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Abstract

Antiproliferative Constituents of Roots Bbdocarpus falcatugThunb.) R.Br. ex Mirb.

Ermias Mekuria Addo

Addis Ababa Univeristy, 2015

Once thought of as the disease of the developed, cancer nowadays is becoming the prob-
lem of every nation across the globe claiming millions of lives every yeadence, and

thus pevalence is increasing every year due to adoption of lifestyle factbed are
knownto bemajor cancerrisk factors.Making things worse is the development of MDR

to the known effective anticanceérugs. Moreover, the currently available drugs are cost-
ly and are associated with severe side effects. ,Tdisisovering new antancer drugs

with new and safe modes attion is urgently neededatural productslerived from
medicinal plantsare weltknown contributors o€linically usefulanticancedrugs suffice

to menton taxol, theVinca alkaloids, podophyllotoxin and camptetiin and their de-
rivatives.Relying on traditional medicines for most of their health needs, Ethiopians use
various plants for prevention and treatment of cancer. For example, the rBoidoatr-

pus falcatusare used a8 a nt i ¢ a n ¢ enrsome pagtf &ithiope svhich formed

the basis of the present study to isol ate

Bioassay guided fractionation usitige human colorectal adenocarcinoma (29) cell
line of the methanol extract of dried rootsPoffalcatus(Podocarpaceae) led to tisela-
tion of two new type C nagilactones, -hgdroxy nagilatone F PF-1) and 5,16
dihydroxynagilactone FFF-3) anda new totarangype bisditerpenoid fzhydroxy mac-
rophyllic acid PF-2), along with the seven known compounaofsimakinol D 8), mac-



rophyllic acid @7), nagilactone D 41), ponasterone A%4), 2b-hydroxy nagilactoa F
(108, nagilacbne | @09, and 15-hydroxy-nagilactone D 110). The structures of the
new compounds we determined by 1D and 2BMR, HRESIMS andby comparison
with the reported spectroscopic data of their congenesoifiéntation of the hydroxyl
group at G2 of 108and109was revisedo beb based on evidence frodetailed analysis
of 1D and 2DNMR data and single crystXl-ray diffraction studes. Among thesolatel
compounds the nagilactones, including the new dil&std6-hydroxy nagilactone F
(PF-1) and 2b,16-dihydroxy nagilactone FPF-3), were the most activéEDso 0.3/ 5.13
MM range) againstie HT-29 cell line, whereas thasditerpenoidsKF-2 and37) and the
other known compound8 and94 wereinactive. The presence bfoactive nagilactones

in P. falcatussupportdts traditional use.
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1. Introduction

1.1.Cancer

1.1.1. Definition, pathogenesis andauses: An overview

Cancer which encompasses more than 200 unique disgasaderegulated ulftiplica-
tion of cells with theconsequence of an abnmal increase of the cell numbier particu-
lar organgSchwab, 2012 Abernethyet al, 2014. Typically &errant gene function and
altered patterns of gene expressienults inalteration ofcrucial intracellular signaling
pathwaysassociated with the regulation of cell surviapliferation,differentiation and
death mechanismegnding up in uncontrolled cell division and dissemination to ather
gan$ which is the major cause of cancer degifokota, 2000 Jones and Baylin, 2007
de Souzat al, 201]). Thus, the hallmarks of cancer can be identifiededsufficiency
in growth signals, insensitivitio growthinhibitory (antgrowth) signals, evasion of pro-
grammed cell death gaptosis), limitless replicative potential, sustained angiogenesis,
and tissue invasion and metastgslanahan and Weinberg, 20@D11). In short, &po-
sure to carinogens, failure of DNA repaand progressive genetistability lead to ac-
cumulation of mutations that drive cancer developmgmiwth and metdasis(Dancey

et al, 2019.

Progessing throughnitiation, promotion and progression to metastasacer mainly
results from an imbalance in the functionasfcogenes and tumor suppresgenesthat
involve the gairof-function mutationamplification, and/or overexpression of keyco-
genegogether with the losef-function mutation, deletion, and/or epigenetic silencing of
key tumor suppressoftuo et al, 2009. Proposed by Ott¥Varburg some 50 years ggo

it is thought thatchronic hypoxia and/or reactivexygen species (ROS) accumulation



leading to reprogramming of energy metaboliasthe major initiator of cancgZhang
et al, 2015. Studies indicatehronicinflammation as a major linker of hypoxia, ROS
and cance(Federicoet al, 2007 Borrello et al, 2008 Kundu and Surh, 200&Reuteret

al., 201Q Kundu and Surh, 201Zandido and Hagemann, 2013

Perhaps the major cause of deatltountingfor more than 90%ancerassociated mor-
tality, from cancer results from the final stagescaficer progressiemetastasighatim-
pairs the function ofiital organs(Aguirre-Ghiso, 2007 Jiang and Ablin, 201, Sosaet

al., 2019. Metastasigs the spreadby a process callemhetastatic cascadef malignant
tumour cells from therimary tumour site talistant organs (through themphatic sys-
tem or theblood), in which they grovexpansively to develop deaddgcondary tumours
(Kitamuraet al, 2015. In brief, the metastatic cascade starts with the evasieantf
tumour immunesurveillance by tumor celld ¢he primary sitend therintravasabn into
blood and/or lymphatic vessels, which allows them to circuate spread. At the meta-
static site these circulating tumour caldidravasate, become established and proliferate to

form the deadly metastatic tumof{KKitamuraet al, 2015.

The major causes of canceanbe conveniently categorized edernal factors (such as
inherited mutations, hormones, and immune conditions)eamgtonmental/acquired fac-
tors (such as tobacco, diet, radiatiamd infectious organishgAnand et al, 2009.
While theformer accounts foonly 5 10% of allcancer caseshe majo risk factor, ac-
counting for 9095%, roots fromenvironmeral and lifestylefactorsthat includeciga-
rette smoking, diet (fried foods, red meatlcohol, sun exposure, environmental pollu-
tants, infectiongviruses and other microorganismstresspbesityand physicalnactivi-

ty (Belpommeet al, 2007 Anandet al, 2008 Khanet al, 201Q Sunget al, 201). The

2



evidence indicates that of allrozeii related deaths, almostiZ¥% are due to tobacco, as
many as 3035% are linked to diet, about 1% are due to infections and the remain-
ing percentage are due ttherfactors like radiation, stress, physical activienviron-

mental pollutants et@Anandet al, 2008.

