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Abstract

Influenza is a serious public health problem that causes severe ilinesses and deaths for higher risk populations. Iridoid glycoside is
one of the main active components from Fructus Gardeniae with antivirus and anti-inflammatory characteristics. The present study
was designed to investigate the inhibitory effect of iridoid glycoside extracted from Fructus Gardeniae (IGE) on influenza and
explore the potential mechanism of the action. In vitro, IGE exhibited highest activity against influenza virus A/FM1/47 induced
visible cytopathic effect (CPE), with half maximal inhibitory concentration and therapeutic index values of 3.15mg/mL and 11.37,
respectively, and the replication of influenza virus A/FM1/47 was inhibited markedly by IGE at the concentrations of 25, 12.5 and
6.25mg/mL. In vivo, treatment of mice with IGE decreased pulmonary index, viral titers and M2 protein expression in a dose-
dependent manner. IGE increased the declining pHi induced by influenza virus significantly at the concentrations of 25 and
12.5mg/mL 0.5 or 1h post-infection, respectively. IGE treatment inhibited elevation of [Ca®*]i significantly at the concentrations
of 25 and 12.5mg/mL 0.5, 1 or 24 h post-infection, respectively. In addition, IGE reduced the rate of early-apoptotic cells at the
concentrations of 25, 12.5 and 6.25 mg/mL, but showed no apparent effect on the rate of late-apoptotic cells. Our study dem-
onstrates that IGE possesses antiviral activity against influenza A virus, and the antiviral action might be related to the inhibition of

intracellular acidification and Ca®" influx during fusion and uncoating of influenza replication cycle.
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Introduction

Influenza viruses are enveloped, negative-strand RNA
viruses and include A, B, and C ’cypes.1 Influenza A viruses
cause significant morbidity and mortality in humans, mam-
mals and birds through epidemics or pandemics, some-
times with devastating cor1sequences.2’3 For instance, it
was estimated that Spanish influenza in 1918 infected one-
third of the world’s population and killed 50 million people
worldwide,*® and outbreaks of the highly pathogenic avian
H5N1 influenza A virus caused high rates of death among
infants and young children in southeast Asia.””
Furthermore, the emergence of a new swine-origin HIN1
influenza virus strain in 2009 posed a challenge to public
health® and the subsequent global outbreak claimed the
lives of more than 18,000.'° Recently a novel avian influenza
A virus of the H7N9 subtype has infected 126 and killed 24
people in China as of 29 April 2013, and the mortality rate
has reached 20%.""'?
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The M2 integral membrane protein of the influenza A
virus is abundantly expressed at the surface of virus-
infected cells in vitro and in the ciliated cells from lungs of
mice inoculated with virus in vivo."> The function of M2
protein has been proved to be the proton channel activity
that is essential for mediating endosomal acidification and
RNP-M1 protein dissociation during the membrane fusion
and uncoating process of influenza virus replication.'*'?
The M2 protein was also shown to be largely responsible
for the 0.3-0.4 unit reduction in intracellular pH of virus-
infected cells labeled with fluorescent probe SNARF-1."®
However, amantadine affects M2 activity by plugging the
M2 channel and preventing proton flow.

Calcium ion homeostasis is essential for cell survival, and
sustained overload of Ca*" in the cytoplasm ([Ca**]i) will
trigger programmed cell death involving apoptosis. ™
was reported that disruption of Ca*" homeostasis plays a
pivotal role in apoptosis induced by several kinds of viral
infections, including those with human T-cell leukemia
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virus type 1, hepatitis C virus and human immunodefi-
ciency virus (HIV).2°** In addition, the highly pathogenic
H5N1 A influenza virus induced apoptosis of alveolar epi-
thelial cells or vascular endothelial cells through extracellu-
lar Ca®* influx, which is critical for the development of
acute respiratory distress in humans and in mice.”**

