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Specific Plant Terpenoids and Lignoids Possess Potent Antiviral Activities against Severe Acute
Respiratory Syndrome Coronavirus

Chih-Chun Weri;#* Yueh-Hsiung Kud*> Jia-Tsrong JaM;* Po-Huang Liand® Sheng-Yang WantjHong-Gi Liu@
Ching-Kuo Le€® Shang-Tzen ChangChih-Jung Kud? Shoei-Sheng Le&,Chia-Chung Hou, Pei-Wen Hsiad,
Shih-Chang Chien,Lie-Fen Shyur,# and Ning-Sun Yang¥*

Agricultural Biotechnology Research Center, Academia Sinica, Taipei 115, Taiwan, R.O.C., Graduate Institute of Pharmaceutical Chemistry,
China Medical Uniersity, Taichung 404, Taiwan, R.O.C., Department of Chemistry, National Taiwaretdity, Taipei 106, Taiwan, R.O.C.,
Graduate Institute of Chinese Pharmaceutical Sciences, China Medicaktsity, Taichung 404, Taiwan, R.O.C., Institute of #netive

Medicine, National Defense Medical Center, National Defense/&fgity, Taipei 114, Taiwan, R.O.C., Institute of Biological Chemistry,
Academia Sinica, Taipei 115, Taiwan, R.O.C., Department of Forestry, National Chung-Hsingrsity, Taichung 402, Taiwan, R.O.C.,

Graduate Institute of Pharmacognosy Science, Taipei Medicadédsity, Taipei 110, Taiwan, R.O.C., School of Forestry and Resource
Consevation, National Taiwan Uniersity, Taipei 106, Taiwan, R.O.C., and School of Pharmacy, National Taiwaretsity, Taipei 105,

Taiwan, R.O.C.

Receied March 14, 2007

In this study, 221 phytocompounds were evaluated for activity against anti-severe acute respiratory syndrome
associated coronavirus (SARS-CoV) activities using a cell-based assay measuring SARS-CoV-induced
cytopathogenic effect on Vero E6 cells. Ten diterpenoids1(), two sesquiterpenoids{ and12), two
triterpenoids 13 and 14), five lignoids (L5—19), curcumin @0), and reference controls niclosamid&L)Y

and valinomycin 22) were potent inhibitors at concentrations between 3.3 angMLOThe concentrations

of the 22 compounds to inhibit 50% of Vero E6 cell proliferation ¢g@nd viral replication (Eg) were
measured. The selective index values £SCCs¢/ECsq) of the most potent compounds 5, 6, 8, 14, and

16 were 58,>510, 111, 193, 180, and 667, respectively. Betulinic acidl8) and savinin 16) were
competitive inhibitors of SARS-CoV 3CL protease withvalues= 8.2+ 0.7 and 9.1 2.4uM, respectively.

Our findings suggest that specific abietane-type diterpenoids and lignoids exhibit strong anti-SARS-CoV
effects.

Introduction inhibitor drugs (lopinavir/ritonavir) plus ribavirin plus corti-

The worldwide outbreak of the life-threatening disease severe COSt?rQ'dS may IMprove some clinical outhmes, bgt only when
acute respiratory syndrome (SABSvas caused by infection administrated in the early phase of the illné8sSince the
with a novel coronavirus SARS-Co¥?2 In 2003, this highly emergence of SARS considerable effort has been put into
infectious disease was widely disseminated in 25 countries and@ntiviral research to screen and evaluate compounds for anti-
resulted in 8098 probable SARS cases and 774 SARS-related>ARS-CoV activity in an attempt to prevent a re-emergence of
deaths. At present, although a series of candidate drugs havene disease. Glycyrrhizin from licorice roots has been shown
been reported to ameliorate the disease, there are still not© inhibit SARS-CoV replication with a 50% effective concen-
clinically approved or recommended antiviral drugs specific for tration (EGo) of 365 #M,® and a number of glycyrrhizin
SARS. Currently, the most frequently administered antiviral and derivatives have been shown to possess modestly higher antiviral
supportive treatment of SARS is a combination of ribavirin and Pioactivity1>** Calpain inhibitors, such as Val-Leu-CHO (calpain
corticosteroidg:5 Ribavirin, however, was only marginally inhibitor VI) and Z-Val-Phe-Ala-CHO (calpain inhibitor 1),
effective against the SARS virus, and had serious adverse effectd1ave also been shown to be potent inhibitors of SARS-CoV
on SARS patient&” The combination therapy of HIV protease  replication!?

A number of protein molecules encoded by the SARS-CoV
* Corresponding authors: Mailing address: No 128, Sec 2, Academia genome are potential targets for chemotherapeutic inhibition of

gzi%shl‘gg'éangfaifgi 11? Tfiir"éggy ;-2%5(31-1'\{??'5%” Ya‘_?g: MBG'@ viral infection, and replication. These intriguing targets include
- ext. y ax. -2~ . -mall: nsyang . . . . .
gate.sinica.edu.tw. Lie-Fen Shyur: Tel(Fax):886-2-26515028. E-mail: the spike prOte'_n (S), which mediates the entry of the V'rus_' the
Ifshyur@ccvax.sinica.edu.tw. SARS-CoV main protease (3CL protease), the NTPase/helicase,
légrigu“?ré}l Bti_?ttt?Chf;OllaC;]gy ReseatrChl %imef; fcagimia ,\Sﬂin(ifa-l Uni the RNA-dependent RNA polymerase, the membrane protein
Craduate institute of Fharmaceutical Ghemistty, thina Medical = (v) required for virus budding; the envelope protein (E) which
versity. . ! ' !
§ National Taiwan University. plays a role in coronavirus assembfy® and the nucleocapsid

# Graduate Institute of Chinese Pharmaceutical Sciences, China Medicalphosphoprotein (N) that relates to viral RNA inside the virion

O National Defense University and possibly other viral protein-mediated proced8#¥ith such
@ |nstitute of Biological Chemistry, Academia Sinica. a drastic increase in molecular and biochemical information
'j@l\*at,lonalleQ}m?-SS_mg University. about various components of the SARS-CoV and their cellular
alpel iviedical nlversny. PP . . i _
U School of Forestry and Resource Conservation, National Taiwan targets, '_t 'S 'mporta_mt and tlmely_to again evaluate anti-SARS
University. CoV activities by different experimental approaches.
iggﬁ‘;‘l"cg‘;g’mrt?gi?’d mf‘st'g?t?ﬂlga'wa” University. In the current study, we investigated the effects of specific
a Abbreviations: SARS, severe acute respiratory syndrome; CoV, coro- phytocompoupds on SARS virus using a Vero E6 cell-based
navirus; CPE, cytopathogenic effect. cytopathogenic effect (CPE) assay. A total of 221 compounds
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with several specific chemical skeletons isolated from a number supplemented with nonessential amino acids and 10% FBS in a
of medicinal plants were tested, of which a group of 22 5% CG incubator at 37C. After 1 day of incubation where cells
compounds were chosen to have their anti-SARS-CoV bio- in culture reached 90% confluence, the culture medium was replaced
activities further characterized using ELISA. In parallel, these PY 100uL of fresh DMEM medium containing 2% FBS and test
22 compounds were also evaluated for inhibition of SARS-Coy S0mMPounds at varying concentrations and placed into microwells
3CL protease activity. Structural modeling analvsis was under- and incubated for 3 days. The test culture medium was then replaced

prote Y- S -ling analysis with 100 4L of fresh culture medium containing 3-(4,5-dimeth-
taken to interpret the intermolecular interactions in the com-

ylthiozole-2-yl)-2,5-biphenyltetrazolium bromide (MTT) at a con-
pound-SARS-CoV 3CL protease complex. We demonstrate that centration of 0.5 mg/mL per well for 4 h. Optical density (OD)

some specific diterpenoids and lignoids have good potential aswas then measured with a spectrophotometer at 570 nm. Survival
lead compounds for future development as anti-SARS thera- of Vero E6 cells after treatment was calculated using the formula:

peUtiCS- viable cell number (%% [OD570 (treated ceII;{OD57O (vehicle control ceII;)
x 100. CGo represented the level at which 50% of cell viability
Experimental Section was reduced by 50%.