1.1.2 Epidemiology

With the adoption of lifestyle behaviors that are known to increase cancer risk, such as
smoking,poor dietandphysical inactivity coupled withgrowth and aging of the popula-

tion, the burden from canceleathis expected to growvorldwide, particularly in less de-
veloped countries, in which about 82%toh e wor | d 6s pKapauok,200% on r e
Torreet al, 2015. According toareport bylnternational Agency for Research on Can-

cer (IARC), a specialized agency of the World He&ltyanization 14.1 million new

cases havbeen recordeth 2012and this raised the number of people living vaémcer

to 32.6 million at that timeind the number ofleathswere 8.2 million (Ferlay et al,

2015. There is a slight increase compared to 2008 d&& million new cancer cases

and 7.6 million cancer deatliBerlayet al, 201Q. In the 2012 dat&7% (8 million) of

new cancer cases, 65% (5.3 million) of the cancer deaths and 48% (15.6 million)-of the 5
year prevalent cancer cases occurred in the less developed régidaget al, 2013.
Moreover, he number of new cases is expected to rise tmiflibn within the next two
decades if the curremharmaceutical arsenal to treat cancer has not impriétD,

2015.

Ethiopia, as one of less developasatiors and coupled with lifestyle changesgigeri-
encing the increasing burden from canddrere isalsoa lack of omprehensive cancer

registration and populatiodbased measuremerwf cancer burden According to

3



Woldeamanuekt al. (2013, in Ethiopiamost of the diagnosis occur at late stagt
which most patients have incurable disease and nesdly palliative care Though,
some lospital records show that there are more than 200,000 cancer cases penyear
estimateds0,000' 125,000per yearpatientsvisit the Oncology Unit, theonly cancerre-
ferral center in the countrpcated atBlack Lion Hospital in AddisAbaba Only about
500 patients (less than 1 %) per year could get treatment semheges treatment costs

exceed0,000 ETB $6,667) which most patients cannot affofl@CA, 2007).

1.1.3 Prevention and treatment modalities An overview

The oOsgtodmddar ddéd for cancer pr-;iating process bet st
fore pre-cancers fornfUmaret al, 2012). Lifestyle modificationsthat includebetter die-

tary choices,increasing physical activity, maintaining a healtigight, stopping (or not
starting) the use of tobacamoderating alcohol intake and other lifestyle fadtofer an
important strategy focancer preventiofMosby et al, 2012 Umaret al, 2012. Since

this is notalways the case r@vention of cancéwith the intention ofinterceping those
processes wolved inprogression to thmvasive stagieemains the most promising strat-

egy for reducing both itgicidence and the mortality due to this diseasd hence ulti-
mately canceffree aurvival (Umar et al, 2012. The rationale for this approach is that
once the disease is in the metastatic state, treatment is mainly palliative aimed at improv-
ing the quality of life he patient{Gennariet al, 201). To this end vaous prevention

and treatment modalities has been devised.

Depending on the spedaifipathological and molecular characteristiésthe cancer, its
location, extent of disease atite health status of the patieritete are dirent types of
treatment, whichmay be used alone or in cbmation, either simultaneousty sequen-
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tially: surgery, radiotherapy anchemotherapy (Lugmani, 200% with other relatively

new additional options that us#logical moleculestargeted therapiesnd imnmuneme-

diated therapies(Chabner and Roberts, 2Q0Baxevaniset al, 2009 Vanneman and

Dranoff, 2012 Miller et al, 2013. Surgery is most frequently the first line of therapy,

and for O6earlyd cancers, it may Hoealizedur at i v

setting and in conjunction with surgical procedytasgymani, 200%.

The term O6chemot her apyo riehibiethegrowtroof darfter u s e
cellswhich canbe used for either palliative gcurative,as ajuvantor nealjuvantto sur-

gery or primary radiotherapyBhosle and Hall, 200&009. Chemotherapy migs(Table

1) exert their effects by interfering with the processeslved in cell division(Fernando

and Jones, 20)5Their therapeutic use stems from their abilitganise a greater propor-

tion of cell kill in cancer cells agpposed to normalells (Caley and Jones, 20L2Jnfor-
tunatel vy, they can also be O6cytotoxicd to
high turnover, such as the bone marrow and mucous membrahiet are the major

cawse ofsever toxicities associated with chemotherapeutic dfegsmando and Jones,

2015.



Table 1. List of chemotherapy drugs classified based on their biochemical properties

Drug class

Mechanism of ation Examples

Alkylating
agents

Anti-
metabolites

Anti-tumour
antibiotics

Topoisomerase
inhibitors

Tubulin
binding drugs

Impair cell function by forming Platinums  (Cisplatin, Car-
covalent bonds onimportant boplatin, Oxaliplatin)
molecules in proteins, DNA an _
RNA. Classified by their chemi Nitrogenmustards (chlorambucil
cal structure and mechanisof Melphalan)

covalent bonding Oxazophosphorines(cyclophos-

phamide, ifosfamide)
Structural analogues of natural Pyrimidine analogues (gemciti
occurring metabolities involvec bine, 5fluorouracil,capecitabine)
in DNA and RNA synthesis _
They either substitute for a m: Anti-folates (methotrexate,
tabolite that isnormdly incor- raltitrexed)
poraated in to DNA or RNA o
competefor the catalytic site of ¢
key enzyme

Intercalate DNA at specific se Anthracyclines
guences, creating free radicals (doxombicin, eprubicin,
which cause strand breakagen- bleomycin,mitoxantrong
thracyclines products of the fun:

gus Streptomyces also have

mechanism of action of topoist

merase | and llrequired for the

uncoiling of DNA required for

DNA synthesis

Topoisomeraseare enzymes the Topoisomerase | inhibitors
control the ® structure of DNA. (irinotecan, topotecan)
Topoisoerase | and Topoisome

ase Il are enzymes responsib Topoisomerase Il inhibitors
for the uncoiling of DNAduring (etoposide)

replication

Theybind to tubulin, and prever Vinca alkaloids (vincristine, vi-
the formation of the microtubule norelbine),

which is importantduring mito-

sis, but also for cell shape, intr Taxanes (paclitaxel, docetaxel)
cellular transport and axone

function Taxoids prevents th

disassembly of thenicrotubules,

thereby inhibit normal function




1.2. Natural products

1.2.1. The role of medicinal plants in cancer

Throughout the ages, humans have retischature for their basic neédisr the produc-
tion of foodstuffs, shelters, clothing, means of transportationlizers, flavors and fra-
grancesand, not least, medicingdlewmanet al, 200Q. The use of natural products
(NPs)with therapeutic mperties is as ancient as hunwawilization and for a long time
natural productérom plants mineraland animals were the source of virtuallyrakdici-
nal preparationginddrugs (Newman, 2008Qurishi et al, 2011 Harveyet al, 2015
and still play a vital role in the drug discovery procésewman, 2008Ji et al, 2009
Carter, 2011Morrison and Hergenrother, 201Ratridgeet al, 2019. Many of the clini-
cally used drugs derived from natural prodwriginated from microbial species, particu-
larly in the antiinfective area, but plantlerived drugs have also made significant contri-
butions,and it is certain that mankind would be immeasurabé parer without such
natural plartderived drugs as morphinthe vinca alkaloidsquinine, artemisinintax-
oids, podophyllotoxin andamptothecirand their derivativegKingston, 2011 Maring
based drugs are also making iaereasing contribution, witltytarabine trabectidin
eribulin andvedotinas exampls of a marinederivedanticancer drugéSimmonset al,