In recent years, pharmaceutical researchers have focused
on screening compounds with anti-influenza virus activity
from plant and traditional Chinese medicine (TCM).>>*¢
Fructus Gardeniae has generally been used as a herbal medi-
cine for centuries in several Asian counties for the treatment
of hepatic, inflammatory and acute febrile diseases.”’ %’
Gardenia extracts have been shown to possess the virus
inhibitory activity against herpes simplex virus type 1,
and parainfluenza virus type 1, and the principle bioactive
components in the extracts are iridoid glucosides.’**
Indeed, a recent study has demonstrated that iridoid gluco-
sides extracted from Fructus Gardeniae have anti-influenza
virus activity in vivo and in vitro,*>* but the underlying
mechanism has not yet been deciphered.

In the present study, we first evaluated the antiviral
activity of iridoid glucoside extracted from Fructus
Gardeniae against several stains of influenza A virus
(including subtype HIN1 and H3N2) in vitro and in vivo.
Then we investigated the inhibitory effect of IGE on M2
protein expression in the lung tissues of ICR mice and intra-
cellular acidification mediated by M2 proton channel activ-
ity in MDCK cells infected by influenza A virus. In addition,
laser scanning confocal microscopy and flow cytometry
were applied to determine its effect on extracellular Ca®*
influx and apoptosis in MDCK cells inoculated with influ-
enza virus.

Materials and methods
Preparation of extract sample

The sample of iridoid glucosides extracted from Fructus
Gardeniae was provided by Professor Chenggang Huang,
principle investigator at Shanghai Institute of Materia
Medica, Chinese Academy of Sciences. The extract was pre-
pared according to the method of their previous study.**
First the powder of dried fruits (2kg) was extracted with
water and then deposited in ethanol. Then the supernatant
fluid was vacuum dried and was successively fractionated
into n-butanol fractions. Following that, the chloroform-
methanol (15:1, v/v) elution fraction was separated and
dried as the extract sample. The sample was stored at 4°C
and dissolved in double distilled water until time of use.
Eventually 10 iridoid glycosides were identified in the
extract by reverse-phase HPLC (Agilent-1100 HPLC
system, Agilent), UV spectrum and MS/MS spectra
(G6310 ion-trap mass spectrometer, Agilent Technologies).

Animals

Male and female ICR mice (13-15g) were obtained from
Vital River Laboratory Animal Technology Co., Ltd in
Beijing, China (Certificate No.SCXK 2006-0009) and main-
tained in an environmentally controlled breeding room
(temperature: 20£2°C, humidity: 50+10%). The study
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was carried out in accordance with the rules of European
Community Guidelines for care and use of animals.

Viruses and cells

Influenza A virus (HIN1) strain FM/1/47 and PR/8/34
were obtained from the National Institute for Viral
Disease Control and Prevention, Chinese Center for
Disease Control and Prevention. Influenza A virus strain
Brisbane/59/2007(H1IN1) and Brisbanel0/2007(H3N2)
were purchased from American Type Culture Collection
(ATCC). The four strains of influenza virus were propa-
gated in 10-day-old embryonated specific-pathogen-free
chicken eggs (Merial Vital Laboratory Animal Technology
Co., Ltd, Beijing, China) at 35°C and stored at —80°C. The
virus titers of the four strains were determined to be 107*5,
107*, 107> and 1072, respectively, according to the Reed-
Muench method,*® expressed as the median tissue culture
infective dose (TCIDs).

MDCK cells were obtained from the Cell Center, Institute
of Basic Medical Sciences, Peking Union Medical College
(Beijing, China) and grown in Dulbecco’s modified Eagle’s
medium (DMEM) (4.5 g/L glucose, 10% fetal bovine serum
[FBS], 1% penicillin/streptomycin, 2mmol/L L-glutamine,
0.25mol/L 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesul-
fonic acid [HEPES] [all from Gibco]).