) Inhibition of Viral Replication in SARS-CoV-Infected Vero
Sources of Compounds Tested against SARS-CoWlore than E6 Cells. After the Vero E6 cells with test compounds added had
200 compounds were selected, tested and grouped based on thelseen incubated for 3 days with SARS-CoV, the cells were gently

chemical structures and natural sources. Compolifgsruginol), rinsed with PBS three times and then fixed with 10% formalin for
2 (dehydroabieta-7-one3,(sugiol),5 [83-hydroxyabieta-9(11),13- 5 min at room temperature. The 10% formalin was removed and
dien-12-one)]y (6,7-dehydroroyleanone9, (pinusolidic acid) 12 the cells fixed again in methanol/acetone (v/v, 1:1) solution for 5

(a-cadinol), 15 (hinokinin), and16 (savinin) were purified from min at room temperature. Cells were then blocked with 3% skim
the ethyl acetate extracts of the heartwoo@bamaecyparis obtusa  milk in PBS far 2 h atroom temperature, rinsed three times with
var. formosana Compounds8 (3f,12-diacetoxyabieta-6,8,11,13-  pBs, and then incubatedrfa h at 37°C with 1:2000 dilution of
tetraene),11 (cedrane-B,12-diol), and14 (betulonic acid) were  mongclonal antibody against the spike protein of SARS-CoV. All
isolated from the ethyl acetate extracts of the heartwood of samples were then rinsed with three changes of PBS containing

Juniperus formosanaCompounds4 (cryptojaponol) ands (75- 0.05% Tween 20 (PBS-T buffer), twice with fresh PBS at room
hydroxydeoxycryptojaponol) were isolated from the heartwood of temperature, and finally with 3% skim milk in PBS-T buffer. Cells
Cryptomeria japonicaCompoundl? (4,4-O-benzoylisolaricires-  \yere then incubated with a horseradish peroxidase-conjugated goat
inol) is a synthetic liganoid. Compound8 (forskolin), 13 (betulinic anti-mouse 1gG for 30 min at room temperature. After the cells

acid), 20 (curcumin),21 (niclosamide), an@2 (valinomycin) were  \yere rinsed three times with PBS-T buffer, a substrate solution
purchased from Sigma-Aldrich (St. Louis, MO), and compounds  containingO-phenylenediamine dihydrochloride, citrate buffer (pH
18 (honokiol) and19 (magnolol) came from the Pharmaceutical 5 0), and hydrogen peroxide was added to each well. Plates were
Industry Technology Development Center in Taiwan. The remaining covered and gently shaken at room temperature for 10 min in the
test compounds were laboratory chemical stocks stored as specialtyyark. The reaction was stopped by addition of 2 N sulfuric acid,
compounds in the five participating research laboratories of this ang plate absorbance was read immediately at 492 nm with an
study. ELISA reader. The Eg& value for each test compound was
Test compounds were first dissolved in 100% dimethyl sulfoxide calculated from a linear regression plot of compound concentration
(DMSO, Hybrix-Max, Sigma) and then transferred to 96-well versus OQg,.
microtiter plates for assay of activity against SARS-CoV-induced = SARS-CoV 3CL Protease Inhibition Assay.As previously
CPE, cytotoxicity in Vero E6 cells, inhibition of viral replication  reportec??22the gene encoding the SARS-CoV main protease was
activity, and inhibition of 3CL protease activity. The final DMSO  cloned from the whole viral genome by polymerase chain reaction
concentration in each assay was kept below 0.4%. (PCR) and primer insertion (forward primet-6GTATTGAG-
Cell-Based Assay Utilizing CPE on Vero E6 Cells via SARS- GGTCGCAGTGGTTTTAGG-3 and reverse primer ' AGAG-
CoV Infection. For each compound treatment, eight wells were GAGAGTTAGAGCCTTATTGGAAGGTAACACC-3) into the
used for a complete set of assays, with three wells for virus-infection pET32Xa/Lic vector. The recombinant 3CL protease plasmid was
only (as positive control for CPE), three wells for virus-infection then transformed intd&. coli JIM109 competent cells that were
with compound treatment, and two wells with compound treatment streaked on a Luria-Bertani (LB) agar plate containing 2§0nL
only without viral infection. Briefly, Vero E6 cells (% 10%well) ampicillin. The correct construct was subsequently transformed into
were cultured in 96-well plates in Dulbecco’s modified Eagle’'s E. coli BL21 host cells for expression of the His-tagged protein,
medium (DMEM) supplemented with 10% fetal bovine serum which was then digested with FXa protease to remove the tag. The
(FBS) at 37°C in 5% CQ incubator for 1 day. Before cells in  purified protein was confirmed by N-terminal sequencing and mass
culture reached a 8890% confluence, the cell culture medium was spectrometry analysis. The enzyme concentration used in all
removed and replenished with 1@ of DMEM supplemented experiments was determined from the absorbance at 280 nm.
with 2% FBS. Test cell cultures at90% confluence were treated All kinetic measurements were performed in a solution containing
with or without tested compounds in a DMEM2% FBS medium. 20 mM bis[(2-hydroxyethyl)amino]tris(hydroxymethyl)methane (pH
After incubation fa 2 h in a 5% CQ incubator at 37C, test cells 7.0) at 25°C. Enhanced fluorescence due to cleavage of the
were inoculated with SARS-CoV (Hong Kong strain) in 80 at fluorogenic substrate peptide (Dabcyl-KTSAVLQ-SGFRKME-
a dose of 100 TCIB (50% tissue culture infectious doses) per Edans) of SARS 3CL-protease was monitored at 538 nm with
well. The cytopathic morphology of cells was then observed and excitation at 355 nm on a fluorescence plate reader. The initial
evaluated at 72 h postinfection by use of inverted phase contrastvelocities of the inhibiting activities on 50 nM SARS 3CL-protease
microscopy. using 6uM fluorogenic substrate were plotted against the different
The inhibition by the tested compounds of SARS-CoV-mediated inhibitor concentrations to obtain the d¢values using eq 1:
CPE was classified into three different levets«+, ++, +) as
previously reported by other laboratorf@sWhen less than 25% Ay = Ag < {1 =/ +1Cs1} 1)
of Vero E6 cells in the culture showed cytopathogenic morphology
in response to SARS-CoV after treatment with compound, the whereAy, is the enzyme activity with inhibitor concentration [I];

inhibition was scored as levelt++. The cultures showing 25 Ay is the enzyme activity without interference from an inhibitor.