2005 Newman andCragg, 2014Kita and Kigoshi, 201p

Analysis ofall approved therapeutic agefustween 1981 and 2010 indicated that about
40 % of drugs are either NPs or Nferivatives. More interestingly, the percentage-
tribution of NPs in the anticancer therapeutic area is more pronounced: Without consider-
ing the contribution fronthe high molecular weight materiglsiologicals and vaccings

approximately 75% anticancers were either from NPsnaturally inspired gents



(Newman and Cragg, 20L2Thus, mturalproductstend to presentore structurally di-
verse- ¢ kamdgdédbi ol ogically friendlyddéd mol e
compounds at random and are an important source of novestiemtures for the syn-

thetic and combinatorial chemistry aspectsaoticancer drugdiscovery (Pan et al,

20103.

Plants have a long history of uag adjuvant(Ho and Cheung, 20}4 prevention(Desai

et al, 2008 Singhet al, 2012 Ji et al, 2014 andtreatmeni{Cragg and Newman, 2003
Amin et al, 2009 Wanget al, 2012 Perezet al, 2014 of cancer Their use led to the
discovery of many novel chemotherapeutic typeswing a range of cytotoxic activities
(Quirishiet al, 201]. There are now foumgor structural classes of gshtderived com-
pounds used iwestern medicine as single chemical entity compounds, natheljinca
alkaloids (vinblastin€l), vincristine(2), vinorelbine(3)), theepipodophyllotoxin lignans
(podophyllotoxin(4), etoposide(5), teniposide(6)), the taxane diterpenoids (paclitaxel
(7), docetaxel(8)), andthe camptothecin quinoline alkaloid derivativesarfptothecin

(9), topotecar(10), irinotecan(11)) (Panet al, 20103. The respetive plants fromwhich

the parent compounds isolated @atharanthus roseu&. Don(Kingston, 2009 Podo-
phyllum peltuturnL. (Gordalizaet al, 2004 Guerramet al, 2012, Taxus brevifolial.
(Kingston, 2007 Wani ard Horwitz, 2014, andCamptotheca acuminataecne(Lorence

and Nessler, 2004These compounds have been found to act on two important biochem-
ical targets, tubulin and topoisomergBanet al, 2012. Besides these, there are numer-
ous plant derived compounds that are active against various forms of cancer that are in

clinical trial ard these act in a variety of waf@uyanget al, 2014.
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1.22. Ethiopian medicinal plants in cancer

Plants have traditionally been used as a source of medicine in Ethiopia since long time
ago to control various ailments lfing humans and their livestoqVondimu et al,

2007 Gidayet al, 2010Q. In fact, nore than 80% of the people are dependent omtgpla

for their health servicBNondimuet al, 2007.



Even though, cleacomprehensiveancer prevalence and incidence and definitive diag-
nostic criteria are absent, many ethnobotanical reports indicate the Bdaaghanme-
dicinal pl ant s aTFBhesé iacutielapirmmthuise globiferugk. Riehd y
Tieghem Plumbago zeylanicé., Gloriosa superbd.. (Yinegeret al, 200§, Clematis
bracteata (Roxb.) Kurz Kalanchoe petitianaA. Rich, Ranunculus multifidus-orssk
Zehneria scabrgLinn. f.) Sond(Bussmanret al, 201J), Gladiolus candidugRendle)
Goldblatt Dorstenia barnimiana Schwienf, Podocarpus falcatus(Thunb.) Mirb
(Teklehaymanot, 20Q9Cucumis prophetarunh., Maytenus senegalendisam.) Excell

andRubia discolofTurcz (Grahamet al, 2000.

More interesting is the isolation tife potenttubulin inhibitorcytotoxic agenmaytansine
(12) (Kupchanet al, 1972 and its analogue¥upchanet al, 1977 Kupchan and Smith,
1977 from the Ethiopian shruMaytenus serratand otheMaytenusspp(Celastracege
Even thoughmaytansinevas abouf00’ to 100Q fold cytotoxic thananticancer drugs in
clinical use that affectubulin polymerization, such abe Vinca alkaloids or taxqlit
lacked a therapeutiwindow due to high systemic toxicitfTassoneet al, 2004. How-
ever, due to the advent aftibodydrug conjugate (ADCllrug targeted delivery system
(Flygareet al, 2013 Chariet al, 2014 Perezet al, 20143, aderivative of maytansine
DM1 (13) (N>-deacetyiN*-(3-mercaptel-oxopropyl} maytansinelwas linked withthe
cytostaticmonoclonal antibody trastuzumab (Herceptimt specifically targetghe hu-
man epidermal growth factor receptor 2 (HERRpreast cancer to produaastuzumab

emtansindT-DM1; 14) (LoRusscet al, 2011 Amiri-Kordestaniet al, 20149.
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Trastuzumab !

T-DM1, sold under théradenameKadcylg is now used for treatment of women with
advanced, HERDositive breast cancer whgyogress under treatment with trastuzumab
and a taxane atevelop disease progression after completion of this treaffvienmhaet

al., 2012 Cho and Roukos, 201Baroket al, 2014.

1.3 The family Podocarpaceae

The family Podocarpaceas composed of evergreereés or shrubs with resin ducts
(Demissew and Friis, 2009The Podocarpaceas the most dverse family of conifers,
both morphologically and ecologicallgKelch, 1998. The trees and shrubs asome-
times cultivated as ornamergah suitably warm climates. berms of number of species,
Podaarpaceae is the second largastily of conifersafter Pinaceaélittle et al, 2013
Mill, 2019. Even thoughdebates still exisas to the clear idea of the number of the ge-
nus thatthis family comprisegfDemissew and Friis, 20p9three principal genera are
recognizedPhyllocladus Podocarpusand Dacrydium(Lowry, 1972, thelattertwo be-

ing the largest and the most dive(Barkeraet al, 2009.
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1.4. The genug’odocarpus

1.4.1.Description and distribution

The genudPodocarpugPodcarpaceae) is composed of mdran 100 species @ver-
green corferous trees or shrubs that atistributed widely throughout dpical, sub
tropical areamndthe South Temperate Zoifldan et al, 2014. Many of its speies are
important timber treesand many are threatened with extinction for this olaaety of
other reasons such dsbitat bss, particularly deforestatioor climate changdMill,

2014).

