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bstract

We have investigated the inhibitory effect of trans-cinnamaldehyde (CA), one of the principal constituents of essential oil derived from Cinnamomi
ortex, on the growth of influenza A/PR/8 virus in vitro and in vivo. When 1-h drug treatment was initiated at various times post-infection (p.i.) in
adin–Darby canine kidney cells using a fixed dose of CA (40 �M), the maximum inhibitory effect (29.7% virus yield of control) was obtained
hen drug treatment was started at 3 h p.i. Under the same treatment schedule, CA inhibited the virus growth in a dose-dependent manner

20–200 �M), and, at 200 �M, the virus yield was reduced to an undetectable level. RT-PCR and SDS-PAGE analyses showed that CA inhibited
iral protein synthesis at the post-transcriptional level. In mice infected with the lung-adapted PR-8 virus, inhalation (50 mg/cage/day) and nasal
noculation (250 �g/mouse/day) of CA significantly increased survival rates on the 8 days to 100% and 70%, respectively, in contrast to a survival

ate of 20% in the untreated control group. Importantly, inhalation of CA caused virus yield reduction by 1 log in bronchoalveolar lavage fluid on
ay 6 after infection, compared with that of the untreated control group. These findings might provide further support to the empirical indication
f Cinnamomi cortex-containing Kampo medicines for acute respiratory infectious diseases.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Based on the theory of Kampo (traditional Japanese)
edicine, several herbs are empirically mixed as a formula

or the treatment of various diseases and pathological condi-
ions. For years, several Kampo medicines have been used in
he field of infectious respiratory diseases including influenza.
o obtain a better understanding of the mechanisms of the
herapeutic effect of such Kampo medicines, an in vitro exam-
nation of each component might be important. Our serial
nti-influenza research has revealed that Ephedra sinica Stapf
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Ephedrae herba) and Zingiber officinale Roscoe (Zingiberis sic-
atum rhizoma), both representative herbs of Kampo medicines
sed for the treatment of respiratory infections, could inhibit
he growth of influenza virus in vitro. Interestingly, the for-

er herb could inhibit the growth of influenza A and B
iruses by direct addition to the cultures of infected cells
wing to the suppression of acidified cellular compartments
ssential for the uncoating process of influenza virus (Mantani
t al., 1999, 2001). In contrast, the latter herb could not
nhibit influenza virus growth by direct addition to infected
ells, but it could exert an inhibitory effect indirectly via the
ctivation of macrophages, leading to tumor necrosis factor-
production (Imanishi et al., 2006). These findings clearly
emonstrated that several herbs in Kampo medicines have the
otential to inhibit the growth of influenza virus in various
ays.

mailto:ochiai@med.u-toyama.ac.jp
dx.doi.org/10.1016/j.antiviral.2007.01.003
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Several reports have documented that Cinnamomi cortex
Cinnamomum cassia Blume) and its derivative, cinnamalde-
yde (CA), exhibit various biological activities in vitro, such as
ntibacterial activity (Chang et al., 2001), induction of apopto-
is via reactive oxygen species (Ka et al., 2003), and inhibition
f nitric oxide synthesis (Lee et al., 2002). However, little is
nown about the antiviral activity of CA. This study was there-
ore undertaken to clarify whether CA could inhibit the growth
f influenza virus in Madin-Darby canine kidney (MDCK) cells
n a manner different from that of Ephedrae herba and Zingiberis
iccatum rhizoma, and to extend the in vitro findings to influenza
irus-induced pneumonia in mice.

. Materials and methods

.1. Drugs

Trans-cinnamaldehyde (CA; Wako Pure Chemicals, Osaka,
apan) was freshly dissolved in dimethyl sulfoxide (DMSO)
t 40 mM and then diluted with serum-free Eagle’s mini-
um essential medium (MEM) or Dulbecco’s modified MEM

DMEM) to the appropriate concentrations (10–400 �M).
hese drug solutions were sterilized through a millipore
lter (Millipore Corporation, Billerica, MA). DMSO (1%)-
ontaining medium was used as control throughout the
xperiments in vitro. The chemical structure of CA is shown
n Fig. 1.