50% and 56-70% cells as cytopathogenic are scored as lével Ki measurements were performed at two fixed inhibitor concentra-

and +, respectively. tions and various substrate concentrations ranging from 8 to 80
Cytotoxic Effects of Test Compounds on Vero E6 Cellsvero uM in a reaction mixture containing 50 nM SARS protease.

E6 cells (2x 10%well) were grown in 96-well plates in DMEM Lineweaver-Burk plots of kinetic data were fitted using the
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Vero E6 cells SARS viruses (positive control). The inhibition of CPE of SARS
virus on Vero E6 cells was expressed as levels+, ++, and

+ (where+++ represented the most inhibition ardrepre-
sented the least inhibition) as shown in panels C, D, and E,
respectively, in Figure 1. Glycyrrhizin and A&lycyrrhetinic
acid, previously reported to have anti-SARS bioactivity, were
employed in this study as reference control samplé&mong

the tested compounds, 22 compounds with structures depicted

No SARS-CoV With SARS-CoV infection

(negative control) (positive control) in Chart 1, comprising terpenoids (compourdds8 as abietane-
type diterpenes, compounfél&nd10as labdane-type diterpenes,
Vero E6 cells + SARS-CoV (100 TCIDgy/well) + test Compounds compoundsll and 12 as sesquiterpenes, and compout8s

and14 as triterpenes), lignoids (compounts—19), curcumin
(20), niclosamide 21), and valinomycin 22), showed high
inhibition (level ++ or +++) activity in the CPE assays at
concentrations between 3.3 and 201 (Table 1). Moreover,
compounds12, 15, 21, and 22 also exhibited significant
inhibitory effects at concentrations as low agM. Interestingly,
glycyrrhizin and 18-glycyrrhetinic acid were found to exhibit
little or no activity in CPE reduction at a concentration of 20
Figure 1. Characterization of compound inhibition of the cytopatho- M. To gvalhu_ate whether tlr(;e used vehicle sollgllent{(le%
genic effect (CPE) of SARS-CoV on Vero E6 cells using a cell-based DMSO) in this report would cause any possible cytotoxic or

assay. (A and B) Represent cell culture phenotypes or behavior of Vero Negative effect on test Vero E6 cells, MTT assay and micro-
E6 cells with or without infection with SARS-CoV. C, D, and E  Scopic examination were performed. Our result showed that little

++ +

The protective effect of test compounds

represent semiquantitatively the three levels (high+, moderatet-+, or no cytotoxic effect was observed in 8:2.4% DMSO-treated
and low +, respectively) of CPE inhibition, as evaluated by phase cells, as 93 to 96% cells were viable (data not shown); in
contrast microscopy. addition, there was no morphological changes of test cells

computer program KINETASYST Il (IntelliKinetics, State College, observed in the same tested DMSO concentrations.

PA) by nonlinear regression to obtain tkevalue for competitive Inhibition of SARS-CoV Replication Evaluated Using
inhibition from eq 2: ELISA. To investigate whether the 22 compounds that exhibited
potent inhibitory activity on the cytopathogenic effect of SARS-
IN =KV A+ [IVK) V[ + IV, @) CoV could also inhibit viral replication, levels of spike protein

in SARS-CoV-infected Vero EG6 cells, with or without treatment
with test compounds, were measured by ELISA. As examples,
. ) - . X the anti-SARS-CoV replication activity of four selected com-
the inhibitor and substrate concentrations in the reaction mixture, . . .
respectively. pgunds at indicated concerjtratlon_s (01D uM) are ;hoyvn in
Computer Modeling of SARS-CoV 3CL Protease Inhibition. Figure 2A. Thg concentration which was able to |nh|t_)|t 50_%
Molecular docking was performed with the computer program Of viral replication (EGg) was calculated and summarized in
Discovery Studio Modeling 1.2 SBD, (Accelrys, Inc., San Diego, Table 2. In contrast to compounds11, 13, 15, and20 which
CA). The core domain in subunit A of the X-ray structure of the had EG values higher than 1@M, the EGy values of the
SARS-CoV 3CL protease in complex with a substrate-analogue four abietane-type diterpenes, (5, 6, and 8), one triterpene
inhibitor (coded 1uk4#} obtained from the Protein Data Bank (PDB;  (14), one lignan {6), and niclosamide21) were determined to
http:/iwww.rcsb.org/pdb/) was used for modeling analysis. Docking g 1.39,1.47, 1.15, 1.57, 0.63, 1.13, ar@l 1 uM, respectively.
experiments were performed using an automated ligand-docking r,osq yayes are similar to or even lower than that of the
subprogram of the computer program (Discovery Studio Modeling reference compound valinomyci@d) (ECso = 1.63 uM). A

1.2 SBD) that uses a genetic algorithm to fit ligands into the active
site of the SARS protease in 3-D mode. A number of parameters number of other tested compoun@s T, 9, 10, 12, 18, and19)

were chosen to control the precise operation of the genetic algorithm@lS0O showed appreciable levels of anti-SARS virus bioactivity
via defined binding sites, specified ligand conformations, energy With ECso values ranging from 3.8 to 7 &M.

grid parameter, variable numbers of Monte Carlo trials, and selected  Cytotoxic Effects of Test Compounds on Vero E6 Cells.
score type. Docking runs were carried out using standard default jnce the anti-SARS-CoV activity observed with the use of the
settings (“grid resolute” of 5 A, “site opening” of 12 A, *binding o compounds might have resulted from a direct inhibition on
site” selected) of the active site cavity which are similar to those the growth of test cells, MTT assay was employed to evaluate

used when fitting the inhibitors in a previous rep#rtThe . . -
interaction energy was calculated from Dreiding/Gasteiger force- the cytotoxic effect of test compounds at concentrations ranging

field, and poses with DockScore below 0 were rejected. 1000 from 20 to 750uM on Vero E6 cells. The experiment was
iterations were performed in the “in situ ligand minimization Performed with test compounds prepared in DMEM supple-

where K, is the Michaelis constant of the substrakg, is the
inhibition constant\/, is maximal velocity, and [I] and [S] represent

algorithm” of the Smart Minimization program. mented with 2% FBS. Figure 2B shows the results for
compoundsl, 5, 8, and 14 as examples of this study. The
Results cytotoxic concentration of individual compounds that reduced

Anti-SARS-CoV Activity Detected by Cell-Based CPE the cell viability to 50% of the untreated control (6gCwas
Assay.A cell-based assay of cytopathogenic effect on Vero E6 calculated. The Cég values (summarized in Table 2) for most
cells infected with SARS virus was adopted to investigate the of the test compoundd (4, 7, 12, 13, 14, 18, and19), except
anti-SARS-CoV activity of 221 selected phytocompounds. 21 (niclosamide, Cg = 22.1uM), were >65 uM, indicating
Figure 1, panel A, shows the original morphology of the Vero that these compounds might interfere only slightly with the
E6 cells without treatment (negative control), and panel B shows growth of Vero E6 cells. In addition, compoungss, 8, 9, 10,
the cytopathic morphology of Vero E6 cells after infection with 11, 15, 16, and20 had a CGp of >250 uM; these chemicals
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Chart 1. Chemical Structures of the 22 Compounds That Exhibit Significant Inhibitory Activity against the Cytopathogenic Effect of
SARS-CoV on Vero E6 Cells
A Terpenoids

