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Abstract 

Fructus gardeniae has long been used by traditional Chinese medical practitioners for its anti-inflammatory, anti-oxidant, anti-tumor and anti-hyperlipidemic characteristics. Here we describe our finding that F. gardeniae greatly reduces anti-enterovirus 71 (EV71) activity, resulting in significant decreases in EV71 virus yields, EV71 infections, and internal ribosome entry site activity. We also found that geniposide, a primary F. gardeniae component, inhibited both EV71 replication and viral IRES activity. Our data suggest the presence of a mechanism that blocks viral protein translation. According to our findings, F. gardeniae and geniposide deserve a closer look as potential chemopreventive agents against EV71 infections. 
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1. Introduction
Derived from the dried fruit of Gardenia jasminoides Ellis, Fructus gardeniae is widely used in Asian countries as an herbal remedy for inflammation, hyperbilirubinemia, and metabolic syndromes 1-5


[ ADDIN EN.CITE ]
. Its primary components are crocin, genipin, geniposide, and geniposidic acid. While its pharmacological properties (including anti-inflammatory, anti-oxidant, anti-tumor and anti-hyperlipidemic) have been thoroughly researched 1


[ ADDIN EN.CITE , 6-9]
, few efforts have been made to identify the anti-viral effects of F. gardeniae or its components. 

Enterovirus 71 (EV71), a major pathogen in the Picornaviridae family, is a causal agent in illnesses ranging from mild hand, foot, and mouth disease to severe neurological disorders such as brainstem encephalitis, which has a high fatality rate 10


[ ADDIN EN.CITE ]
. Several neurological disease outbreaks associated with EV71 have occurred in Asian countries in the past two decades 11-14


[ ADDIN EN.CITE ]
. In Taiwan, EV71 outbreaks resulted in 78 deaths in 1998, 25 in 2000, and 26 in 2001, with small-scale outbreaks observed between 2002 and 2005 15


[ ADDIN EN.CITE ]
. The most recent and largest EV71 outbreak in the past 11 years occurred in 2008, resulting in 14 fatalities from nearly 400 cases 16


[ ADDIN EN.CITE , 17]
. Despite the growing amount of research aimed at identifying antiviral agents and developing vaccines against enteroviruses, there are currently no pharmacologic or preventive agents available for clinical use against EV71 18


[ ADDIN EN.CITE , 19]
.
Our motivation for this study was to evaluate the effects of F. gardeniae and its components on EV71 replication and viral IRES activity. Our results indicate that (a) F. gardeniae significantly reduced EV71 virus yields, (b) treatment with geniposide resulted in >80% survival of cells challenged with EV71, and (c) geniposide interfered with viral IRES activity. To our knowledge, this is the first description of F. gardeniae and geniposide exerting anti-EV71 effects via a mechanism that blocks viral protein translation. 
2. Results and discussion 

2.1 Effects of F. gardeniae on cytotoxicity and anti-EV71 activity 
RD cells have been used to investigate the viral activities of EV71 and host responses to EV71 infection 20-23


[ ADDIN EN.CITE ]
. In terms of cell line susceptibility, our results indicate increased RD cell efficiency in EV71 virus replication (Fig. S1). Cytotoxicity was measured in terms of RD cell proliferation and viability. Results at treatment concentrations of 0.1, 1 and 2 mg/ml F. gardeniae all indicate cell survival rates ≥90% (Fig. 1A). In addition, cells exhibited ≥80% survival rates when challenged with 10 MOI EV71 at concentrations of 1 or 2 mg/ml. A ≤20% survival rate was observed for cells treated with 0.1 mg/ml or less of F. gardeniae. The cytopathic effect was significantly reduced in cells treated with F. gardeniae at concentrations of 1 or 2 mg/ml (Fig. 1B) compared to cells infected with the EV71 virus only. EV71 viral RNA levels in cells treated with F. gardeniae were analyzed using real-time viral RNA RT-PCR assays (Fig. 1C). RD cell treatment with 1 or 2 mg/ml F. gardeniae followed by EV71 infection resulted in lower levels of EV71 viral RNA compared to untreated control cells. EV71 viral RNA levels decreased to 50% and 20% of their original levels 24 h post-infection when treated with 1 or 2 mg/ml F. gardeniae, respectively, compared to mock untreated control cells. Similar results were observed at 36 h post-infection: EV71 viral RNA levels decreased to 60% and 20% of their original levels following treatment with 1 or 2 mg/ml F. gardeniae, respectively.