.2. Virus and cells

Influenza A/PR/8/34 (PR8) virus (H1N1 subtype) was prop-
gated for 3 days at 35 ◦C in the chorio-allantoic cavities of
0-day-old embryonated hen eggs. The infected allantoic flu-
ds were clarified by centrifugation at 1000 × g for 20 min
nd stored in small portions at −80 ◦C as a virus stock solu-
ion. The allantoic fluids containing A/USSR/92/77 (USSR)

H1N1), A/Aichi/2/68 (Aichi) (H3N2), or B /Lee/40 (Lee)
irus were also prepared as above. MDCK cells were cultured
s a monolayer in MEM supplemented with 8% fetal bovine
erum.

Fig. 1. Chemical structure of CA.
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.3. Cytotoxicity assay

A subconfluent monolayer of MDCK cells in a 96-well
late (Falcon, Becton Dickinson, Franklin Lakes, NJ) was
ultured in serum-free MEM with various concentrations
f CA at 37 ◦C for 24 h. Thereafter, the cells were pro-
essed for the MTT assay, a sensitive method for monitoring
ytotoxicity based on the detection of mitochondrial enzy-
atic activity reacting with a chromogenic substrate, the

olor development of which was read at an optical den-
ity (OD) of 580/630 nm (Mosmann, 1983). Control cells
ere cultured in the same manner under drug-free condi-

ions. Triplicate cultures were used so as to perform statistical
nalysis.

.4. Virus growth assay

Confluent monolayers of MDCK cells in a 24-well plate
Falcon, Becton Dickinson) were challenged with PR8 virus
t a multiplicity of infection (MOI) of 5 plaque-forming units
PFU)/cell under drug-free conditions. After 60-min absorption
t room temperature, the infected cells were washed three times
ith phosphate-buffered saline (PBS) to remove unabsorbed
iruses, and were then cultured in serum-free MEM at 37 ◦C.
his time point was designated as 0-h post-infection (p.i.).
o evaluate the inhibitory effect of drugs, the infected cells
ere cultured in the presence of CA, or received 1-h drug

reatment initiated at various time points within 6 h p.i. The
ontrol-infected cells also received the same treatment with
% DMSO-containing medium. After 10-h incubation, the
ultures were processed through three cycles of freezing and
hawing, and clarified by a low speed centrifugation (500 × g
or 10 min) to determine virus yield in the supernatants by
laque titration on MDCK cells (Tobita, 1975), or hemagglu-
ination (HA) titration as described previously (Ochiai et al.,
995). Triplicate cultures were used so as to perform statistical
nalysis.

.5. Reverse transcriptase polymerase chain reaction
RT-PCR)

A confluent monolayer of MDCK cells in a 6-cm dish
as infected and washed as above, and incubated in drug-

ontaining MEM. At certain time points p.i., total RNA
xtracted from the cells (Chomczynski and Sacchi, 1987)
as reverse-transcribed with reverse transcriptase (Superscript

I, Gibco BRL, Rockville, MD) and oligo dT16 primer.
he reverse transcription products served as templates for
CR, consisting of 25 cycles of denaturation (94 ◦C for
min), annealing (55 ◦C for 2 min), and extension (72 ◦C

or 3 min), using a Thermal Cycler (Perkin-Elmer, Boston,
A) and oligonucleotide primers. The parallel expression of

lyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA

as tested under the same PCR conditions as an internal

tandard. The primer sequences were the same as those of
revious reports (Vabret et al., 2000; Prime et al., 1998). For
uantification, PCR bands on the gel were scanned using a
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examined in a dose range of 20–200 �M when 1-h drug treat-
ment was initiated at 3 h p.i. As shown in Fig. 3, the virus yield at
20 �M was 62.3% of control, and decreased in a dose-dependent
fashion (29.7% and 8.3% for 40 �M and 80 �M, respectively).

Table 1
Inhibitory effect of CA on the growth of influenza A and B viruses in MDCK
cells

Virus Subtype HA titers at 10 h p.i. in culture supernatants in the
presence of the indicated CA concentrations (�M)

40 20 10 (–)
K. Hayashi et al. / Antiv

omputer analysis system (EDAS290 v3.5, Eastman Kodak,
ew Haven, CT), and the viral mRNA signal was normal-

zed relative to the corresponding GAPDH mRNA signal from
he same sample. Data are presented as the mRNA/GAPDH
atio.