OH

1 2R=H R=H
3R=H R,=OH
4R,=OH R,= OCH,

\
: oY
C Miscellaneous Q WA ~P
o H O \/,o/
L A Hrs[\/\
cl NOp ~, o
HaCO, OCH i o g
8 3¢l NH HNy
W T s
Ho O O OH 47 LSS
21 22

(A) Terpenoids. The fourteen terpen0|ds were ten diterpenes, including eight abietane derilraByes(l two labdane derivatives, (L0), two sesquiterpenes
(11, 12), and two triterpenesl@, 14). (B) Lignoids. The five lignoids were three lignan derivativé5<{17) and two neolignanslg, 19). (C) Miscellaneous.
This group includes one phenolic compourad,(curcumin) and two known anti-SARS-CoV compounds used as positive conhl22). Individual
compounds:1: ferruginol,2: dehydroabieta-7-on8; sugiol,4: cryptojaponol5: [83-hydroxyabieta-9(11),13-dien-12-onej], 75-hydroxydeoxycryptojaponol,
7: 6,7-dehydroroyleanon8; 33,12-diacetoxyabieta-6,8,11,13-tetrae®epinusolidic acid,10: forskolin,11: cedrane-B8,12-diol,12: a-cadinol,13: betulinic
acid, 14: betulonic acid,15: hinokinin, 16: savinin,17: 4,4-O-benzoylisolariciresingl18: honokiol, 19: magnolol,20: curcumin,21: niclosamide, an@2:
valinomycin.

can thus be considered as biologically safe to host cells. Onof anti-SARS-CoV activity of test compounds (Table 2). The
the basis of the results in Table 2, we suggest that it is quite S| of the five abietane-type diterpenels 2, 5, 6, and8), two
unlikely that the observed inhibitory effects of compoutd2 labdane-type diterpene8 &énd10), one triterpenel4) and one

on viral replication of SARS-CoV were due to the inhibitory lignan (L6) were determined to be 58, 76.3510, 111, 193,
effect on growth of host cells. The selective index (SI), the ratio >159, 89.8, 180, and 667, respectively. These Sl values are
of CCspto EGso, was also calculated to demonstrate the potency all much higher than the value of the reference control
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Table 1. Phytocompounds Tested against CPE of SARS-CoV on Vero  pocket of SARS-CoV 3CL protease. In addition, the hydroxyl

E6 Cells group of C3 of13 formed a hydrogen bond with the oxygen
test concentrationuv) atom of the carbonyl group of Thr24 located at the N-terminus
compound 20 10 3.3 1 0 of domain | (residues-8101) of the 3CL protease to strengthen
- - - the binding. In contrast, betulonic acid4) did not form
Diterpenoids (Abietane-type) dditi i | lar bond ith th besid h
1 P _ _ additional intermolecular bonds with the enzyme besides the
2 +++  +++ NT. NT. - hydrophobic interaction (Figure 4A). For hinokiniig) and
3 +++  +++  NT.  NT. - savinin (6), the computer modeling analyses (Figure 4B)
g ::[I iii JNF-T- NT. suggested that savinin fits into the active site cavity better by
6 444 a4+ NT NT - forming hydrogen bonds with the NHs of Glyl43, Serl44, and
7 IRV - - - Cys145 via the O atoms located at C9, and with the NHs of
8 +++  ++ ++ - - Glul66 and GIn189 via oxygen atoms attached toa@l C4,
Diterpenoids (Labdane-type) respectively. However, hinokinin only forms a H-bond between
9 +++ +4++ NT.  NT. - the O atom located at C9 and the NH of Ser144. Moreover,
10 =+ 4t + - - only the C4 O atom on hinokinin forms a H-bond with GIn189.
Sesquiterpenoids These differences of intermolecular interaction apparently are
11 o + - - reflected by the 4-fold smallel; value of savinin compared
12 I ot - with that of hinokinin in inhibiting the 3CL protease (Table 3).
L Triterpenoids (Lupane-type) In fact, the only difference in the chemical structures of
12 iii ii+ ;I“T NT. - hinokinin and savinin is the single vs double bond between C7
Lianoid o o and C8. The more rigid structure from the double bond found
15 ++'+gn°' iJr — n _ in savinin (forming a planar structure in the C7, C8 and the
16 44+ 44+ NT. NT. - lactone ring) ensures its proper binding with the 3CL protease.
17 +++ +++ NT. NT. -
18 A - Discussion
19 +++ -+ + - -
curcumin 20 ++ + - - - . Despite intgnse research efforts since its sud.d(.an appearance
niclosamide21 +++ ++ ++ + - in 2003, there is as yet no laboratory proven or clinically defined
valinomycin,22 -+ 4t ++ o+ - treatment for the significant public health risk posed by severe

glycyrrhizin, GL - - -

185-glycyrrhetinic acid B B B B acute respiratory syndrome (SARS). For adequate public safety

and control of infection in the event of a re-emergence of the
& +++, ++, + represent approximately25%, 25-50%, and 56-70% disease, the identification of effective anti-SARS-CoV agents
of CPE reduction, respectively:: no effect was observed. N.T.: not tested. is essential. In this study, we employed a cell-based cytopatho-
genic effect (CPE) assay of the SARS virus in Vero E6 cells,
valinomycin (SI= 41.4), determined in parallel in this study to screen more than 200 phytocompounds for potential anti-
and previously reportet. SARS-CoV activity. Twenty tested phytocompounds exhibited
Inhibition of SARS-CoV 3CL Protease Activity. The significant levels ¢+ to +++) of anti-SARS-CoV activity at
proteolytic cleavage of polyprotein at specific sites by 3CL 10uM, and these unique features of test compounds have not
protease is essential for the replication of SARS-Cd% For been previously reported (Table 1). The newly identified
a better understanding of possible sites on the virus targeted bybioactive compounds with anti-SARS-CoV activity in thi
the specific anti-SARS compounds, all 22 compounds were range include abietane-typg«8) and labdane-type diterpenes
evaluated in a 3CL protease inhibition assaysol@alues of (9 and10), sesquiterpened { and12), lupane-type triterpenes
compounds were measured by a quenched fluorescence energd3 and 14), lignoids (5-19), and curcumin Z0). Although
transfer (FRET) metho#t None of the diterpenoids tested o-cadinol (2) has previously been shown to exhibit strong
inhibited SARS-CoV 3CL protease at concentrations of less than antifungal?® antitermitic?>2¢ and antitumordf activities, this

100 «M. Betulinic acid (L3), savinin (L6), curcumin 20), and is the first time it has been shown to possess antiviral activity.
niclosamide 21) showed inhibitory effects on 3CL protease Because CPE of viral infection includes complex interactions
activity with 1Csq values of 10, 25, 40, and 40M, respectively. of several mechanisms between the SARS-CoV and test Vero