Confocal images were used to confirm these findings. F. gardeniae-treated and untreated RD cells were infected with EV71, double-stained with anti-VP1 monoclonal and FITC-conjugated anti-mouse IgG antibodies, and counterstained with DAPI. As shown in Figure 1D, anti-VP1 fluorescence in EV71-infected cells decreased significantly following treatment with F. gardeniae. We then examined the inhibitory effects of F. gardeniae on EV71 progeny virus yield (Fig. 1E). At 48 h post-infection, plaque assays were used to quantify virus titers in culture supernatants. Progeny virus production decreased in RD cells treated with F. gardeniae, resulting in significant reductions in plaque formation compared to the untreated control cells. Decreases in virus yields were also observed during the infection phase in cells treated with 1 or 2 mg/ml F. gardeniae (Fig. 1F). According to cytotoxicity and anti-EV71 activity evaluation results, F. gardeniae treatment at concentrations of 1 or 2 mg/ml resulted in the most efficient anti-EV71 activity, including decreases in virus infection, virus replication, viral RNA, and progeny virus production. Toxic effects were not observed in treated cells. 
2.2 HPLC/MS/MS analysis 
Results from high-performance liquid chromatography (HPLC) analyses indicated the presence of crocin, geniposidic acid, and geniposide in our F. gardeniae water extract (Figs. 2, 3 and 4). HPLC-MS (negative mode) analysis results for three F. gardeniae-associated compounds are shown in Figure 3A. ESI/MS spectra for geniposidic acid (10.8 min retention time) and geniposide (14.1 min retention time) from F. gardeniae water extract are shown in Figure 3B. The m/z 418.9 signal for geniposidic acid represents [M+HCOO]- molecular ions. For the geniposide mass spectrum, the m/z 433.1 signal corresponds to [M+HCOO]- ions. Results from HPLC-MS (positive mode) analyses of two F. gardeniae-associated compounds are shown in Figure 4A. ESI/MS spectra for geniposide (14.1 min retention time) and crocin (17.9 min retention time) from F. gardeniae water extract are shown in Figure 4B. The m/z 405.9 signal for geniposide represents [M+NH4]+ ions, and the m/z 994.2 signal for crocin corresponds to [M+NH4]+. Geniposide (identified in both positive and negative ion modes) was selected as the source for precursor ions for further MS/MS analyses to obtain sufficient structural information (Fig. S2). Our results indicate MS2 fragmentation of [M+NH4]+ at m/z 208.9 and m/z 226.8, and the MS2 fragmentation of [M+COOH]- at m/z 224.9 and m/z 386.7. Combined, these results indicate the presence of crocin, geniposidic acid, and geniposide in F. gardeniae water extract. Further, geniposide was identified in both positive and negative ion mode, a finding confirmed by our MS/MS experiment results. The identity of the compound was also verified by NMR (Fig. S3).
2.3 Inhibitory effects of geniposide on EV71 infection and viral IRES activity 

Results from treating individual batches of RD cells with F. gardeniae, crocin, geniposide, geniposidic acid, or genipin at concentrations of 1, 2 or 3 mg/ml show ≥80% survival rates for all cells treated with 1 or 2 mg/ml, with the exception of genipin (Fig. 5A). We therefore used F. gardeniae, crocin, geniposide and geniposidic acid to investigate anti-EV71 activity. Our data indicate that treatment with 2 mg/ml F. gardeniae or geniposide resulted in approximately 80% EV71 infection inhibition (Fig. 5B). EV71 viral RNA levels in cells treated with geniposide were analyzed by real-time RT-PCR assays (Fig. 5C). Our data indicate that RD cell treatment with geniposide resulted in lower levels of EV71 viral RNA compared to untreated control cells. EV71 viral RNA transcript levels decreased to 60% and 20% of their original levels 24 h post-infection when treated with 1 or 2 mg/ml geniposide, respectively, compared to mock untreated control cells. To further evaluate their effects on viral IRES activity, we constructed encephalomyocarditis virus (EMCV) and EV71 bicistronic vectors 24