.6. Assay of protein synthesis

A confluent monolayer of MDCK cells in a 24-well plate
as infected and washed as above, and cultured in drug-free
MEM. Thereafter, the cells received 1-h drug treatment ini-

iated at 3 h p.i. After incubation for certain periods, the cells
ere pulse-labeled for 1 h with 10 �Ci of 35S-methionine in
ethionine-deficient DMEM (Kurokawa et al., 1990) and lysed

o analyze protein synthesis by electrophoresis on a 12.5%
olyacrylamide gel in Tris-glysine-SDS buffer (SDS-PAGE)
Laemmli, 1970). The protein bands on gel fluorography were
nalyzed using a computer analysis system (BAS 5000, FUJI-
ILM, Tokyo, Japan).

.7. Influenza virus-induced pneumonia in mice

An outbred specific-pathogen-free strain of ICR female mice,
hich were 4 weeks old (body weight, approximately 17 g;
ankyo Laboratory Service Co., Ltd., Japan), was used for

nfection or mock-infection by intranasal inoculation of a virus
uspension containing 5000 PFU/25 �l (four 50% lethal doses of
irus) of a mouse lung-adapted PR8 virus (Sakai et al., 2000).
he mice, divided into three groups each consisting of 25–30
ice, were kept in independent facilities with independent air-

onditioning systems according to the way of drug treatment.
n the intranasal administration group, mice received intranasal
noculation of CA (250 �g/mouse/day) once per day during the
xperiments following the first inoculation at 1 h p.i. In the
nhalation group, the drug (50 mg/ml water) in a small con-
ainer was placed in the cage under a metallic net to prevent its
ral intake and left for natural vaporization until daily change.
oncentration of the vaporized CA was not determined. The

ast group, as control, did not receive drug treatment. Five mice
er cage were kept at constant room temperature (20 ± 2 ◦C) in
12-h light/dark cycle with free access to food and water. In

ddition to daily observation of survival and body weight, 4–6
ice were killed on day 6 p.i. for preparation of bronchoalve-

lar lavage fluid (BALF) via tracheal cannula to examine virus
ields (Sakai et al., 2000). This experimentation was approved
y the Committee on Animal Experimentation, University of
oyama.

.8. Statistical analysis

Values were presented as mean ± standard deviation (S.D.)

f more than three observations. Significance of differences was
ested by Student’s t-test for the comparison of duplicate means
nd by one-way analysis of variance follow by Bonferroni-
orrection for the comparison of multiple means. P < 0.05 was
onsidered statistically significant.

A
A
A
B

T
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. Results

.1. Cytotoxic activity of CA against MDCK cells

When a subconfluent monolayer of MDCK cells was cultured
n the presence of various concentrations of CA for as long as
4 h, the MTT assay showed that the OD value of control cells
as 0.386 (mean of triplicate cultures), whereas the values of
rug-treated cells at concentrations of 40 �M, 80 �M, 200 �M
nd 400 �M were 0.337, 0.325, 0.310, and 0.358, respectively.
hese data indicate that the cytotoxic activity of CA could be

uled out in a dose range of less than 400 �M and, consequently,
00 �M and less was used for the virus growth assay described
elow.

.2. Effect of -CA on the growth of influenza A and B
iruses in MDCK cells

To test the inhibitory effect of CA on the growth of influenza
iruses, the cells were infected with PR8, USSR, Aichi or Lee
irus under a drug-free condition and cultured in the presence of
arious concentrations of CA (10 �M to 40 �M). As shown in
able 1, HA titer at 10 h p.i. was 128 in PR8 virus-infected cells.
owever, these values decreased to 16, 8 and less than 4 in the
resence of 10 �M, 20 �M and 40 �M of CA, respectively. In
he case of other virus strains, the similar reduction in HA titers
as also observed. These data indicate that CA has potential

or the inhibition of influenza virus growth in a dose-dependent
ashion without virus strain specificity.