MTT cell viability assay

The effect of IGE on MDCK cell viability was determined by
the MTT colorimetric assay.*® The cells were seeded onto a
96-well plate at a concentration of 4 x 10° cells/mL and a
volume of 100 uL. per well. Next, 100 uL/well of various
concentrations (800, 400, 200, 100, 50, 25, 12.5mg/mL) of
IGE were applied to culture wells, and the plates were incu-
bated at 37°C and 5% CO, for 48h. Then 10 uL of MTT
(5mg/mL in PBS) was added to each well and incubated
for 4h. Then the supernatant was discarded and 100 pL of
dimethyl sulfoxide (DMSO) was added to each well. After
the dissolution of formazan, the plates were read on a
microplate reader (Thermo, VarioskanFlash) at 570nm
and 630nm. Results obtained of cell viability for treated
cells were expressed as the percentage of that in control
cells (100%). The maximal non-cytotoxic concentration
(TCp) and median cytotoxic concentration (TCsy) were
calculated from the dose response curve.

Antiviral assay

In-vitro experiments. MDCK cells were cultured in 96-well
plates, exposed to different strains of influenza viruses
(100TCIDsg, 100 pL/well) for 1h. Then the infected cells
were incubated for 48h with different dilutions of IGE,
and the final concentrations were 25, 12.5, 6.25 and
3mg/mL. Ribavirin was used as a positive drug control,
and the final concentrations were 2.5, 1.25, 0.63 and
0.32mg/mL. The infected cells showed obvious cytopathic
effect (CPE), characterized by rounding and sloughing.
Values for half maximal inhibitory concentration (ICso)
and therapeutic index (TI) were calculated according to
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the Reed-Muench method. The experiments were carried
out under biosafety level 2 conditions.

The virus replication of influenza virus strain A/FM/1/
47 in MDCK cells was further detected by real time RT-PCR.
Total cellular RNA was isolated by Trizol reagent
(Invitrogen, USA) according to the manufacturer’s instruc-
tions. RT-PCR assay was performed using the one step
SYBR primescript RT-PCR kit (Takara, Japan) according to
the manufacturer protocol (for primer sequences, influ-
enza virus A/FM/1/47 matrix protein genes, forward
primer 5-ATCATTGGGATCTTGCACTT-3" and reverse
primer 5-TCATAGACTCTGGCACTCCTT-3', GAPDH, for-
ward primer 5-CCCACTCCTCCACCTTTGACG-3" and
reverse primer 5-CACCACCCTGTTGCTGTAGCCA-3').
Influenza virus A/FM/1/47 and GAPDH transcript levels
were determined by theA ACT method. The inhibition per-
centage was calculated as follows: % inhibition=1—
(average of IGE-treated cells infected by virus)/(average
of infection control cells).

In-vivo experiments. ICR mice (13-15g) were randomly
divided into six groups with 10 mice per group (half male
and half female). The groups were assigned as normal con-
trol group, infection control group and four treatment
groups (three IGE treatment groups and one positive
drug-amantadine treatment group). All mice except those
in the normal control group were infected intranasally with
40 uL of the influenza virus strain A/FM/1/47 solution at a
concentration 15 times that of the TCIDsq. In the treatment
groups, the inoculated mice were successively given IGE
orally at a dose of 80, 40 or 20 mg/kg, or treated with aman-
tadine hydrochloride granules (Zizhu, Beijing, China) at a
dose of 55 mg/kg daily for 4 days beginning from the day of
infection. Each mouse of the control group was given an
equal volume of distilled water. On day 5, all the mice
were sacrificed, and the body weight (BW) and lung
weight (LW) were measured to calculate the pulmonary
index (PI) and inhibitory rate of pulmonary indices (IRPI):
PI=[LW(g)/BW(g)] x 100, IRPI=[(LW of infection control
group — LW of treatment group)/(LW of infection control
group-LW of normal control group)] x 100. Then the
whole protein in each lung tissue was extracted and sub-
jected to Western blot analysis.