1.4.2.Chemistry
The genusPodocarpuss one of the most extensively studied with respect to chemical
composition and as a result many compoumalgebeen characterized includitignars,

terpenoidsflavonoidsand steroid¢lto and Kodama, 19736

1.4.2.1.Terpenoinds

The genus?odocarpusgs well known to natural pragtt chemists as a rich sourcetef-
penoids(Hembreeet al, 1979. The most well characterized terpenoids are the diterpe-
noids notably totarol 15) and its derivatives and a group of highly oxidinedditerpene
dilactones generally known as nagilactones or podolact(ffigare 1 and 2 (Ito and
Kodama, 1976 The latter are considered to Ib@xonomic markers for this genus
(Abdillahi et al, 2010, though less common sesquiterpenes includindopndin(16)
(Kubo et al, 19920 and15-hydroxyphaseic aciql7) (Faiellaet al, 2019 havebeenal-

soisolatedfrom podocarps.
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1.4.2.1.1Diterpenesand derivatives

The most common diterpenoig®lated fromPodocarpussp are thephenolic diterpenes
(15) and ferruginol(18), which are based on totaraaed abietane diterprekeleton, re-
spectively (Figure Jland their derivativegCox et al, 2007. Also, diterpenes belonging
to labdangKuo et al, 2008, rosettangClarkeet al, 1997 Chin et al, 200J), kaurene
(Aplin et al, 1963, isopimaraneand phyllocladane(Campelloet al, 1975 classhave

beenisolated from variousPodocarpusspecies.

Ferruginol(18) is a simple representative of the abietane class that has been first isolated
from the resin oP. ferruginea (Brandt and Neubauer, 198@ith subsequent isolation

from manyPodocarpusspecies such a. fleuryi (Zhanget al, 2013 and also from oth-

er unrelatedyenussuch asvitex rotundifoliaL. f. (VerbenaceaejOnoet al, 1999 and

Salvia eriophora(Lamiaceae)Ulubelenet al, 2002. Besides ferruginol, members of
Podocarpusare well known to contain other abietanpéyditerpenoids such aarnosol

(19) (Cambieet al, 1989, podoimbricatin B(20) (Hanet al, 2014) andfleuryinolsAi C

(21-23) (Zhanget al, 2013.

Totarol (15) is aditerpenoidwith migrated abietane carbskeleton ¢alledtotarane skel-
eton; Figurel) that has beennitially isolated fromheartwoods of. totara and then
from variousPodocarpusspp (Bendall and Cambie, 1995T otaradol (24), totaral (25),
19-hydroxytotarol (26) (Cambieet al, 1984 Ying and Kubo, 1991Reynoldset al,
2006, inumakiols GH (27-32) (Satoet al, 2008, cycloinumakiol (33), inumakal(34)
andinumakoic acid35) (Devkotaet al, 2011 are few of ongeners of total from vari-
ousPodocarpusspeciesTotarol (15) is also considered to be the precursor of thetd@
taranedimeric compoundpodototarin(36) (Canbie and Mander, 1962and macrophyl-
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lic acid (37) (Bockset al, 1963 originally isolated from the heartwoods Bf totaraand
P. macrophylh®. Don respectivelyThese are considered be taxonomic markers of

the family PodocgaceadIto and Kodama, 1976
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1.4.2.1.2Nagilactones

The family of nor and bisnor diterpenoid dilatnes known asagilactonesgodolac-
tones)consists ofmore tha 70 members, exhibiting a widange of biological activities
(Hanessiaret al, 2009. The structural features common to the whgreup is that they
have 1) thelegraded ring C dbtarane carbon skeleton to unsatadu-lactone, as such
the numbering of the podolactone skelefaiows thatof totarane skeletorfFigurel) 2)
ao-lactone between-@9 carbon and thie-oriented hydroxyl group at¢=3) two tertiary
methyl groyps, Umethyl at C4 and-methyl & C-10 and 4) etensively oxidized carbo-
cyclicrings A ond B with hydroxyl, epoxy and/or olefinic grouf& that all of these di-
lactoneshave 19 carbons at largest and up to 9 oxygen atoms in the mdlkcuded

Kodama, 19786

11 0 11 11
1 14 1 1
S8h (e 8%

18 18 19 18 19

Nagilactone nuclues Totarane diterpene nuclues Abietane diterpene nuclues

Figure 1. Nagilactone, totarane and abtietane diterpene nucleus

The three rings ofamgilactones are designated as A, B and C similar to those found in ab-
ietane, totarane, podocarpane diterpenes (FRurBased on the unsaturation patterns of

B and C rings, nagildcnes are classified into three major groups: type A, which are
those withU-pyrone [8(14),9(11)ienolide], type B with @8U-epoxy9(11)enolide and

type C with 7(8),9(11fienolide(Hayashi ad Matsumoto, 198 Barreroet al, 2003.
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Type B

Figure 2. Types of nagilactones

Type A nagilactones

Typical UV features for this class is the presencenaf 300-305 nm while their IR is
well characterized bgbsorptions fop-lactone (at 180i 1780 cmt) andu-lactone(1685
1740 cm?) in addition toa weak band due to ©=conjugated with C=0 (1620640cn
1y (Ito and Kodama, 19736Examples of thiggroup include nagilactor®Ai D (38-41)
(Hayashiet al, 19698, inumakilactone E42) (Hayashiet al, 19723, hallactone A(43)
(Russellet al, 1973 and the chlorine containing dilactone rakanmakilactoned@ (

(Parket al, 20043.
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TypeB nagilactones

This class of nagilactones are characterized byakkyof 217-221 nm due to the conju-
gatedU-lactone which is also responsible for IR absorption 7351733 cmt. A weak
absorption due t€=C conjugated with C=@hows signal at 1640650 cm' while IR
absorption due to-lactone is quite similar to type A dilacton@® and Kodama, 1976
A representative of this class the antileukomigodolide (45) from twigs and leaves of
P. gracilior Pilg (Kupchanet al, 1975 with the additional examples as tkelfur con-
taining derivatives podolactone @6) and D (47) from bark of theP. neriifolius
(Galbraith etal., 1973, rakanmakilactones A (48-53) from leaves of. macrophyllus

var. maki. (Parket al, 2004 and makilactones NR (54-58) form the dried root oP.

macrophylluD. Don (Satoet al, 20093.