To extend these findings, the cells were infected with PR8
irus under a drug-free condition and received 1-h drug treat-
ent with 40 �M initiated at various times p.i. As shown

n Fig. 2, the virus yield of untreated control cells was
.0 × 104 PFU/ml at 10 h p.i. However, these values tended to
ecrease with drug treatment initiation up to 3 h p.i. Drug treat-
ent started immediately after infection showed no significant

nhibitory effect (78.1% virus yield of the control), but the max-
mum inhibition (29.7% virus yield of the control) was obtained
hen drug treatment was started at 3 h p.i. This inhibitory effect

hen weakened again toward 5 h p.i.
Based on these findings, the dose-related inhibitory effect was
/PR/8 H1N1 <4 8 16 128
/USSR H1N1 <4 8 16 128
/Aichi H3N2 <4 16 64 256
/Lee <4 8 16 64

he representative data from three experiments are shown.
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Fig. 2. Time-related inhibitory effect of CA on the growth of influenza PR8 virus
in MDCK cells. A confluent monolayer of MDCK cells in a 24-well plate was
infected with PR8 virus at a multiplicity of infection (MOI) of 5 PFU/cell. At the
indicated times p.i., infected cells received 1-h treatment with CA (40 �M). After
10-h incubation, culture supernatants were collected to examine virus yields by
plaque assay. Data are expressed as the percent of virus yield in control-infected
cells receiving 1-h treatment with a drug-free medium. Data are expressed as
mean (column) ± S.D. (thin bar) of triplicate cultures.

Fig. 3. Dose-related inhibitory effect of CA on the growth of influenza PR8 virus
in MDCK cells. A confluent monolayer of MDCK cells in a 24-well plate was
infected with PR8 virus at an MOI of 5 PFU/cell under drug-free conditions. At
3 h p.i., the infected cells received 1-h treatment with various concentrations of
CA and then were further cultured in drug-free medium. After 10-h incubation,
culture supernatants were collected to determine virus yield. Data are expressed
as mean (column) ± S.D. (thin bar) of triplicate cultures.
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inally, virus growth was not observed at all at 200 �M. These
ndings suggest that CA has the potential to inhibit virus growth

n a unique manner, targeting a mid-stage of the virus growth
ycle.

.3. Effect of CA on the synthesis of viral mRNAs and
roteins

As viral mRNA, as well as viral proteins, are synthesized in
id-stage, their syntheses were compared between drug-treated

nd untreated infected cells. As shown in Fig. 4A, when the cells
ere infected with PR8 virus in the absence of drug and cul-

ured in the presence or absence of drug (40 �M) until the cells
ere processed for RT-PCR, virus mRNAs could be detected in

he drug-treated cells at almost the same level as in the drug-
ntreated cells. The normalization of hemagglutinin protein and
atrix protein mRNA signals to the corresponding GAPDH
RNA signals from the same sample revealed no significant dif-

erence between the drug-untreated and -treated cells (Fig. 4B).
hese findings indicate that CA does not affect viral mRNA
ynthesis.

The effect of CA on the synthesis of viral proteins was then
xamined. As shown in Fig. 5A, in drug-untreated infected
ells, synthesis of viral proteins could be detected at 4 h p.i.
nd became stronger towards 6 h p.i. On the other hand, when
nfected cells received 1-h drug treatment (40 �M) begun at 3 h
.i., faint bands on the gel could be detected, but they did not
ecome stronger towards later times, in contrast to what hap-
ened in drug-untreated cells (Fig. 5B). Fig. 5C shows that the
ynthesis of viral proteins was inhibited in a dose-dependent
ashion.

.4. Therapeutic efficacy of CA in influenza virus-induced
neumonia in mice

To expand the in vitro findings, the therapeutic efficacy of
he drug was evaluated in influenza virus-induced pneumo-
ia in mice. As shown in Fig. 6A, control mice began to die
n day 4, and finally the survival rate decreased to 20% on
ay 10. In contrast, mice in the intranasal inoculation group
250 �g/mouse/day) did not begin to die until day 5, and then a
ignificantly higher value (70%, P < 0.05) was noted on day 8.
owever, during the last 2 days, this value decreased sharply

o 30%. When a lower dose (100 �g/mouse/day) was used
or the intranasal inoculation, the survival rate was similar to
hat of untreated control group (data not shown). On the other
and, all mice in the inhalation group were still alive on day
(P < 0.05) followed by a slight decrease (80%) on day 10.