In addition, the lung virus titers were detected by plaque
assay on MDCK cells. The protein concentrations in hom-
ogenates of lungs were measured by the bicinchoninic acid
(BCA) assay. The homogenates of lungs were frozen and
thawed twice to release the virus. Ninety-six-well plates
were seeded with 5 x 10° MDCK cells /mL, and 24 h later
the serum-containing medium was removed. Homogenates
were then 10-fold serially diluted and mixed with MDCK
cells. After 48 h, the number of plaques was counted under
a microscope. The virus titers were shown as negative Ig
50% tissue culture infectious dose (—1gTCIDsy).

Western blotting measurement of M2 expression

Protein extracts (20ng) were separated by 12%
SDS-polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membranes. The membranes were

blocked at room temperature with 5%(w/v) nonfat dry
milk in Tris-buffered saline/ Tween (TBST) for 1h and then
incubated with primary antibody of M2 protein in a 1:500
dilution (Abcam, UK) overnight at 4°C. Blots were washed
three times in TBST buffer for 5min and incubated for 2h
with horseradish peroxidase-conjugated anti-mouse IgG
secondary antibody in a 1:5000 dilution (Jackson
Immunoresearch, USA). The blots were revealed by using
the ECL (advanced chemiluminescence) kit (GE healthcare,
UK). Densitometric measurements were performed by
quantifying the density of the bands using TotalLab Quant
software (TotalLab, UK).

Fluorescence staining and confocal analysis of pHi
and [CaZ']i

MDCK cells were seeded on 35mm glass bottom culture
dishes (MatTek, USA) at a concentration of 5 x 10° cells/
mL. When they grew to 80-90% confluence, both IGE (25,
12.5, 6.25 mg/mL) and influenza virus A/FM1/47 solution
(100TCIDsp) were concomitantly added to the cultures.
After an incubation at 37°C for 0, 0.5, 1 or 1.5h, the cells
were loaded with 10 pg/mL of SNARE-1 probe (Invitrogen)
for 30 min to measure the pHi. In addition, after 0, 0.5, 1, 1.5
and 24 h of infection, the cells were loaded with 10 pg/mL
of fluo-3/AM probe (Invitrogen) for 30min to detect the
Ca®" influx. The cells were imaged immediately with a
confocal microscope (Olympus, FV1000, Japan). For
SNAREF-1-treated samples, we used an argon laser to
excite the samples with a 488 nm wavelength and examined
the emissions at 580 and 640 nm. The intensity of emission
was measured using the Image-Pro Plus software (Media
Cybernetics) and the ratio of 640nm/580nm was calcu-
lated.”” For the measurement of intracellular calcium con-
centration, the samples were excited by argon laser at
488 nm, and the intensity of emission was detected at the
530 nm wavelength.*®

Measurement of apoptosis

MDCK cells were planted on six-well plates (Corning) to
near confluence and subjected to FM1 solution for 1h as
described above. Then the infected cells received treatments
as indicated in confocal analysis. After 24h of culture at
37°C, 200 uL of cells (1 x 10° cells) were labeled fluorescently
for detection of apoptotic and necrotic cells by adding 200 uL
of binding buffer and 10puL of Annexin V-FITC (Biosea
Biotechnology, Beijing, China) to each sample. Samples
were mixed gently and incubated at room temperature in
the dark for 15min. Just before analysis by flow cytometry
(BD FACSAria, USA) using 488 nm excitation, 5pL of PI
(Biosea Biotechnology) were added to each sample. A min-
imum of 10,000 cells within the gated region were analyzed.

Statistics

All data are presented as mean =+ standard error of the mean
(SEM). Results were analyzed by one-way analysis of vari-
ance (ANOVA), and significant differences were deter-
mined by the Bonferroni Test. P values <0.05 were taken
as statistically significant.



Results
Effect of IGE on MDCK cells viability

Following a 48 h treatment, the effect of IGE on the viability
of MDCK cells is shown in Figure 1. The concentrations
ranging from 50 to 800mg/mL had a toxic effect on
MDCK cells, and the values of TCy and TCsy, were calcu-
lated to be 25 and 35.82mg/mL, respectively. In the next
antiviral experiment in vitro, the anti-influenza activity of
IGE was determined at the concentrations range from 25 to
3mg/mL by serial two-fold dilutions.