In contrast, betulonic acidlé) and hinokinin (5), analogues E6 cells!® we then evaluated the effect of phytocompounds
of compoundsl3 and 16, respectively, inhibited 3CL-protease  specifically on viral replication, by quantification of the amount

activity with 1Cs values>100uM (Table 3). We then further  of spike proteins present in cultures of SARS-CoV infected Vero
characterized the inhibitory mechanism of the two most potent E6 cells (EGp). In addition, a MTT assay was used to determine
compounds,13 and 16, against SARS-CoV 3CL protease the CGy of the test compounds to eliminate any possible

activity. TheK; values of betulinic acid(3) and savinin 16) cytotoxic or anti-cell proliferation effect of the phytocompounds

were determined at 8.2 0.7 and 9.1+ 2.4 uM, with a on the host cells as a cause of a low observeghbHOnce these

competitive inhibition mode of action (Figure 3). values were established, the Sl (selective index) value was
Structural Modeling of Compounds 13—15 with SARS- calculated from the ratio of Gigto EGsg as an indicator of the

CoV 3CL Protease. Structural modeling was employed to potency of these compounds. In comparison to the positive
examine the differential inhibition of SARS-CoV 3CL protease controls, niclosamide2(1)?82°and valinomycin 22),1° most of

by compound analogues. A previous X-ray diffraction study the compounds with potent activity against CPE also exhibited
showed that SARS-CoV 3CL protease has a Cys-His catalytic marked inhibitory effects on SARS-CoV replication. The Sl
dyad (Cysl45 and His4l) located and formed between thevalues (Table 2) for ferruginollj, dehydroabieta-7-on&), 83-
domain | (residues-8101) and domain Il (residues 16284) hydroxyabieta-9(11),13-dien-12-onep),( 75-hydroxydeoxy-

of the 3CL proteas& Computer docking analysis revealed that cryptojaponol 6), 33,12-diacetoxyabieta-6,8,11,13-tetrae@g (
betulinic acid L3) can be nicely fitted into the substrate-binding pinusolidic acid 9), forskolin (L0), betulonic acid 14), and
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Figure 2. The inhibitory effects of test compounds on replication of SARS-CoV and on proliferation of Vero E6 cells. (A) Inhibition of SARS-
CoV replication in response to treatment with specific compounds, as measured by the level of SARS-CoV spike protein (SARS-CoV S) in test
Vero E6 cell cultures using ELISA. % of Contrel (OD4g, of SARS-CoV infection— ODag, of mock infection [concn X])/(Oky, of SARS-CoV

infection — OD4g2 Of Mock infection [concn 0]). (B) Anti-cell proliferation or cytotoxic effects of test compounds on Vero E6 cells determined
using MTT assay. Each data point represents the me&D (n = 3). Cell viability (%) = (ODszo of treated cells/OBy of vehicle cells)x 100.

savinin (L6) are in fact substantially higher than the Sl value of hydrogen bonding between the compound and specific amino
the positive control valinomycin2@) (SI = 41.4). These acid residues located at the active site pocket of the enzyme.
compounds with high Sl values apparently inhibit SARS-CoV So far, a number of efforts have contributed to the identification
replication with little or no cytotoxicity against Vero E6 cells  of inhibitors of SARS-CoV 3CL proteagé32However, this is

and thus have good potential as lead compounds in the futurethe first report to demonstrate that natural lupane-type triterpenes

development of anti-SARS drugs. Pinusolidic adjiffas been  (13) and a lignan 16) block 3CL protease activity by competi-
reported as a platelet-activating factor inhibitdand forskolin tive inhibition.

(20), a well-known labdane-type diterpene, was reported to

activate adenylate cyclase and increase cyclic AMP levels in T o .
1 . . the result of a combination of two antiviral mechanisms. One

several cell typed! In this report, we observed potent anti-SARS . S .

virus activity for these two compounds. of these is protease inhibition, as demonstrated in the present

The SARS-CoV main protease, 3CL protease is involved in study. Additionally,_ evidence ffom several repé?t§5_h_as .
the viral maturation process to cleave the virus-encoded démonstrated that in the low micromolar range betulinic acid
polyproteins. Due to its pivotal role in the SARS-CoV life cycle, Qerlvatlves could effecnve]y interfere with HIV-1 virus entry
the 3CL protease is a key target for discovery of anti-SARS- N test cells at a postbonding, envelope-dependent step appar-
CoV agents. In this report, the inhibitory effects of compounds ently related with the fusion of the incoming virus to the host
1-22 on SARS-CoV 3CL protease activity were investigated. Cell membrane. Because of the similarity between the gp41 of
Only betulinic acid 13) (K; = 8.2+ 0.7 uM) and savinin 16) the retrovirus HIV-1 and the S2 subunit of the spike protein of
(Ki = 9.1 & 2.4 uM) exhibited significant inhibition on 3CL ~ SARS-CoV, both of which are responsible for virus-induced
protease. On the basis of structural modeling results (Figure membrane fusion, we speculate that a further anti-SARS-CoV
4), the competitive inhibition of betulinic acid and savinin on mechanism might be the blocking of SARS-CoV entry at the
3CL protease activity was due to the formation of multiple postbinding step during the fusion of virus particle to host cell

The anti-SARS activity of these two compounds could be
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Table 2. Inhibition of Vero E6 Cell Proliferation and SARS-CoV Betulinic acid (13)

Replication % 200
compound Ceo(uM)2 EGCso(uM)® selective indek E 150
Diterpenoids (Abietane-type) Z 100
1 80.4 1.39 58.0 50
2 305.1 4.00 76.3 —
3 N.Td N.Td N.C®
7 785 ~10 <78 005 .50 0.05 0.1 0.5 02
5 >750 1.47 >510 1 (M)
6 127 1.15 111 . .
7 89.7 5.55 16.2 § o Savinin (16)
8 303.3 1.57 193 s
Diterpenoids (Labdane-type) E’ 10
9 >750 471 >159 &
10 674 7.5 89.8 5
Sesquiterpenoids =0
11 >750 >10 N.C¢ 005 5 El. 005 0.1 0.15 02
12 76.8 4.44 17.3 18 MY
13 Tritleé%e”(’ids (Lu;iinoe-type) 15 Figure 3. The inhibitory properties of betulinic acid ) and savinin
14 112 063 180 (16) on the enzymatic activity of SARS-CoV 3CL protease. Protease
o ’ enzyme activity was measured using® M of fluorogenic substrate
Lignoids in the absence®) or presence of 26M (O and 50uM (a) compound.
15 >750 >10 N.Ce The data were fitted with eq 1 using KINETASYST Il program to
16 =780 113 ~eer calculate theK; values of betulinic acid1(3) and savinin {6). The
g 822; NG--';O ’1'3(:7 inhibition pattern indicates that compounitiand16 are competitive
19 68.3 280 18.0 inhibitors with respect to the substrate.
C!Jrlcumin;sOZl >2§g L >18 L 22'\11-0? inhibition of reverse transcriptase, and inhibition of integrase
niclosamide . <0. > ; " e iy ;
valinomycin 22 675 163 114 and topoisomerase activiti&sThe five lignoids (5—19) studied

here possessed marked anti-SARS-CoV activity. Among them,
2 Cytotoxic concentration (Cég) of test compounds that reduced cell  ggynin 16) (ICso = 25 uM, K; = 9.1+ 2.4 uM) also showed
viability to 50% of the untreated (control) cell cultures. Each value was .o ' A, .
calculated from triplicate samplesEffective concentration (Eg) for the much grea‘Fer specific protease ,'nh',b'tlon than the, other lignans
inhibition of viral replication to 50% of the untreated (control) cell cultures. teSt_ed- 'I_'hIS may C_Orre|ate with its better anti-SARS-CoV
Each value was calculated from triplicate sampfe3elective index was proliferation activity in the ELISA test than other compounds

the ratio of CGo to EGso (CCs/ECso)- “N.T.: not tested?N.C.: not (Table 2). Curcumin Z0), a known phytocompound from

calculable Curcuma longahas been reported to exhibit antiinflammatory,

Table 3. Kinetic Properties of Specific Compounds That Inhibit the ant'0X|d§nt: anticarcinogenic, and anti-HIV a_(:t|v|t|”ég!'1 th'S_