he beneficial effect of CA treatment was more clearly shown
f monitored by body weight loss (Fig. 6B). In contrast to the

ock-infected group whose body weight continued to increase,
he gain in body weight ceased and actually began to decrease

rom 4 days p.i. in the drug-untreated group. However, both
ntranasal inoculation and inhalation of CA prevented a signif-
cant decline (P < 0.05) in body weight during the observation
eriod.
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Fig. 4. Effect of CA on the synthesis of viral mRNAs in MDCK cells. A confluent monolayer of MDCK cells in a 6-cm dish was infected with PR8 virus at an MOI
of 5 PFU/cell for 1 h, and then cultured in the presence or absence of 40 �M CA. At the indicated times p.i., total RNA was extracted from the cells. Mock-infected
cells (m) were also processed in the same manner as infected cells. The extracted RNA was subjected to RT-PCR analysis using oligo (dT) 16 primers. Thereafter,
PCR-amplified cDNAs derived from these RNAs were applied to agarose gel electrophoresis. The mRNA levels on the gel photograph at 6 h p.i. in panel A were
quantified by densitometric analysis and expressed as mRNA/GAPDH ratio by mean ± S.D. of three independent experiments in panel B. Individual RNAs are
indicated by the following abbreviations: HA, hemagglutinin; NP, nucleoprotein; M, matrix protein. “n.s.” indicates statistical non-significance between control and
CA-treated cells.

Fig. 5. Inhibitory effect of CA on the virus protein synthesis in MDCK cells. A confluent monolayer of MDCK cells in a 24-well plate was infected with PR8 virus
at an MOI of 5 PFU/cell for 1 h, and cultured under drug-free conditions. At 3 h p.i., the infected cells received 1-h treatment with (B) or without (A) 40 �M of CA.
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lternatively, the cells received 1-h treatment with various concentrations of C
ere labeled at the indicated times after infection for 1 h with 10 �Ci of 35S-m

omputer analysis system. For viral protein abbreviations, see the legend for Fi

Furthermore, to evaluate virus growth in response to drug
nhalation, the virus titers in BALF were compared between
he drug-untreated and -inhalation groups. Virus yields in
ALF obtained from the untreated group were surprisingly

igh, i.e., 1.9 × 107 PFU/mouse on day 6 p.i. In contrast,
hose in the inhalation group were almost 1 log lower at
.6 × 106 PFU/mouse (Fig. 7). The difference in virus yields
f the two groups was significant (P < 0.05).

d
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s
t

itiated at 3 h p.i. (C). These infected cells (A–C) and mock-infected cells (m)
nine. Thereafter, the cells were lysated to analyze by SDS-PAGE with a aid of

. Discussion

The present study demonstrated that CA inhibits the growth
f influenza PR8 virus in MDCK cells in a concentration-

ependent fashion (20–200 �M) without cytotoxicity, as
onfirmed by the MTT assay. Importantly, time-related studies
howed that the inhibitory effect of CA depends on the initia-
ion time of drug treatment. CA exhibited the most powerful
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Fig. 6. Effect of CA administration on survival rate and body weight loss in influenza virus-induced pneumonia in mice. Infected mice daily received single intranasal
i iangle
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noculation (250 �g/mouse: closed squares), inhalation (50 mg/cage: closed tr
urvival rate (A) and body weight (B) of mice were monitored daily for compar
anel B). Each point shows mean ± S.D. of 10–13 mice in each experimental g

nhibitory effect when 1-h drug treatment was started at 3 h

.i., indicating that CA targets the mid-stage of virus growth,
n sharp contrast to Ephedrae herba, which targets the early
tage of virus growth (Mantani et al., 1999, 2001). It was also
hown that this manner of drug treatment could decrease virus

ig. 7. Effect of inhalation of CA on the virus yields in BALF of infected
ice. BALFs were collected from five mice of CA inhalation group (CA) and

rug-untreated group (control) on day 6 to examine virus yields. Infection and
rug-treatment conditions are the same as described in the legend for Fig. 6. Data
re expressed as mean (column) ± S.D. (thin bar). Asterisk indicates statistical
ignificance (P < 0.05) from the control.
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s) of CA, or no drug-treatment (closed circles). Each cage contained 5 mice.
mong experimental groups including the mock-infected group (open circles in
Asterisk indicates statistical significant (P < 0.05) difference from the control.

ields in a dose-dependent manner (20–200 �M), and especially,
reatment with 200 �M reduced the yield to an undetectable
evel.