Antiviral activities in vitro

As shown in Table 1, IGE possessed anti-influenza activities
against the four strains of HIN1 and H3N2 subtype, and
IGE exhibited highest activity against influenza virus A/
FM1/47 induced visible CPE (Figure 2), with 1Csy and TI
values of 3.15mg/mL and 11.37, respectively. The positive
control drug, ribavirin, showed significant activities against
all the four strains of influenza A virus at the concentrations
of 2.5, 1.25, 0.63 and 0.32mg/mL and especially exhibited
highest activity against the strains of FM1 and Brisbane59.

Asshownin Figure 2(e), IGE inhibited replication of influ-
enza virus A/FM1/47 in MDCK cells in a dose-dependent
manner according to the RT-PCR assay, and the percentages
of inhibition were 67.11%, 59.85% and 45.41% at the concen-
trations of 25, 12.5 and 6.25 mg/mL respectively.

Anti-influenza virus activity in vivo
In the current study, the antiviral activity against influenza

in vivo was measured using PI, IRPI and virus titers in lungs.
As shown in Table 2, mice from the infection control group
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presented an increase in PI (1.1540.05) compared to the
normal control group (0.79 & 0.07). After 4-day’s treatment,
there was an obvious decrease of PI in all three IGE groups
compared with the infection control group. In addition, IGE
exhibited Pl inhibitory activity in a dose-dependent manner
(67.33%, 41.29% and 22.13%, at the concentrations of 80, 40
and 20mg/kg, respectively). As shown in Table 3, virus
titers in the lungs of mice infected by influenza virus were
significantly decreased by IGE at the doses of 80, 40 and
20mg/kg 4 days post-infection.

Inhibitory effect of IGE on influenza A virus M2
channel protein

The M2 protein has been the main target in the search for
drugs against influenza A virus. Amantadine, which targets
the M2 channel, is one commonly used anti-influenza virus
drug.* To investigate whether IGE showed anti-influenza
activity by inhibiting the M2 channel protein, first we used
Western blotting to detect M2 expression in the lung tissues
of mice infected by influenza A virus through the

Table 1 Anti-influenza virus activity of IGE in vitro

Influenza virus strain

Drug Index FM1 PR8 Brisbane59 Brisbane10
IGE ICs0 3.15 8.89 6.29 4.46

Tl 11.37 4.03 5.69 8.03
Ribavirin ICso 0.22 0.32 0.22 0.45

Tl 16.14 11.09 16.14 7.89

The anti-virus activities of IGE and ribavirin against different strains of influenza
were expressed as the value of ICso and TI.

Concentration of IGE(mg/ml)

Figure 1
**P < 0.01 versus control group

Cell viability of MDCK cells treated with IGE measured by MTT assay. Each value were represented as mean &+ SEM, n=4 independent experiment,



990 Experimental Biology and Medicine Volume 239 August 2014

(d)

##
a8 #5 b
1000
100
10
T

1 r T T
cell control infection control Ribavirin(2.5mg/ml) IGE(25mg/ml)  IGE(12.5mg/ml)  IGE(6.25mg/ml) IGE(3mg/ml)

relative value of virus replication

group

Figure 2 Antiviral activity of IGE in Madin—-Darby canine kidney (MDCK) cells infected with influenza virus. (a)-(d) Cytopathic effect (CPE) observed in MDCK cells.
(@) normal control group, (b) infected control group after infection 48 h, (c) IGE (25 mg/mL) treated group after infection 48 h,(d) IGE (12.5 mg/mL) treated group after
infection 48 h. Typical CPE of cell rounding and crimple were observed in (b), but significantly alleviated in (c) and (d). (e) The inhibition effect of IGE on influenza virus
replication in MDCK cells by RT-PCR assay. Relative values of influenza virus replication were expressed as the mean -+ SEM (n =4). **P < 0.01, *P < 0.05 compared to

infection control group

respiratory tract. As shown in Figure 3(a, b), in the lung  detected in mice lungs. The protein levels of M2 were
tissues of normal mice, M2 expression could not be detected ~ reduced by 62.23%, 49.95% and 31.29%, respectively in the
by Western blotting. By contrast, at day 5 post-infection  case of IGE (80, 40, 20 mg/kg) treatment as compared to the
with influenza A virus, M2 protein expression was strongly ~ infection control. These results demonstrate that the M2