Enzymatic Activity of SARS-CoV 3CL Protease study, mild activity against SARS-CoV replication and inhibition

compound 1Go (M) K2 of 3CL protease were observed.
— Regarding the delivery strategy for the identified bioactive

betulinic acid (3) 10 8.2+ 0.7 . . .
betulonic acid 14) ~100 N.TP phytocompounds in this study that can or may result in an
hinokinin (L5) >100 N.TP appropriate bioavailability for the specific type of compounds
savinin (L6) 25 9.1+ 24 against SARS virus, we proposed here that diterpene compounds
curcumin @0) 40 N.TP 1—10 can be considered for oral or intravenous (i.v.) admin-
niclosamide 21) 40 N.TP

istration in future clinical practice. Although we have not found

?Ki value was measured using two fixed compound concentrations and research that directly addresses the bioavailability of diterpenes
varying substrate concentrations containing 50 nM SARS-CoV protease. with the structural features identical to compouridsl0 in
bN.T.: not tested. - . N

animals or humans, a previous pharmacokinetics study of a
diterpene triptolide in male Sprague-Dowley rats after oral and

membrane. The other molecular virological mechanisms ap- i.v. administration showed that a high oral absolute bioavail-
parently affected by these compounds certainly warrant future ability (72.08%) was observed at the dose of 0.6 md/kg.
study. Previous pharmacokinetics and plasma and tissue distribution

Various studies have also reported that abietane-type diter-study results of butulinic acidL@) in mice, rat, or dog suggested
penes exhibited various antiviral activities against Herpes that intraperitoneal (i.p.) or dermal administration was effica-
simplex virus (HSV):38 varicella-zoster virus (VZV), cyto- cious for the compound with no observed toxic response in test
megalovirus (CMV)¥? influenza virus!? and human immuno-  animals at the dose of 500 mg/kg body weitfhiHowever, low
deficiency virus-1 (HIV-1)*142In addition, some abietane-type oral bioavailability (0.7%) for oleanolic acid, an analogue of
diterpenes were also found to inhibit HIV-1 proted5&2 We butulinic acid, was observed, implying poor absorption and
observed that the specific abietane-type diterperies8) extensive metabolite clearant®eThese results indicate that
possessed potent anti-SARS viral activities, but that these butulinic acid can be used i.p. or dermal administration without
activities apparently did not involve action on 3CL protease a major problem. On the other hand, the oral or i.v. route for
because no 3CL protease inhibition was observed (data notlignoid compound45—18 administration can be considered as
shown). The molecular mechanism(s) by which these com- novel because previous studies showed that retrojusticidin B,

pounds operate needs to be investigated further. an analogue 0f5—17, suspended in corn oil was observed with
The activity of lignans against HSV-I, measles virus, HIV- a good oral bioavailability (33.1%) in ratdand i.v. administra-
1, and other types of viruses has been stutfiet?. The antiviral tion of honokiol (L8) exhibited linear pharmacokinetics in rats.

mechanisms identified include interference with tubulin binding, Specific enteric-coated or tablet-coated formulations may be



4094 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 17 Wen et al.

Guarner, J.; Paddock, C. D.; Rota, P.; Fields, B.; DeRisi, J.; Yang,
J.Y.; Cox, N.; Hughes, J. M.; LeDuc, J. W.; Bellini, W. J.; Anderson,
L. J. A novel coronavirus associated with severe acute respiratory
syndromeN. Engl. J. Med2003 348 1953-1966.

(2) Kuiken, T.; Fouchier, R. A.; Schutten, M.; Rimmelzwaan, G. F.; van
Amerongen, G.; van Riel, D.; Laman, J. D.; de Jong, T.; van
Doornum, G.; Lim, W,; Ling, A. E.; Chan, P. K.; Tam, J. S.; Zambon,
M. C.; Gopal, R.; Drosten, C.; van der Werf, S.; Escriou, N.;
Manuguerra, J. C.; Stohr, K.; Peiris, J. S.; Osterhaus, A. D. Newly
discovered coronavirus as the primary cause of severe acute respira-
tory syndromelLancet2003 362 263-270.

(3) Drosten, C.; Gunther, S.; Preiser, W.; van der Werf, S.; Brodt, H.
R.; Becker, S.; Rabenau, H.; Panning, M.; Kolesnikova, L.; Fouchier,
R. A.; Berger, A.; Burguiere, A. M.; Cinatl, J.; Eickmann, M;
Escriou, N.; Grywna, K.; Kramme, S.; Manuguerra, J. C.; Muller,
S.; Rickerts, V.; Sturmer, M.; Vieth, S.; Klenk, H. D.; Osterhaus, A.
D.; Schmitz, H.; Doerr, H. W. Identification of a novel coronavirus
in patients with severe acute respiratory syndroleEngl. J. Med.

AL I 2003 348 1967-1976.

"t de o T G ) (4) Peiris, J. S.; Yuen, K. Y.; Osterhaus, A. D.; Stohr, K. The severe
acute respiratory syndromid. Engl. J. Med2003 349, 2431-2441.

(5) So, L. K.; Lau, A. C.; Yam, L. Y.; Cheung, T. M.; Poon, E.; Yung,

R. W.; Yuen, K. Y. Development of a standard treatment protocol

for severe acute respiratory syndront@ncet2003 361, 1615

1617.

Cinatl, J.; Morgenstern, B.; Bauer, G.; Chandra, P.; Rabenau, H.;

Doerr, H. W. Glycyrrhizin, an active component of liquorice roots,

and replication of SARS-associated coronaviteicet2003 361,

2045-2046.

. (7) Stroher, U.; DiCaro, A.; Li, Y.; Strong, J. E.; Aoki, F.; Plummer, F;

Hinckeint 15} Jones, S. M.; Feldmann, H. Severe acute respiratory syndrome-related
coronavirus is inhibited by interferon- alphd. Infect. Dis.2004
189, 1164-1167.

(8) Chan, K. S.; Lai, S. T.; Chu, C. M,; Tsui, E.; Tam, C. Y.; Wong, M.
M.; Tse, M. W.; Que, T. L.; Peiris, J. S.; Sung, J.; Wong, V. C.;
Yuen, K. Y. Treatment of severe acute respiratory syndrome with
lopinavir/ritonavir: a multicentre retrospective matched cohort study.
Hong Kong Med. J2003 9, 399-406.