In the growth cycle of the influenza virus, the mid-stage is
esponsible for the synthesis of various virus materials such as
iral RNAs and proteins necessary for progeny viruses. There-
ore, it was examined whether CA inhibits RNA and/or protein
ynthesis. RT-PCR and SDS-PAGE assays clearly demonstrated
hat CA inhibits viral protein synthesis at the post-transcription
evel, based on the fact that mRNA is synthesized in drug-treated
ells at almost the same level as in drug-untreated cells. A pre-
ious report showed that CA selectively inhibits the growth
f tumor cells by retarding protein synthesis via the trapping
f sulfhydryl-containing amino acid (i.e. cysteine) residues in
ells (Moon and Pack, 1983), suggesting that the trapping of
ulfhydryl residue in amino acids might occur unselectively in
oth viral and cellular proteins in the presence of CA. Indeed,
e observed that 1-h drug treatment also inhibits cellular protein

ynthesis in mock-infected cells in a dose-dependent fashion. In
he case of influenza virus infection, it is well known that in virus-
nfected cells viral protein synthesis ceases if the synthesis of
ellular proteins ceases (Hey, 1998). This shut-off phenomenon
ould be observed by the band densities becoming gradually
aint with the lapse of time p.i. (see Fig. 5). Taking this unique
henomenon in influenza virus-infected cells together with our
ndings, the CA-mediated inhibition of viral proteins might be
enerated based on the selective synthesis of viral proteins in
nfected cells, leading to the inhibition of virus growth. However,
he possibility remains that CA induces inactivation or degrada-
ion of functional viral proteins. In this connection, when three

iruses (PR8, Aichi and Lee) with HA titers of 64 to 128 were
ncubated with various concentrations of CA for 1 h at 37 ◦C,
hese values did not change after the treatment with as much
s 200 �M of CA for either virus (data not shown). It is likely
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hat CA might affect the protein synthesis process, but not cause
egradation of the preexisting or synthesized proteins.

To expand on the findings obtained in the in vitro assay, we
urther studied whether the drug exerts sufficient therapeutic
fficacy in an infected mouse model. Considering the short half-
ife of CA in rat blood and lungs after oral administration by
nzymatic degradation (Yuan et al., 1992; Sapienza et al., 1993;
heung et al., 2003), we attempted direct delivery routes via the
ir ways of mice, i.e., intranasal inoculation and inhalation of
he vapor. Using these drug administration protocols, the sur-
ival rates and loss in body weight, sensitive indicators of the
everity of pneumonia (Sakai et al., 2000), were monitored. In
ontrast to the drug-untreated control group with remarkable
oss of body weight and mortality rate as high as 80% on day 10,
oth nasal inoculation and, especially, inhalation induced bene-
cial effects on these indicators. Although a simple comparison
etween these rates should be avoided because the doses used for
hese administrations were different and the actual concentration
eaching the lung after vaporization of CA was not determined,
t least it can be stated that inhalation is an effective and safe
elivery routes for CA to improve lethal influenza virus-induced
neumonia. Comparing with considerable improvement in these
ndicators by inhalation, virus growth in the lungs on day 6 was
estricted to 1 log reduction. It should be further studied whether
his beneficial effect of CA inhalation is due a direct inhibition
f virus growth or mediated by host defense. Following a pre-
ious report (Akaike et al., 1996), we are presently studying
his issue focusing on the nitric oxide in influenza virus-induced
neumonia in mice.

CA is one of major components in the essential oil of Cin-
amomi cortex. At the same time, CA has long been known as a
avor compound and the Food and Drug Administration of the
nited States has confirmed its safe oral intake in rats and mice

National Toxicology Program, 2004), but neither the toxicity
f inhaled CA nor its influence on the mucosal epithelium has
een clarified. Inhaling vapors of essential oils leads to various
iological effects such as a decrease in ACTH level, an increase
n plasma gonadotropin levels (Yamada et al., 2005), and anti-
onvulsive effects (Koo et al., 2004). Our study demonstrated
hat inhalation of CA did not induce any adverse reactions,
ut rather showed a beneficial effect on influenza virus-induced
neumonia in mice. At the present time, Kampo medicines are
dministered only by the oral route. Therefore, this adminis-
ration might represent a novel approach, with the potential of
reventing human influenza.