54 R, =R, =H, R;=B-OH

55 R,-R, = B-epoxy, R; =3-OH
56 R,—R, = B-epoxy, R; =a-OH
57 R, =B-OH,R,=R;=H

58 R, = H, R,—R; =B-epoxy

Ry Ry Ry
52 H Cl OH
533 OH H H
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Type C nagilactones

Though limited in numberhts group contains the most cytotoxic norditerpenoids with
7:89:11-dienolide moiety(Hayashiet al, 1979 Hayashi and Matsumoto, 1982The
conjugated dienolidgives acharacteristic UV absorption ahax257-263 nm, whereas
IR typically showssignals at 170A720 cm' (i-lactone) and.6081643 cm' (C=C con-
jugated with C=0) besides the signal felactone similar to the other two groufifo
and Kodama, 1976Nagilactone H59) (Hayashiet al, 1972, ponalactone A60) (Ito

et al, 197J), nubilactone A61) (Silvaet al, 1973 and makilactones i*D (62-65) (Sato

et al, 20091 are few examples that belongttos group

1.4.22. Flavonoids

Nubigenol (66) is a chalcone isolatetfom the extract from the leaves and stetims
ChileanP. nubigena(Bhakuni et al, 1973, whereaskaempferol §7), quercetin(68),
aromadendrin§9) and taxifolin (70) have been isolated from vario®®docarpussp.
(Briggs and Cain, 195%®riggs et al, 19593. Many anthocyanins and their glycosides,
such agelargonidin 71) and penidin (72) (Lowry, 1972, cyanidin3-neohesperidoside
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(73) (Crowden, 1974 delphinidin3-neohesperidosidé74) and cyaidin-3-rutinoside

(75) (Andersen, 198p cyanidin3-glucoside 76) (Crowden and Grubb, 19yYAnd del-

phinidin-3,5-diglucoside 77) (Lowry, 1968 have been isolated from variousdocarps.

Isoflavonoids havalsobeen characterized as exemplifiedtddgchanin A 78), daidzein

(79), genistein(80), irisolidone (81) and podospicatin(82) (Briggs and Cain, 1959

Briggs and Cebalo, 195€armaret al, 1985.

OH
OH ‘

OH

HO l

OH O

OH
Rl RZ
71 H H
72 H OCH,

OH
HO 0 »@i
\Qi’g; OH

OH
OH O
67 R=H 69 R=H
68 R=OH 70 R=OH
R2 R3
@
m m
Neohesperldose
Ry Ry R, R, Ry Ry
73 H OH 75 Rutinose H H OH
74 OH OH 76 Glu H H OH
77 Glu Glu OH OH
R, R, R; Ry R;

78 OH H H

79 H

OCH, H
H H OH H

80 OH H H OH H

81 H
82 OH

OCH; H OCH; H
OCH; OH H OCH,

As a member of the Gymnospermae, the fafbgocarpaceae is characterized by occur-

rence of bioflavonoid¢KrauzeBaranowskeaet al, 2004. More specifically Podocarpus

species contain arsple pattern of derivatives based on ameatwihe (83) and hinoki-

flavone(84) (Roy et al, 1987, which are €3 N}8 QjNjC-4 NjH-©ONJCd i mer s
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(85) (KrauzeBaranowskaet al, 2009. Podocarpusflavanoné6) (Roy et al, 1987,
isoginkgetin(87), podocarpusflavone £88) and B 89) (Haideret al, 1974, bilobetin
(90), sequoiaflavon€dl) (Hameecet al, 1973, neocryptomerir{92) (Miura et al,, 1969

andheveaflavong93) (Yeh et al, 2012 are just very few examples of bioflavonoids

isolated fromPodocarpussp.

" 0
© OCH,

1.4.2.3.Phytoecdysteroids

The genus is well known dlsefirst source ophytoedysteroid{Nakanishiet al, 1969,

these areCo7i Cog analogue®f the arthropod steroid hormones ecdysteroadsch regu-
late moultingmetamorphosigeproduction, embryogenesiaddiapauseg¢Dinan, 2009.

Almost all possess common key featud®lest7-en-6-one carbon skeletoh oriented
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CHz-10 and @®3-13, trans B/C- and C/Dring junctionsand usuallycis A/B configura-

tion (Dinan, 200).

The number of phytoecdysteroids isolated exceedq4&skeman and Vlietinck, 2013
and more than 20 specied Podocarpusare know to containphytoecdysteroids
(Mamadalieva, 2013 Ponasterone A94) (Nakanishiet al, 1966 Kubo et al, 1989,
crustecdysone 96) (Galbraith ad Horn, 1969 ponasterone B(96) and C (97)
(Nakanishiet al, 1968 and makisterons Ai D (98-101) (Imai et al, 1968a Imai et al,

1968h are just few representative examples

100 CH; H OH

1.4.2.4 Miscellaneouscompounds
Even though less commdignanssuch as thujaplicatin methyl eth@02) (Matlin et al,
1984 and secoisolariciresingl03) (Briggset al, 19591, cyclgpegides such as nagitide

A (104 and B (105 (Zhanget al, 2012 and fatty acidssuch assciadonic acid

(20: 35108 1 ,aI;ndd) j(uni per oni c (1G&)dWaolff et(al @99% p5, 11,
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Hammannet al, 2019 have beernisolated from the genuBodocarpusbesides those

mentioned above.

1.4.3.Ethnobotanical and pharmacological uses

The genudPodocarpushas got many applications ranging from commercial timber pro-
duction toculturaluse, e.g. as a love chabm the Zuluin South Africaand intreating all
types of ailmens in various parts of the world in the traditional system of medicine
(Abdillahi et al, 2010Q. For the natural product chemist, the genus is knowprawide
chemically, biologically and pharmacologically interesting compounds asithand18

and their derivativespagilactonesphytoecdysteroidand biflavonoids(Hayashiet al,
1980. Specially, the nagilactoneshibit a broad spectrum of biological activity as anti-
tumor agentsg@ainst huma and murine cancer linB&ndoncogenidranscriptionfactoss
(Hayashi and Sakani975 Kupchanet al, 1975 Hayashiet al, 1977 1977a Hayashi

et al, 1979 Hembreeet al, 1979 Cassadet al, 1984 Shresthaet al, 2001, Parket al,

2004a Parket al, 2004k Kuo et al, 2008 Satoet al, 2009a Satoet al, 20090, plant
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growth reglators (Galbraithet al, 1972 Hayashiet al, 1972a Hayashiet al, 1972h
Sasseet al, 1981 Kubo et al, 1991b, insedicides (Russellet al, 1973 Kubo et al,
1984 Zhanget al, 1992, antifeedantfHayashiaet al., 1992 Maciaset al, 2000 and

antifungal(Kubo et al, 1991a).