(9) Chu, C. M.; Poon, L. L.; Cheng, V. C.; Chan, K. S.; Hung, I. F;
Wong, M. M.; Chan, K. H.; Leung, W. S.; Tang, B. S.; Chan, V. L.;
Ng, W. L.; Sim, T. C.; Ng, P. W.; Law, K. |.; Tse, D. M.; Peiris, J.
S.; Yuen, K. Y. Initial viral load and the outcomes of SARSan.

A

'
Betulinic acid (13)

6

-

Figure 4. Structural modeling of the binding of compounti3—16 Med. Assoc. J2004 171 13491252,

to SARS-CoV 3CL protease. (A) Ribbon plots of compouf@®r 14 (10) Wu, C. Y.; Jan, J. T.; Ma, S. H.; Kuo, C. J.; Juan, H. F.; Cheng, Y.
complexed to SARS-CoV 3CL protease, respectively. (B) Ribbon plots S.; Hsu, H. H.; Huang, H. C.; Wu, D.; Brik, A.; Liang, F. S.; Liu, R.

of compounds15 or 16 complexed to SARS-CoV 3CL protease, S.; Fang, J. M.; Chen, S. T.; Liang, P. H.; Wong, C. H. Small
respectively. The figures depict the predicted intermolecular interactions molecules targeting severe acute respiratory syndrome human coro-
of compounds in binding to the SARS-CoV 3CL protease. The oxygen navirus.Proc. Natl. Acad. Sci. U.S.£2004 101, 10012-10017.

atoms in the compounds are indicated in red, and hydrogen bonds are (11) Hoever, G.; Baltina, L.; Michaelis, M.; Kondratenko, R.; Baltina,
shown as dotted lines. L.; Tolstikov, G. A.; Doerr, H. W.; Cinatl, J., Jr. Antiviral activity

of glycyrrhizic acid derivatives against SARS-coronavirlisMed.
Chem.2005 48, 1256-1259.

employed in future clinical or pharmacokinetics studies to (12) Barnard, D. L. Hubbard, V. D.: Burton, J.: Smee, D. .. Morrey, J.

enhancg the efficacy of oral delivery of Specif_ic compounds. D.; Otto, M. J.; Sidwell, R. W. Inhibition of severe acute respiratory
Alternatively, nasal spray or oral mucosal delivery may also syndrome-associated coronavirus (SARSCoV) by calpain inhibitors
take advantage of the new approaches in new drug formulation ilgdltggéD-N‘l-hydrOXycytldlne%ntlvlr. Chem. Chemother2004
.matenags tr?at offer IrfnprOVEd dr.u? Stabllltyl and/olr bloav(?”?b”_ (13) St’adler, K..; Masignani, V.; Eickmann, M.; Becker, S.; Abrignani,
ity, and the use of nanoparticles or slow-release delivery S.; Klenk, H. D.; Rappuoli, R. SARS-beginning to understand a new
strategies. virus. Nat. Rer. Microbiol. 2003 1, 209-218.

In conclusion, 20 phytocompounds, including the abietane- (14) Lai, S. T. Treatment of severe acute respiratory syndrdfue. J.
type and labdane-type diterpenes, lupane-type triterpenes, liga- . Clin- Microbiol. Infect. Dis.2005 24, 583-91.

. : (15) Groneberg, D. A.; Poutanen, S. M.; Low, D. E.; Lode, H.; Welte,
noids and curcumin, were selected from 221 compounds to T.; Zabel, P. Treatment and vaccines for severe acute respiratory

undergo a more detailed characterization of their anti-SARS- syndrome Lancet Infect. Dis2005 5, 147—155.

CoV activity. These phytocompounds were shown for the first (16) Kliger, Y.; Levanon, E. Y.; Gerber, D. From genome to antivirals:
time to exhibit significant and specific anti-SARS CoV activity SARS as a test tub&rug. Discorery Today.2005 10, 345-352.
and thus provide a new direction for development of anti-SARS- a7 ggoilgrc% if‘zrg'v'rals and antiviral strategibiat. Re. Microbiol.
CoV agents. (18) Holmeé, K. V. SARS coronavirus: a new challenge for prevention

and therapyJ. Clin. Invest.2003 111, 1605-1609.
Acknowledgment. We thank Dr. Harry Wilson and Ms (19) Gallagher, T. M.; Buchmeier, M. Coronavirus spike proteins in viral
Miranda Loney, Academia Sinica, for their careful reading of entry and pathogenesi. Virology. 2001, 279 371-374.
the manuscript (20) Tan, E. L.; Ooi, E. E.; Lin, C. Y.; Tan, H. C,; Ling, A. E.; Lim, B,;
’ Stanton, L. W. The crystal structures of severe acute respiratory
syndrome virus main protease and its complex with an inhibitor.

References Emerg. Infect. Dis2004 10, 581—586.
(1) Ksiazek, T. G.; Erdman, D.; Goldsmith, C. S.; Zaki, S. R.; Peret, T.;  (21) Kuo, C. J,; Chi, Y. H.; Hsu, J. T.; Liang, P. H. Characterization of
Emery, S.; Tong, S.; Urbani, C.; Comer, J. A; Lim, W.; Rollin, P. SARS main protease and inhibitor assay using a fluorogenic substrate.

E.; Dowell, S. F.; Ling, A. E.; Humphrey, C. D.; Shieh, W. J.; Biochem. Biophys. Res. Comm2004 318 862-867.



Phytocompounds as Anti-SARS Virus Agents

(22) Yang, H.; Yang, M.; Ding, Y.; Liu, Y.; Lou, Z.; Zhou, Z.; Sun, L.;
Mo, L.; Ye, S.; Pang, H.; Gao, G. F.; Anand, K.; Bartlam, M.;
Hilgenfeld, R.; Rao, Z. Probing the conformational change of
Escherichia coliundecaprenyl pyrophosphate synthase during ca-
talysis using an inhibitor and tryptophan mutarisoc. Natl. Acad.

Sci. U.S.A2003 100, 13190-13195.

Chen, Y. H.; Chen, A. P.; Chen, C. T.; Wang, A. H.; Liang, P. H.

The crystal structures of severe acute respiratory syndrome virus main

protease and its complex with an inhibitdrBiol. Chem2002 277,

7369-7376.

Shie, J. J.; Fang, J. M.; Kuo, C. J.; Kuo, T. H.; Liang, P. H.; Huang,

H. J.; Yang, W. B.; Lin, C. H.; Chen, J. L.; Wu, Y. T.; Wong, C. H.

Discovery of potent anilide inhibitors against the severe acute

respiratory syndrome 3CL proteadeMed. Chem2005 48, 4469-

7443,

Cheng, S. S.; Wu, C. L.; Chang, H. T.; Kao, Y. T.; Chang, S. T.

Antitermitic and antifungal activities of essential oil Galocedrus

formosandeaf and its compositionl. Chem. Ecol2004 30, 1957

1967.

(26) Chang, S. T.; Cheng, S. S.; Wang, S. Y. Antitermitic activity of
essential oils and components frohaiwania (Taiwania crypto-
merioide$. J. Chem. Ecol2001, 27, 717—724.

(27) He, K.; Zeng, L.; Shi, G.; Zhao, G. X.; Kozlowski, J. F.; McLaughlin,
J. L. Bioactive compounds fromaiwania cryptomerioides. J. Nat.
Prod. 1997, 60, 38—40.