Table 2 Anti-influenza virus activity of IGE in mice

Group Pl IRPI (%)
Normal control 0.79+0.02 -
Infection control 1.15+0.02* -
Amantadine (55 mg/kg) 0.89+0.03"* 72.62
IGE (80 mg/kg) 0.9140.03* 67.33
IGE (40 mg/kg) 1.00 +0.03* 41.29
IGE (20 mg/kg) 1.07 £0.02% 22.13

Each group represented the value of Pl and IRPl. Pl was expressed as
mean +SEM (n=10).

**P < 0.01 compared to normal control group.

##p -0.01, *P < 0.05 compared to infection control group.

Table 3 Inhibition effect of IGE on virus titers in
lungs of mice

Virus titers
Group (—1gTCID50/0.2 mL)
Normal control 0.00+0.00
Infection control 5.46 +0.08*
Amantadine (55 mg/kg) 4.1740.18*
IGE (80 mg/kg) 4.25+0.11%
IGE (40 mg/kg) 4.8340.14%
IGE (20 mg/kg) 5.00+0.16"

Each group represented the value of virus titers. Virus
titers was expressed as mean &+ SEM (n=6). **P <0.01
compared to normal control group, ##P <0.01,
#P < 0.05 compared to infection control group.

expression in mice induced by influenza virus infection
was significantly depressed by IGE treatment in a dose-
dependent manner.

Next, to determine whether the proton channel activity
of M2 protein was inhibited by IGE, we further examined
the relative changes in endosomal pH using a fluorescent
dye, SNARF-1, whose fluorescent properties change in
response to changes in intracellular pH (pHi). In more
acidic solutions, SNARF-1 fluoresces with an emission
peak at around 580 nm, while in more basic solutions the
emission peak rises to 640 nm. By comparing the ratios of
640nm/580 nm emissions, we were able to determine the
changes in relative pH. Lower 640/580 nm ratios correlate
with a more lower pH.*°

As shown in Figure 4(a, b) and Supplementary Table 1,
the 640/580nm ratios in the cytoplasm of MDCK cells
decreased significantly at 0.5, 1, and 1.5h post-infection,
indicating the declining pHi of the endosome triggered by
influenza virus. Moreover during the 1.5h of influenza
infection, pHi reached a minimum at 1h. Amantadine
was used as a positive control, and IGE increased pHi sig-
nificantly at the concentrations of 25 and 12.5mg/mL 0.5 or
1h post-infection, respectively, which demonstrates that
endosomal acidification can be prevented by IGE in the
early step of influenza virus replication.
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Effect of IGE on Ca?" influx

Previous reports suggest that several types of virus infec-
tions trigger an extracellular Ca®" influx that leads to cell
apoptosis by inducing mitochondrial dysfunction. To
explore the Ca®" dynamics in MDCK infected with influ-
enza virus and the effect of IGE on it, cells were stained with
fluo-3 AM dye as an indicator of Ca®" in the cytosol
([Ca®*];). As shown in Figure 5(a, b) and Supplementary
Table 2, MDCK infected with influenza virus showed a sig-
nificant increase in [Ca*"]; at 0.5,1 and 1.5 h post-infection.
In particular, during the 1.5h of influenza infection, [Ca”]i
levels reached maximum at 1 h. IGE treatment inhibited ele-
vation of [Ca”"]; significantly at the concentration of 25 and
12.5mg/mL 0.5h or 1h post-infection, respectively, which
indicates that Ca®" influx can be prevented by IGE in the
early step of influenza virus replication. At 24 h post-infec-
tion, the elevated [Ca®']; levels were significantly decreased
by IGE at the concentrations of 25 and 12.5 mg/mL, which
demonstrates that the elevation in [Ca®"]; during the patho-
genic progress of influenza infection can be reduced by IGE.