The dominant diterpenoidk5 and 18 and their derivativesare also shown to possess a
range of activities includingntibacterialKubo et al, 1992a Micol et al, 2001 Satoet
al., 2009, cytotoxidty to tumor cell§Reynoldset al, 2006 de Jesugt al, 2008 Zhang

et al, 2013 Hanet al, 2014, inhibition of lipid peroxidationgastroprotective and ulcer
healing effec{Rodriguezet al, 2009. Interestingly, totarol is showto be active against
methicillin resistantStaphylococcus aureUMRSA) (Kubo et al, 1992a Muroi and

Kubo, 1993

1.5.Podocarpus falcatus

1.5.1.Description and distribution

Locally known aszigiba and commercially as Podo or East African Yellow Wood
(Pankhurst, 2000 P. falcatus(Thunb.) R.Br. ex Mirb.(synonym Afrocarpus falcatus
(Thurb.) C. N. Paggis an evergreen, dioeciousiedium to largesized tree up to 60 m
tall widely distributed inEthiopia, Kenya, Tanzanidvlozambique, South Africa, and
Madagasca(Figure 3) (Mabberley, 1997 Aerts, 2008. It is anindigenous tree species
thatgrows at 15002500 m altitudeabove sea level in areas with mean annaiafall of
1200 1800 mm(Felekeet al, 2012 Tadele and Fetene, 201®. falcatusis known as a
year round seding treewhose seedlings and saplings are neither browsed by aattle
wildlife nor severely attacked by inse¢&troblet al, 201J). P. falcatusis one of the po-

tentially oldest tree species f&r known from eastern AfricBKrepkowskiet al, 2012.
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It is a multipurposespecies with a wider range of so@oonomic and environmental im-

portance(Teketay, 2011

Figure 3. Picture of Podocarpusfalcatus

1.5.2.Chemistry, ethnobotanical usesand ethnopharmacological reports

The timber ofP. falcatusis used for constructioand household utensilkr addition, n
someareas of Ethiopidocal communities collect the fruit &f. falcatusgrowing in their
areas to producedible oil (Felekeet al, 2012. Moreover, the oilare said to have me-
dicinal properties in curingonorrhoea and the powder from the bark is used for curing
headacheg¢Pankhurst, 2000 Other ¢hnobdanical reports also indicate the use of vari-
ous parts oP. falcatusfor treatment of human and livestock diseasests forevil spirit
andbone fracturéLulekal et al, 2014 andfebrile illnesgMesfinet al, 2009, leaves for
hairlossand abiesandfruits for ringworm (Yinegeret al, 2009. Besideghose anath-

er medicinal,commercial and ecologicainportance, ethnobotanicaéports from some
parts of Ethiopidandicate that preparations from the roots of this plant areased Aiant i -
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cancer 0 (wlekatet dlj 2008 Teklehaymanot, 20Q09This formed the basis for
this research to isolate the Aresponsi bl eo

remedy.

A methanolic extract from theéves and young steroP. falcatuswas slown to pos-
sessantioxidant, COX andyrosinase inhibitory activitieAbdillahi et al, 2011, while
an ethanolic extractdm the same parts was shote be cytotoxic againsHepG2cells
(Abdillahi et al, 2019. The wood ofP. falcatushas been shown to contal® and 37
(Cambieet al, 1989. More recently, from the seed oil &. falctus Hammannet al.
(2015 isolated thaunusual polyunsaturated fattgids (PUFAS)L06 and107 along with

other common PUFAs

1.6. Statement of the problem

Wi th rare exithergpiesifa most fdrnescbfahyrbas cancer remain incom-
pletely effective and transitory, despite knowledge of driving oncoganedscrucialon-
cogenic signaling pathways amenable to pharmacologiealention with targeted ther-
apies(Hanahan and Coussens, 2p2\2arious factors contribut&Vhile surgery isisually
effective inearlystage diseas@-ernando and Jones, 20 18adiotherapyMarin et al,
2015 and chemotherap§forrisi et al, 2017 Livshits et al, 2014 are shown to produce
sevee nori selectivetoxicities to nemal cell§ nausea and vomitingnyelosupression
with leucopenia, thrombocytopenia, anaemia, mucous memiteestion and alope-

ciai among other¢Garg, 2011 Caley and Jones, 201Rernando and Jones, 2015

The emergence of drug resistance, the most common of whiotultidrug resistance

(MDR), to chemotherapeutic agents is another factor that limiteffieacy of chemo-
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therapy and lead® failure of the treament clinically morespecifically in over 90 % of
patients with metastatic stafj€ibria et al, 2014. Reduced delivery of cytotoxic agents
to the cel] increasedirug efflux, mutations of the drug target, DNA damage rejpair,
creased drug metabolism adetoxification activation ofalternativesignalingpathways
and evasion of cell deatire some of the mechanisms in MDRolohanet al, 2013

Rebucci and Michiels, 2018ernando and Jones, 2015

Accompanied with theverincreasng cancer incidence and prevalence, the above factors
necessitate the search for new drugs with new mode of action and better safety profile.
Highly reputed with their role in the drudiscoveryprocesqTaylor et al, 2001 Balunas

and Kinghorn, 2005Gurib-Fakim, 2006 Itokawaet al, 2008 Saklani and Kutty, 2008
medicinal plants from traditional medical system are proven to be an anpsdurce of
anticancer drugfCragg and Newman, 200Brower, 2008 Poojariet al, 2012, even in
providing compounds active against MDR cand@hkenet al, 201Q Klepschet al,

201Q Li et al, 201Q Nabekura, 201,0Wu et al, 201). Thus, the general aim of this re-

searchwasin vitro evaluation and isolatioof antiproliferative compounds frotheroots

of the Ethiopian tralMfaltatupnal fAanticancero
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2. Objectives

2.1. General objective

To isolate antiproliferative compounds from the roots of the Ethiopian traditional
Ailant i can cRodocarpusdalbaugiunb.) R.Br. ex Mirb. (Podocarpace-
ae)using thehumancolorectal adenocarcinoma (FZB) cell linethroughbioas-

sayguided fractionation and isolation.