Antiviral research, in most cases, targets the functions of virus
roteins or enzymes. This is also the case with anti-influenza
irus drugs. Amantadine is an ion channel inhibitor targeting
he M2 protein of influenza A viruses, and oseltamivir is a selec-
ive neuraminidase inhibitor for both A and B influenza viruses.
hese drugs offer powerful inhibition, but their inhibitory effects
re exhibited only in sensitive strains and may be inevitably com-
ounded by drug resistance issues. Therefore, further research

hould also focus on the cellular events responsible for virus
rowth. We have observed that CA inhibits the growth of
nfluenza strains such as A/USSR/92/77 (H1N1), A/Aichi/2/68,
/Urdon/77 (H3N2), and B (Lee/40 and Singapore/64) by a 1-h

M
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reatment initiated at the mid-stage of the growth cycle, with-
ut differences in inhibitory efficacy among the strains (data not
hown).

In summary, this study has clearly demonstrated that a 1-h
reatment with CA could induce complete or partial reduction
n virus growth by the inhibition of viral protein synthesis at
he mid-stage of the growth cycle in vitro. Moreover, the direct
pplication of CA in airways of infected mice led to a sig-
ificant rescue from lethal influenza virus-induced pneumonia
ccompanied by a considerable reduction in virus yields in the
ungs.

cknowledgments

We are very grateful to Dr. Tsuneo Imanaka for helpful sup-
ort. This work was supported in part by a Grant-in-Aid for the
1st Century Centers of Excellence (COE) Program from the
inistry Education, Culture, Sports, Science and Technology,

apan.

eferences

kaike, T., Noguchi, Y., Ijiri, S., Setoguchi, K., Suga, M., Zheng, Y.M., Diet-
zschold, B., Maeda, H., 1996. Pathogenesis of influenza virus-induced
pneumonia: involvement of both nitric oxide and oxygen radicals. Proc.
Natl. Acad. Sci. U.S.A. 93, 2448–2453.

hang, S.T., Chen, P.F., Chang, S.C., 2001. Antibacterial activity of leaf essential
oils and their constituents from Cinnamomum osmophloeum. J. Ethnophar-
macol. 77, 123–127.

heung, C., Hotchkiss, S.A., Pease, C.K., 2003. Cinnamic compound
metabolism in human skin and the role metabolism may play in determining
relative sensitisation potency. J. Dermatol. Sci. 31, 9–19.

homczynski, P., Sacchi, N., 1987. Single-step method of RNA isolation by acid
guanidinium thiocyanate–phenol–chloroform extraction. Anal. Biochem.
162, 156–159.

ey, A.J., 1998. The virus genome and its replication. In: Nicholson, K.G.,
Webster, R.G., Hey, A.J. (Eds.), Textbook of Influenza. Blackwell Science,
London, pp. 43–53.

manishi, N., Andoh, T., Mantani, N., Sakai, S., Terasawa, K., Shimada, Y., Sato,
M., Katada, Y., Ueda, K., Ochiai, H., 2006. Macrophage-mediated inhibitory
effect of Zingiber officinale Rosc, a traditional oriental herbal medicine, on
the growth of influenza A/Aichi/2/68 virus. Am. J. Chin. Med. 34, 157–169.

a, H., Park, H.J., Jung, H.J., Choi, J.W., Cho, K.S., Ha, J., Lee, K.T., 2003.
Cinnamaldehyde induces apoptosis by ROS-mediated mitochondrial per-
meability transition in human promyelocytic leukemia HL-60 cells. Cancer
Lett. 196, 143–152.

oo, B.S., Lee, S.I., Ha, J.H., Lee, D.U., 2004. Inhibitory effects of the essential
oil from SuHeXiang Wan on the central nervous system after inhalation.
Biol. Pharm. Bull. 27, 515–519.

urokawa, M., Ochiai, H., Nakajima, K., Niwayama, S., 1990. Inhibitory effect
of protein kinase C inhibitor on the replication of influenza type A virus. J.
Gen. Virol. 71, 2149–2155.

aemmli, U.K., 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227, 680–685.

ee, H.S., Kim, B.S., Kim, M.K., 2002. Suppression effect of Cinnamomum cas-
sia bark-derived component on nitric oxide synthase. J. Agric. Food Chem.
50, 7700–7703.

antani, N., Andoh, T., Kawamata, H., Terasawa, K., Ochiai, H., 1999.
Inhibitory effect of Ephedrae herba, an oriental traditional medicine, on

the growth of influenza A/PR/8 virus in MDCK cells. Antiviral. Res. 44,
193–200.

antani, N., Imanishi, N., Kawamata, H., Terasawa, K., Ochiai, H., 2001.
Inhibitory effect of (+)-catechin on the growth of influenza A/PR/8 virus
in MDCK cells. Planta Med. 67, 240–243.