(28) Zhang, X. W.; Yap, Y. L. Old drugs as lead compounds for a new
disease? Binding analysis of SARS coronavirus main proteinase with
HIV, psychotic and parasite drugBioorg. Med. Chem2004 12,
2517-2521.

(29) Wu, C. J.;Jan, J. T.; Chen, C. M.; Hsieh, H. P.; Hwang, D. R.; Liu,
H. W.; Liu, C. Y.; Huang, H. W.; Chen, S. C.; Hong, C. F.; Lin, R.
K.; Chao, Y. S.; Hsu, J. T. Inhibition of severe acute respiratory
syndrome coronavirus replication by niclosamiéletimicrob. Agents.
Chemother2004 48, 2693-2696.

(30) Yang, H. O.; Han, B. H. Pinusolidic acid: a platelet-activating factor
inhibitor from Biota orientalis. Planta Med1998 64, 72—74.

(31) Insel, P. A.; Ostrom, R. S. Forskolin as a tool for examining adenylyl
cyclase expression, regulation, and G protein signal@gjl Mol.
Neurobiol. 2003 23, 305-314.

(32) Liang, P. H. Characterization and inhibition of SARS-coronavirus
main proteaseCurr. Top Med. Chem200§ 6, 361—376.

(33) Mayaux, J. F.; Bousseau, A.; Pauwels, R.; Huet, T.; Henin, Y.; Dereu,
N.; Evers, M.; Soler, F.; Poujade, C.; De Clercq, E.; et al. Triterpene
derivatives that block entry of human immunodeficiency virus type
1 into cells.Proc. Natl. Acad. Sci. U.S.A994 91, 3564-3568.

(34) Reissman, P. Significance of anal canal ultrasound before sphinc-
terotomy in multiparous women with anal fissuBis. Colon Rectum
1996 39, 1060.

(35) Soler, F.; Poujade, C.; Evers, M.; Carry, J. C.; Henin, Y.; Bousseau,
A.; Huet, T.; Pauwels, R.; De Clercq, E.; Mayaux, J. F.; Le Pecq, J.
B.; Dereu, N. Betulinic acid derivatives: a new class of specific
inhibitors of human immunodeficiency virus type 1 enty.Med.
Chem.1996 39, 1069-1083.

(36) lto, J.; Chang, F. R.; Wang, H. K.; Park, Y. K.; Ikegaki, M.; Kilgore,
N.; Lee, K. H. Anti-AIDS agents. 48. Anti-HIV activity of moronic
acid derivatives and the new melliferone-related triterpenoid isolated
from Brazilian propolis J. Nat. Prod.2001, 64, 1278-1281.

(23)

(24

(25)

Journal of Medicinal Chemistry, 2007, Vol. 50, MO9%7

(37) Batista, O.; Simoes, M. F.; Duarte, A.; Valdeira, M. L.; de la Torre,
M. C.; Rodriguez, B. An antimicrobial abietane from the root of
Plectranthus hereroensis. Phytochemist895 38, 167—169.

(38) Gigante, B.; Santos, C.; Silva, A. M.; Curto, M. J.; Nascimento, M.
S.; Pinto, E.; Pedro, M.; Cerqueira, F.; Pinto, M. M.; Duarte, M. P.;
Laires, A.; Rueff, J.; Goncalves, J.; Pegado, M. I.; Valdeira, M. L.
Catechols from abietic acid synthesis and evaluation as bioactive
compoundsBioorg. Med. Chem2003 11, 1631-1638.

(39) Fonseca, T.; Gigante, B.; Marques, M. M.; Gilchrist, T. L.; De Clercq,
E. Synthesis and antiviral evaluation of benzimidazoles, quinoxalines
and indoles from dehydroabietic aciBioorg. Med. Chem2004
12, 103-112.

(40) staschke, K. A.; Hatch, S. D.; Tang, J. C.; Hornback, W. J.; Munroe,
J. E.; Colacino, J. M.; Muesing, M. A. Inhibition of influenza virus
hemagglutinin-mediated membrane fusion by a compound related
to podocarpic acidVirology 1998 248 264—274.

(41) Paris, A.; Strukelj, B.; Renko, M.; Turk, V.; Pukl, M.; Umek, A,;
Korant, B. D. Inhibitory effect of carnosic acid on HIV-1 protease
in cell-free assaysl. Nat. Prod.1993 56, 1426-1430.

(42) Aruoma, O. I.; Spencer, J. P.; Rossi, R.; Aeschbach, R.; Khan, A;;
Mahmood, N.; Munoz, A.; Murcia, A.; Butler, J.; Halliwell, B. An
evaluation of the antioxidant and antiviral action of extracts of
rosemary and Provencal herbB®od Chem. Toxicoll996 34, 449—

456.

(43) Charlton, J. L. Antiviral activity of lignansl. Nat. Prod.1998 61,
1447-1451.

(44) Eich, E.; Pertz, H.; Kaloga, M.; Schulz, J.; Fesen, M. R.; Mazumder,
A.; Pommier, Y. (-)-Arctigenin as a lead structure for inhibitors of
human immunodeficiency virus type-1 integrakeMed. Chem1996
39, 86—95.

(45) Hara, H.; Fujihashi, T.; Sakata, T.; Kaji, A.; Kaji, H. Tetrahydronaph-
thalene lignan compounds as potent anti-HIV type 1 agexi3S
Res. Hum. Retroruses1997, 13, 695-705.

(46) Joe, B.; Vijaykumar, M.; Lokesh, B. R. Biological properties of
curcumin-cellular and molecular mechanisms of actiorit. Rev.
Food. Sci. Nutr2004 44, 97—111.

(47) Shao, F.; Wang, G.; Xie, H.; Zhu, X.; Sun, J.; A, J. Pharmacokinetics

study of triptolide, a constituent of immunosuppressive Chinese herb

medicine, in ratsBiol. Pharm. Bull.2007, 30, 702—707.

Cheng, X.; Shin, Y. G.; Levine, B. S.; Smith, A. C.; Tomaszewski,

J. E.; van Breemen, R. B. Quantitative analysis of betulinic acid in

mouse, rat and dog plasma using electrospray liquid chromatography/

mass spectrometriapid Commun. Mass Spectrd2003 17, 2089

2092.

Jeong, D. W.; Kim, Y. H.; Kim, H. H.; Ji, H. Y.; Yoo, S. D.; Choi,

W. R.; Lee, S. M.; Han, C.-K.; Lee, H. S. Dose-linear pharmacoki-

netics of oleanolic acid after intravenous and oral administration in

rats. Biopharm. Drug Dispos2007, 28, 51—-57.

Wang, C.-Y.; Sun, S.-W.; Lee, S.-S. Pharmacokinetic and metabolic

studies of retrojusticidin B, a potential anti-viral lignan, in r&mnta

Med. 2004 70, 1161-1165.

Tsai, T.-H.; Chou, C.-J.; Cheng, F.-C.; Chen, C.-F. Pharmacokinetics

of honokiol after intravenous administration in rats assessed using

high-performance liquid chromatography.. Chromatogr. B1994

655, 41—-45.

JM070295S

(48)

(49)

(50)

(51)