Inhibitory effect of IGE on influenza-virus-induced
apoptosis

To determine whether the apoptosis induced by influenza
virus was inhibited by IGE, MDCK cells were distinguished
and sub-divided on the basis of a double-labeling for
annexin V-FITC and PI and quantitatively analyzed by
flow cytometry.*' Early-apoptotic cells were only stained
with Annexin V-FITC whereas late-apoptotic cells were
stained with both Annexin V-FITC and PI. As shown in
Figure 6(a, b), the proportion of apoptotic cells labeled
with Annexin V/PI was increased from 5.81 + 0.56% in con-
trol cells to 19.31+1.17% in the virus infection cells, sug-
gesting a more than three-fold increase in apoptotic cells.
However, the proportions of apoptotic cells were decreased
to 9.09£0.76%, 10.09£0.51% and 13.95+0.91%, respect-
ively, with IGE treatment (25, 12.5 and 6.25 mg/mL). In add-
ition, the percentage of early-apoptotic cells increased
obviously post 24 h infection, while the late-apoptotic cells
did not. As shown in Figure 6(c, d), IGE reduced the per-
centage of early-apoptotic cells at the concentration of 25,
12.5 and 6.25 mg/mL, but showed no apparent effect on the
percentage of late-apoptotic cells. These results demon-
strate that early apoptosis of MDCK cells induced by influ-
enza virus infection was significantly inhibited by IGE in a
dose-dependent manner.

Discussion

TCM has performed well in clinical practice and has shown
potential in the therapy of influenza.”® For the future pre-
vention and control of influenza outbreaks, it will therefore
be critical to develop novel agents from TCM. Our previous
study showed that the extract of Gardeniae possessed anti-
viral activity against influenza virus based on a mice pneu-
monia model in vivo.”"* The present study was designed to
demonstrate the anti-influenza activity of iridoid glycoside
extracted from Fructus Gardeniae (IGE), and to investigate
the mechanism of antiviral action. The results demonstrate
that IGE possesses potent antiviral features against
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Figure 3 Effect of IGE on M2 protein expression in lung tissues of mice infected by influenza A virus. Values were expressed as the mean + SEM. (a) IGE inhibited M2
protein expression measured by Western blotting analysis. (b) The relative protein level of M2 normalized by GAPDH (n=4). **P < 0.01 compared to normal control

group, *P < 0.01 compared to infection control group

influenza A virus at non-cytotoxic concentrations in vitro.
The occurrence of CPEs induced by HIN1 and H3N2 sub-
types of influenza A virus in MDCK cells was strongly
inhibited by IGE at the concentrations of 25, 12.5 and
6.25mg/mlL, and then, according to the RT-PCR assay, the
replication of influenza virus A/FM1/47 in MDCK cells
was markedly inhibited by IGE. Moreover, in vivo IGE
exhibited an inhibitory effect on PI and virus titers in
lungs in a dose-dependent manner, indicating that IGE pro-
tected the lung from influenza A virus-induced injury. This
study therefore provides direct evidence that IGE may rep-
resent a potential therapeutic agent for influenza.

The influenza A virus genome is contained on eight
single RNA strands that code for 11 proteins. The small
coding capacity demands that the virus utilize the host cel-
lular machinery for many aspects of its life cycle.*?
Accordingly, identification of host factors involved in viral
replication steps is of great interest to understand the pre-
cise mechanisms of the virus life cycle as well as to discover
new targets for the development of antiviral compounds.*?
To our knowledge, proton and Ca®" were confirmed to be
required for early-stage influenza virus replication as host
factors. So we proceeded to investigate the possible mech-
anisms of IGE anti-influenza virus from these two host fac-
tors’ related targets and functions.