8 iral R

M

M

N

O

P

S

S

T

V

Y

K. Hayashi et al. / Antiv

oon, K.H., Pack, M.Y., 1983. Cytotoxicity of cinnamic aldehyde on leukemia
L1210 cells. Drug Chem. Toxicol. 6, 521–535.

osmann, T., 1983. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J. Immunol. Methods
65, 55–63.

ational Toxicology Program, 2004. NTP toxicology and carcinogenesis stud-
ies of trans-cinnamaldehyde (CAS No. 14371-10-9) in F344/N rats and
B6C3F1 mice (feed studies). Natl. Toxicol. Program Tech. Rep. Ser. 514, 1–
281.

chiai, H., Sakai, S., Hirabayashi, T., Shimizu, Y., Terasawa, K., 1995. Inhibitory
effect of bafilomycin A1, a specific inhibitor of vacuolar-type proton pump,
on the growth of influenza A and B viruses in MDCK cells. Antiviral. Res.
27, 425–430.
rime, G., Ebner, S., Marin-Grez, M., 1998. Reverse transcriptase-polymerase
chain reaction study of anion exchanger-2 in canine tissues and different
Madin–Darby canine kidney cell types. Kidney Int. 67, S171–S173.

akai, S., Kawamata, H., Mantani, N., Kogure, T., Shimada, Y., Terasawa,
K., Sakai, T., Imanishi, N., Ochiai, H., 2000. Therapeutic effect of anti-

Y

esearch 74 (2007) 1–8

macrophage inflammatory protein 2 antibody on influenza virus-induced
pneumonia in mice. J. Virol. 74, 2472–2476.

apienza, P.P., Ikeda, G.J., Warr, P.I., Plummer, S.L., Dailey, R.E., Lin, C.S.,
1993. Tissue distribution and excretion of 14 C-labelled cinnamic aldehyde
following single and multiple oral administration in male Fischer 344 rats.
Food Chem. Toxicol. 31, 253–261.

obita, K., 1975. Permanent canine kidney (MDCK) cells for isolation and
plaque assay of influenza B viruses. Med. Microbiol. Immunol. 162, 23–27.

abret, A., Sapin, G., Lezin, B., Mosnier, A., Cohen, J.M., Burnouf, L., Petitjean,
J., Gouarin, S., Campet, M., Freymuth, F., 2000. Comparison of three non-
nested RT-PCR for the detection of influenza A viruses. J. Clin. Virol. 17,
167–175.

amada, K., Mimaki, Y., Sashida, Y., 2005. Effects of inhaling the vapor

of Lavandula burnatii super-derived essential oil and linalool on plasma
adrenocorticotropic hormone (ACTH), catecholamine and gonadotropin lev-
els in experimental menopausal female rats. Biol. Pharm. Bull. 28, 378–379.

uan, J.H., Dieter, M.P., Bucher, J.R., Jameson, C.W., 1992. Toxicokinetics of
cinnamaldehyde in F344 rats. Food Chem. Toxicol. 30, 997–1004.


	Inhibitory effect of cinnamaldehyde, derived from Cinnamomi cortex, on the growth of influenza A/PR/8 virus in vitro and in vivo
	Introduction
	Materials and methods
	Drugs
	Virus and cells
	Cytotoxicity assay
	Virus growth assay
	Reverse transcriptase polymerase chain reaction (RT-PCR)
	Assay of protein synthesis
	Influenza virus-induced pneumonia in mice
	Statistical analysis

	Results
	Cytotoxic activity of CA against MDCK cells
	Effect of -CA on the growth of influenza A and B viruses in MDCK cells
	Effect of CA on the synthesis of viral mRNAs and proteins
	Therapeutic efficacy of CA in influenza virus-induced pneumonia in mice

	Discussion
	Acknowledgments
	References


