affects the progeny virus formation, it does not notably suppress
the formation by the addition at 4 h p.i. or at a later stage.

Taking the results from the study by Hatada ez al (15) into
consideration, it is suggested that i) caffeic acid strongly inter-
feres with the virus multiplication when added before the onset
of RNA replication (i.e., 3 h p.i.); ii) it affects the formation of
progeny virus to a limited extent when added after the onset of
RNA replication (4 h p.i. or later). These results are in agreement
with the results shown in Fig. 4 and confirm that the main target
of caffeic acid is during the early stage of virus multiplication.

In this study, we demonstrate that caffeic acid effectively
inhibits the multiplication of influenza A virus. This antiviral
effect of caffeic acid is unlikely to be the secondary results
of cytotoxicity of the reagent or the direct inactivation of the
virus (virucidal effect), but is more likely due to the specific
interaction of caffeic acid to cellular and/or viral proteins
involved in viral genome replication processes. Both the results
in Figs. 4 and 6 reveal that caffeic acid mainly interferes with
the multiplication of influenza A virus in the early stage of
viral multiplication, possibly at the step(s) for a preparation
of the replication of viral genome RNA in the infected cells.
Caffeic acid has been known to directly interact with proteins.
For example, Kang et al (16) found a specific binding of caffeic
acid to Fyn kinase, one of the members of the non-receptor
protein kinase family, resulting an inhibition of the enzyme
activity and Trnkova et al (17) also examined a binding
constant of caffeic acid to bovine serum albumin. These direct
interactions between caffeic acid and proteins suggest that
caffeic acid inhibits virus multiplication by directly binding
and interacting with certain enzyme(s) necessary for preparing
viral RNA replication in influenza virus-infected cells.
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In addition, the results of our study on the morphological
alteration of the infected cells and cell nuclei (Fig. 5) revealed
that, in addition to the inhibition of virus multiplication, caffeic
acid suppressed the induction of cytopathogenic changes of the
infected cells, such as CPE and apoptosis, confirming the weak
cytotoxicity of the reagent. The observed antiviral activity
without notable cytotoxicity supports a potential application
of caffeic acid or its derivatives as an anti-influenza viral drug.
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