[ ADDIN EN.CITE ]
 (Fig. 5D), transfected plasmids into RD cells, and treated those cells with 2 mg/ml of F. gardeniae or geniposide for 24 h. Culture medium and cell lysates were collected and subjected to SEAP and LUC activity analyses (Fig. 5E). Results indicate 40-60% reductions for both IRES sequences when transfected cells were incubated with F. gardeniae, and 50-80% reductions following treatment with geniposide. EMCV and EV71 belong to the same picornavirus family. Based on secondary structure, IRESs are commonly classified as type I (found in enteroviruses and human rhinoviruses) or type II (found in cardioviruses and aphthoviruses) 25


[ ADDIN EN.CITE , 26]
. The IRES RNA sequences in these picornaviruses are capable of folding into secondary structures and driving protein translation initiation 27-30


[ ADDIN EN.CITE ]
. Highly structured IRESs have also been used to identify virus inhibitors 31


[ ADDIN EN.CITE , 32]
. In the present study, F. gardeniae and geniposide were found to inhibit both type I (EV71) and type II (EMCV) IRESs, suggesting the inhibition of both types of IRES-mediated translation by F. gardeniae and geniposide. 
3. Conclusion
To our knowledge, this is the first demonstration of EV71 inhibition by F. gardeniae and geniposide, and the first evidence suggesting that the effect occurs via a mechanism that blocks viral protein translation. According to our cytotoxicity and anti-EV71 data, F. gardeniae enacted a strong anti-EV71 effect against virus infection, plaque reduction, virus replication, and viral RNA reduction. Specifically, our results indicate that geniposide (a primary F. gardeniae component) inhibited both EV71 replication and viral IRES activity. Additional studies are needed to identify and clarify the molecular mechanism or mechanisms, and to identify new targets for anti-EV71 agent development. 
4. Experimental Procedures 

4.1 Viruses and cells

An EV71 isolate (GeneBank accession number HM807310) was obtained from the clinical virology laboratory of China Medical University Hospital in Taichung, Taiwan. RD cells (ATCC accession no. CCL-136) were grown in Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum (FBS) (both from Gibco). All media were supplemented with 100 U/mL penicillin, 100 U/mL streptomycin, and 2mM L-glutamine. 
4.2 Real-time RT-PCR analyses
Untreated RD cells and RD cells treated with 1 or 2 mg/ml of F. gardeniae and geniposide for 24 h were infected with EV71 at 0.1 MOI. Viral RNA extraction was performed after 24 h and 36 h of incubation at 37°C (Figs. 1C and 5C). After washing with PBS, 150 μl of TRIzol® RNA Isolation Reagent (Life Technologies, Taiwan) was added to individual wells containing RD cells. Viral RNA isolation was performed using a QIAamp® Viral RNA Mini Kit according to the manufacturer’s instructions (Qiagen, Valencia, CA). RNA was eluted in 60 μl of buffer, and real-time TaqMan RT-PCR assays were used to determine EV71 replication inhibition for various concentrations of F. gardeniae and geniposide. We used a PrimerDesign Standard Kit to amplify a 5’ non-coding region of the enterovirus genome, following the manufacturer’s instructions. Reverse transcription was performed in a 10 μl reaction mixture consisting of 2 μl RNA template, 1 μl Pathogen RT primer mix, 1 μl dNTP mix (10 mM of each), and 6 μl of RNA/DNAse free water at 65°C for 5 min. Next, a reaction mixture of 4 μl 5X MMLV buffer, 0.8 μl MMLV enzyme, and 5.2 μl RNA/DNAse free water was added to each RNA sample. Reverse transcription reactions were performed at 42°C for 60 min. PCR amplification occurred in a 20 μl reaction mixture containing 5 μl cDNA, 10 μl 2X Precision( Mastermix, 1 μl Pathogen primer/probe mix, and 4 μl RNA/DNAse free water. Real-time TaqMan RT-PCR conditions were 1 cycle at 95°C for 10 min and 50 cycles at 95°C for 10 sec and 60°C for 60 sec. EV71 viral RNA levels were detected using a 7900HT Fast Real-Time PCR System (Applied Biosystems, CA). 
4.3 Confocal image analyses
Treated (1 or 2 mg/ml F. gardeniae for 24 h) and untreated RD cells were infected with EV71 at 0.1 MOI, fixed with 4% PFA for 15 min at room temperature, treated with 0.3% Triton X-100 for 5 min, and blocked with 3% BSA 33[]
 (Fig. 1D). Next, cells were incubated with mouse anti-VP1 monoclonal antibodies for 2 h at room temperature and reacted with FITC-conjugated anti-mouse IgG antibodies for another 2 h at room temperature. After washing, cells were counterstained with DAPI (Hoechst 33342, Molecular Probes), mounted with 50% glycerol, and observed with a TCS SP2 AOBS laser-scanning microscope (Leica Microsystems, Germany).
4.4 Plaque reduction assays