2.2. Specific objectives
1 To carry out cytotoxicity testing in a bioassgyided manner, usingugorhoda-
mine B colorimetric assay.
1 To isolate and purify active compound(s) using HPLC
1 To elucidate the structure of isolated compound(s) using various spectroscopic

methods.
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3. Materials and methods

3.1. Materials

3.1.1. Chemicals

Methanol, water, dchloromethanegthyl acetate, hexasdor extraction, partition and
fractionation on open column chromatograglyC) were either purchased froBigma
Aldrich (SigmaAldrich Co, MO, USA) or Thermo Fisher ScientificThermo Fisher Sci-
entific Inc, Waltham,MA, USA) and all were of analytical graddPLC grade rathanol
and water wergurchased from eithéBigmaAldrich or Thermo Fisher ScientificSe-
phadexLLH-20 (GE, Uppsala, Swedeand silica gel (SilicaFlasi®60, 230400 mesi
SiliCycle Inc., QuebedCanada were used foopenCC. Analytical TLC was performed
using precoated silica gel 6054 plates @aluminium backed200 pum, Merck KGaA,
DarmstadtGermany and a freshly prepared solutionfo di f i ed Go svasn o s
used for chemical detectioan TLC plates The ceuterated NMRsolvents CDCE,
CD30D, DMSOds and pyridineds, were either purchased froBigmaAldrich or Cam-

bridge Isotope Laboratories, I{itewksbury, MA,USA)

3.1.2. Instruments

Water from the extract was removed using Operon freeze ddymr¢n Coltd., South
Korea). Organic solvents and water from fractions and compounds were removed using
Heidolphrotary evaporatordHeidolphinstruments GmbH & Co.KGGermany) Optical
rotations weremeasured on a PerkinElmer model 343 polarim@erkinElmer, Wal-

tham, MA, USA. UV spectravere recorded on a Hitachi U2910 UV spectrophotometer
(Hitachi High-Technologies Corporatiof,okyo, Ja@n). IR spectravere recorded on a

Nicolet 6700 FFTIR spectromete(Thermo Fisher Scientific IncWaltham,MA, USA).
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4 and3C, HSQC, HMBC, NOESY and COSY NMR spectra were recorde@in
temperature on a Bruker AVII1400 instrumédBtruker, Billerica,MA, USA). HRESIMS
weremeasured on a-QOF mass spectromet@Vaters Corp., Milford, MA, USA) in the
positiveion modewith Nal being used for mass calibratitfPLC wasperformed with a
Hitachi Primaide HPLC (Hitachi High-Technologies Corporation,Tokyo, Japan
equipped with Primaide 1430 Diode Array Detector, Primaide 1210 Autosampler and
Primaide 1110 pump with degasser and a g@eparative @ column (Dynamax &

HPLC Column 10 250 mm).

3.1.3 Plant material collection

Roots ofP. falctuswere collected from the Berdarest, Addis Alem (55 km west of Ad-
dis Ababa), Oromia Regiofgthiopia, in March 2014. Identification of the plant material
was dondoy Mr. MelakuWondafrash, Senior Botanist &iet NationalHerbarium, Addis
Ababa University Addis Ababa, Ethiopia. Vouchsepecinens (EMA004) were deposited

at the National HerbariumAddis Ababa UniversityAddis AbabaEthiopia.

3.2. Methods

3.2.1 Extraction, bioassayguided fractionation and isolation

The airdried roots ofP. falcatus(270g) were extracted with 90% MeOH (3 x 0.6 L) by
maceration at roortemperature for nine consecutive days with solvent renewal every 72

hrs.

The bioassaguided fractionation and isolation was monitored by using the human colon

cancer cellfHT-29) in which extracts and fractionand isolated compounds were con-
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sidered active if they have a dose that kills 50%sgEDf the tumorsat less than 20 pg/

mL and 10 puM, respectivelfPanet al, 20100.

3.2.2 Cell culture and cytotoxicity assay
Cytotoxic potential of the extract, fractions and isolated compounds agHin2® was
determined using an established protq&anet al, 2010 using paclitaxel as positive

control. The detailed procedure described below

Human colon cancer cellHT-29) were obtained from America Type Collection
(ATCC catalogno. HTB-38). Cells were cultureth MEME medium (Hyclone, Logan,
UT) supplemented with streptomycin (1A@/mL), penicilin (100 units/imL), amphoter-
icin B (Fungizone, @5 pg/mL), and 10% fetal bovinrgerum (FBS) and incubated an
humidified incubator with amtmosphere of 95% air and 5% &&ai 37 °C. Cells were
trypsnized and split for subculture when they obad nearconfluent state (fivalays or
later). Upon reaching abb60-70% confluence, the mediumas changed and the cells

were used fotest procedures one day later.

The harvested cells, after appropriataitiiins, were seeded in 9@ell (9500 cells/190
pL) plates usng complete medium and treatedth the test compounds (10 pL/well in
triplicate) at various concentrationgest samples were initially dislved in DMSO and
then diluted10-fold with H2O. Serial dilutiols were performed using 10% DMSA3 the
solvent. For the control gups, 10 pL of 10% DMSO was alsmlded to each well. The
plates were ioubated for three days at 37 fiC5% CQ. On the third day, the cellgere
fixed to the plates by thaddition of 100 puL of cold 20% trichtoacetic acid and incu-

bated at 4 °C for 30 min. The plate®re wahed three times with tap watand dried

30



overnight. The fixed cellsvere dyed with sulforhodamine ERB, an anionic protein
stain) solution at 0.4% (w/vhil% acetiacid and incubated at room temperature3for
min. The plates wer@ashed three times with 1% acetmdaand allowed to aidry. The
bound SRB stain was then solub#d with 10 mM unbuffered Tribase (pH 10, 200
pL/well). The plates were ptad on a shaker for @in, and the absorbance was red
515 nm using a Bid ek pQuantmicroplate reader. The Ebvalues of tessamples with
serial dilutionswere calculated using nonliner regies analysis (Table Curve2Dv4;

AISN Software, Inc., Mapleton, OR).

The use of HT29 tumor cell line was just tmonitor the activity of the extract, fractions
and isolated compounds; it should not be interpreted in a way that the cell line was used
because the plant is used traditionally for colon cancer. In fact, none of the reports indi-
cate use for specific typd oancer. Moreover, this is a wadbktablished protocol devel-
oped by the College of Pharmacy at The Ohio State University to evaluate the activity of

extracts, fractions and synthetic and natural compounds.

3.2.3.X-ray crystallography of compounds41, 108and 109,

Crystalsof compoundst1, 108 and 109 were obtained from MeOH upon slaevapora-

tion. Briefly, a methanolic solution of each compound was placed in separate small vials,
then the lid was closed partially and the solutions were Iéft (2eeks) util a single
crystal suitableusually free of cracks when observed under microséopX-ray diffrac-

tion was formedThe crystals were then sent for structural analysiBepartment of
Chemistry and Virginia Tech Car for Drug Discovery Virginia Tech, Blacksburg,
Virginia, United StatesThe details of the structural analysee described id\ppendix

XIII', which, along with CIF fileshave also been deposited in the Cambridge Crystallo-
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graphicData Centre (CCDC N04.038571 1038573 and 1038572 for compountls
108 and 109, respectively)A summary of the crystal data of each compbimalso giv-

en in Appendix XI|
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4. Results and discussion

4.1. Antiproliferative activity of extracts and fractions

Traditionally the roots of the plant are either used topicallysftt and paintor orally