The incremental acidification of the endosome is essen-
tial for the release of the influenza virus genetic material
inside an infected cell.** Moreover the integral membrane
protein M2 of influenza virus forms pH-gated proton chan-
nels in the viral lipid envelope to mediate endosomal acid-
ification.** In addition, Ca*" plays an important role in
almost every step of the virus replication cycle. The fusion
between the viral envelop and the susceptible cell plasma
membrane leads to an increase of free cytosolic Ca*"
([Ca**]CYT) due to increased plasma membrane perme-
ability and altered membrane permeability of internal
Ca*" stores, such as endoplasmic reticulum (ER) and mito-
chondria.*® Previous studies have demonstrated that this
alteration in the concentration of Ca’" inside the cells
infected by influenza virus is essential for activating the
apoptotic signaling pathway.**” Therefore, extracellular
Ca”" influx and elevations in [Ca**"]i may be important pre-
cursors to the pathophysiology caused by influenza
infection.

IGE has exhibited a significant inhibitory effect against
influenza A virus HIN1 and H3N2 subtypes, so in order to
investigate the mechanisms of IGE anti-influenza at the
early-stage of virus replication, we detected the effect of
IGE on intracellular acidification and extracellular Ca*"
influx induced by the influenza virus and the related
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pathogenic mechanisms. Our study showed that IGE sup-  post-infection. Of greater interest in the present study is that
pressed the expression of M2 protein in mice lungs in a  at 0.5 and 1h post-infection, the elevated [Ca*']; levels,
dose-dependent manner, and enhanced the declining pHi  and cells induced by influenza A virus, were signifi-
induced by influenza A virus in MDCK cells at 0.5 and 1h  cantly reduced by IGE at the concentration of 25 and
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12.5mg/mL. In addition, at 24 h post-infection, the rates of
early-apoptotic cells being induced by influenza A virus
were clearly reduced by IGE as well as [Ca®']i, in a dose-
dependent manner. However, there was no apparent effect
of virus infection and IGE treatment on the rates of late-
apoptotic cells.

The results suggest that IGE strongly inhibits the endo-
somal acidification which is mediated by M2 proton chan-
nel of influenza virus A/FM/1/47 and Ca®" influx which
may be related to pathogenic progress of influenza virus A/
FM/1/47 infection. However, further investigations into
the effect of IGE on the relationship of Ca®" imbalance
and pathogenesis of influenza virus need to be verified.

It was reported that in the early steps of HSV-1 replica-
tion, Gardenia extract had an effect on the cellular machin-
ery, including membrane fluidity, membrane potential and
ATPase.*® In this study, we investigated the anti-influenza
mechanisms of IGE against influenza in early-stage virus
replication at 0.5, 1 and 1.5h post-infection. The intracellu-
lar concentrations of both H* and Ca®* in MDCK cells
reached their peak at 1h post-infection, but IGE reversed
the elevation at 0.5 and 1 h post-infection. This suggests that
IGE acts on pivotal ions at an early stage in the replication
cycle of influenza virus. In addition, IGE suppressed the
expression of M2 protein which mediated the endosomal
acidification induced by influenza virus. Virus-induced
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apoptosis is a complex and important aspect of the patho-
genesis of viral infection.*”*” Our results suggest that IGE
could decrease the intracellular concentration of calcium
and early apoptosis induced by influenza virus. Further
investigations are required to determine the pathways
involved in the inhibition effect of IGE on the replication,
and on the pathological progress of influenza virus via
intracellular acidification and Ca**" influx.

In conclusion, our study shows that IGE has antiviral
effects both in a murine model of viral pneumonia, and
also in MDCK cells experiencing a CPE induced by influ-
enza virus. These antiviral effects might be related to the
inhibition of intracellular acidification and Ca®" influx
during fusion and the uncoating of the influenza replication
cycle. These findings suggest that IGE might be applicable
to the treatment of patients suffering from influenza.
Further studies should be focused on discovering the
effect of IGE on the virus-host interaction and in elucidat-
ing the molecular target and related signal pathways.
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