To ascertain the inhibitory effects of F. gardeniae on EV71 replication, plaque assays were performed to determine virus titers in culture supernatants. Treated (1 or 2 mg/ml F. gardeniae for 24 h) and untreated RD cells were infected with EV71 at 1 MOI. Culture supernatants from each sample were collected at 48 h post-infection and centrifuged at 1000 x g for 10 min to remove cellular debris. Confluent monolayers of RD cells in 6-well plates were inoculated with 100 μl of supernatant from each sample (10-4 dilution) for 1 h (Fig. 1E). After removing supernatant, each well was covered with 4 ml of maintenance medium (1% methyl cellulose, MEM medium, 2.2 g/L NaHCO3, 1X P/S). Medium was removed after incubation at 37°C for 72 h. RD cells were fixed with 2 ml of 20% formaldehyde and 1% crystal violet in PBS for 1 h at room temperature, after which plaques were counted.
4.5 Viral growth assays

To analyze the effects of F. gardeniae, treated (1 or 2 mg/ml for 24 h) and untreated RD cells were infected with EV71 at 1 MOI and incubated for 24 h at 37°C, rinsed with PBS, and placed in fresh medium. Culture medium samples were also collected at 0, 6, 12, 24 and 48 h (Fig. 1F). Virus titers were determined by plaque assays. Confluent monolayers of RD cells were inoculated with 100 μl of culture medium collected at 0, 6, 12, 24 and 48 h. After removing supernatant, each well was covered with 4 ml of maintenance medium (1% methyl cellulose, MEM medium, 2.2 g/L NaHCO3, 1X P/S). Medium was removed after incubation at 37°C for 72 h. RD cells were fixed with 2 ml of 20% formaldehyde and 1% crystal violet in PBS for 1 h at room temperature, after which plaques were counted.
4.6 Herbal extract preparation 

Crude extract powders of F. gardeniae were obtained from Timing Pharmaceutical, a good manufacturing process (GMP)-certified traditional Chinese medicine manufacturer based in Taiwan. Briefly, fine Gardenia jasminoides Ellis powder was prepared by milling dry gardenia fruit with a mechanical grinder and filtering it through a 20-mesh metal sieve, then mixing 1.0 g of powder with 40 ml distilled water. After boiling for 40 min, the mixture was filtered through a 100-mesh metal sieve. Filtrate (crude water extract) was sterilized using a 0.44 µm syringe filter. 
4.7 Chemicals
Crocin was purchased from Fluka Chemicals (Sigma-Aldrich). Geniposide, geniposidic acid, and genipin were purchased from Wako Chemicals (Richmond, VA). The chemical structures of these compounds are shown in Figure 2.
4.8 HPLC/MS/MS analyses
HPLC was used to determine the relative abundances of crocin, geniposide, geniposidic acid, and genipin in F. gardeniae water extract. Chromatography was performed using a Finnigan™ Surveyor™ HPLC system. HPLC analysis was performed on a 3 μm C18 column (MetaChem@C18, 2.0 mm i.d. × 50 mm). A guard column (MetaChem@C18, 2.0 mm i.d. × 20 mm) was used to prolong HPLC column life. The two mobile phases were buffer A, H2O (0.1% FA) and buffer B, ACN (0.1 % FA). Flow rate was 0.25 ml/min. Gradient conditions were isocratic elution (95% A) for 5 min, followed by a 30 min gradient to 80% B and holding at 80% B for 5 min. Analyses generally lasted for 40 min; an additional 20 min were required for column re-equilibration. We used a Finnigan Surveyor™ autosampler fitted with a 2 μl sample loop. HPLC and autosampler systems were synchronized using Xcalibur software.
4.9 Cell viability/WST-1 (cytotoxicity) assays
RD cells were cultured overnight in 96-well plates. Media containing F. gardeniae, crocin, geniposide, geniposidic acid, and genipin were added prior to incubation for 24 h at 37°C. This was followed by 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) assays (Roche, Indianapolis) as described in 34[]
. WST-1 reagent was used for spectrophotometric quantification of cell proliferation, viability, and chemosensitivity, following the manufacturer’s instructions. 

After treatment with these compounds, 10 µL of WST-1 were added to each well, followed by incubation at 37°C for 1 h. Absorbance at 450 nm was measured against background controls using a 96-well plate reader. Cell survival rates were calculated as the ratio of optical density of treated cells at 450 nm (OD450) to the OD450 of untreated cells. Four wells were analyzed for each concentration. The data shown in Figures 1A and 5A represent mean ± SD for three independent experiments. 
4.10 Anti-EV71 assays using WST-1 (EV71 infection inhibition)

RD cells were cultured overnight in 96-well plates. Media containing F. gardeniae and geniposide were added prior to incubation for 24 h at 37°C. Next, RD cells were infected with EV71 (10 MOI) and held for 72 h at 37°C prior to WST-1 assays (Fig. 5B) 35


[ ADDIN EN.CITE , 36]
. Four wells were analyzed for each concentration. Percentage inhibition of EV71 infection was calculated as (OD450cell+drug+virus – OD450cell+virus) / (OD450cell – OD450cell+virus) x 100%. 
4.11 EMCV and EV71 bicistronic vector construction

pcDNA3.1 (Invitrogen) plasmids for the EMCV and EV71 bicistronic vectors contain a CMV promoter (Fig. 5D) 24


[ ADDIN EN.CITE ]
. A firefly luciferase (LUC) gene was cloned adjacent to this promoter, the EMCV IRES and EV71 5’UTR genes were cloned behind the LUC gene, and the secreted alkaline phosphatase (SEAP) gene was cloned behind the EMCV IRES and EV71 5’UTR genes. The resulting plasmid was transfected into RD cells. Culture medium and cell lysates were collected for SEAP and LUC activity analyses after 24 h of incubation at 37°C.
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Figure Legends
Fig. 1. Effects of Fructus gardeniae on cytotoxicity and anti-EV71 activity. (A) Cell survival rates. (B) Cytopathic effect (CPE) reduction assay results. (C) Real-time viral RT-PCR analysis results. (D) Confocal image analysis results. (E) Plaque reduction assay results. (F) Viral growth assay results. 
Fig. 2. Chemical structures of four F. gardeniae constituents.
Fig. 3. Results from HPLC-MS (negative mode) analyses of three F. gardeniae-associated compounds. (A) HPLC profile of standard compounds (upper) and F. gardeniae water extract (lower). (B) ESI/MS spectra for geniposidic acid (upper; retention time 10.8 min) and geniposide (lower; retention time 14.1 min) collected from F. gardeniae water extract.
Fig. 4. Results from HPLC-MS (positive mode) analyses of two F. gardeniae-associated compounds. (A) HPLC profile of standard compounds (upper) and F. gardeniae water extract (lower). (B) ESI/MS spectra of geniposide (upper; retention time 14.1 min) and crocin (lower; retention time 17.9 min) collected from F. gardeniae water extract.
Fig. 5. Effects of geniposide on cytotoxicity, EV71 infection, real-time viral RT-PCR, and viral IRES activity. (A) Survival rates for RD cells treated with F. gardeniae, crocin, geniposidic acid, genipin, or geniposide. (B) EV71 infection inhibition resulting from treatment with F. gardeniae, crocin, geniposidic acid, or geniposide. (C) Real-time RT-PCR analysis results. (D) EMCV and EV71 bicistronic vectors used in this study. (E) Effects of treatment with F. gardeniae or geniposide on EMCV and EV71 IRES activities. Data expressed as SEAP/LUC ratios (0 mg/ml treatment = 100%) from three independent experiments, each performed in triplicate.
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