(powdered dry root mixed with watand then taken orallygince the role of water is as a
vehicle, 90% MeOH was used sbibabsenbsexthart
contribute to the activity. Thereforexteaction ofthe air-dried roots ofP. falcatus(270

g) with 90% MeOH vyielded arownish, gummy solid (13;¢.8%9, which showed cyto-

toxicity against HF29 with an EBov al ue o f 1 O-liqeigypartiion withhexgq u i d
anes, EtOAc and #D yielded the corresponding hexanes (1.2EQso= 11 eg/ mL) ,
EtOAc (2.159, Emb=3 ¢ g antnBQ (9.449,EDso>20 e€g/ mL) fracti on
active EtOAc fraction (EBb=3 € g/ mL) was p aromethanedDC®l,l6 wi t h
x 500mL) and BO (400 mL) to afford 1.01 g of DCM (Eo= 2 ¢ gnd i@6)g

(EDso> 20 ¢ g /-Gnfagtions. Using DCM/MeOH1:1) as eluent, the cytotoxic

DCM fraction was subjected to Sephada®-20 CC (4.5 x 62 cm; flow rate = 2.5

mL/min) to afford 11ifractions. Fractions with similar TLGtationary phase: silica gel;

solvent systemCHClIs: EtOAc: MeOH (7:2:1) TLC dimension:5.5 x 6 cm detection
methods:physicatday lightand UV (256 and 366 nngndchemicaimo di f i ed Godi
reagent profiles were combined to yesle ven pool ed fractions (F

the most active (E3= 0. 7 (Eigure AL )

The fraction F3 was subjected to silica gel CC (3.2xc89 cm; flow rate = 3.5 mL/min
solvent systemCHCls: EtOAc: MeOH (7:2:1)) which, based on their similarity in TLC
(stationary phase: silica gel; solvent syst€hiCls: EtOAc: MeOH (7:2:1) TLC dimen-

sion: 5.5 x 6 cm detection methodsphysicalday lightand UV (256 and 366 nngnd
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chemicalmo di f i ed Go thiaffoid 44 pootedrart@nst(F31 through F314).
Cytotoxicity evaluation of these fractions revealed tha#tFthd F35 were the most ac-
tive, with equal EBbv a |l ue s o f (FiQured). Thegefractiorns were subjected to
semipreparative RR8 HPLC(Dynamax Gg HPLC column 10i 250 mm flow rate: 2
mL/min) using a gradient mixture of @/MeOH from 50:50 to 0:10€br 41 min with a
program of 50:50 to 40:60 for 10 min, 40:60 to 30:70 fanif, 30:70 to 20:80 for 10
min, 20:80 to 15:85 for 5 min, 15:86 0:100 for 1 min, 0:100 for 10 mifrraction F34
(46.3 mg) yielded compound&p-hydroxynagilactone K108) (Revised structure see
Section 4.311.2 mg;tr = 15.30 min)PF-1 (1.3 mg;tr = 16.12 minjJandPF-2 (11.7 mg;
tr = 27.00 min)(Figure5), while F3-5 (830 mg) yielded compound$08 (3 mg;tr =
15.30 min) andPF-2 (4.13 mg;tr = 27.00 min) and an impure fractioRX5-1; 41.47
mg; tr = 10.07 min)(Figure6), which was resubjected to semipreparativel8FHPLC
(gradient mixture of EOD/MeOH from 90:10 to 0:100or 37 min with program of 90:10
to 60:40 for 20 min, 60:40 to 50:50 for 5 min, 50:50 to 19:81 for 4 min, 19:81 to 0:100
for 1 min and 0:100 for 7 m)rto yield compoundsagilactone D(41) (11.47 mg;tr =
30.35 min) andhagilactone 1(109) (Revised structure see Section;412.89 mg;tr =

31.43 min)(Figure?).

From Figure 4, it can be seen that thase to kill 50% of tumor cells (Eb) increases
somehow from the most active fraction-#3EDso=0 . 4 &) p/F32itHDs0=6. 4 € g/
mL) then dereases in F3 (EDso = 2. 4 ¢ § Likewnde, activity decreases from the
most active fraction F8 (EDso=0 . 4 ¢)tpF38rfHdDso=6.5¢ g / ) tmeh increase

in F39 (EDso = 2. 4 ¢ § This was a bit interesting and isolation was donethos

fractions t o cosmmundstttat caubed suéhecltahgesy Brapamtive
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RP-18 HPLC(Dynamax Gg HPLC column 10 250 mm; flow rate: 2 mL/minjising a
gradient of HO/ MeOH (from 20:80 to 0:10Gpr 22 min with program of 20:80 to 10:90
for 10 min, 10:90 to 0:100 for 5 min and 0:100 for 7 wirF3-1 (30.2 mg) yielded com-
poundmacrophyllic acid37) (3.7 mg;tr = 22.53 min)(Figure8), whereas RA.8 HPLC
(Dynamax Gg HPLC column 10° 250 mm; flow rate2 mL/min) purification of F39
yielded compound&5-hydroxynagilactone D1(0) (0.9 mg;tr = 8.19 min),PF-3 (1.58
mg; tr = 10.81 min), anghonasterone A94) (6.08 mg;tr = 25.49 min)Figure9) using a
gradient of HO/ MeOH (from 60:40 to 0:10Gpr 32 min with program of 60:40 to 50:50
for 10 min, 50:50 to 10:90 for 14 min, 10:90 to 0:100 fomih and0:100 for 7 min.
Compound inumakiol 24), (1 mg) was obtained as a precipitate from one of the inac-

tive fractions after column chromatography.
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Stationary phaseSilica gel

TLC dimension 5.5T 6 cm
Detection methods
Physical Day light and UV (256

TLC parameters for monitoring of DCM and F3 fractions :

Solvent systemCHCI,: EtOAC MeOH(7:2:1)

Chemicat ModifiedG o d i reagest

and 366 nm)

90 % MeOH root extract of
Podocarpudalcatus(Podocarpaceae)
(Yield = 4.8%) (EDs, 10£g/ml)

Dissolved in methanol and partitioned
with 4*300 ml hexanes

Hexanes fraction
(Yield = 1.21 g) (ER, 11.5eg/ml)

Suspendeﬁin water and partitior
with 5*400ml with ethyl acetate

h

Methanol
fraction

pd

Ethyl acetate fraction

(Total= 2.15 g)(EDs, 3 £g/ml)

Water fraction
(Yield=9.56 g) (EQy, >20&g/ml)

Suspended in water and partitioned
with 5*400ml with dichloromethane®

Dichloromethane fraction
(Yield=1.06 g) (EQ, 2€g/ml)

Polar portion of ethyl acetate fraction ‘
(Yield=1.01 g) (EQ, >20eg/ml)

| Fractioned orSephadexH-20

Remarks:

) » A total of @e hundred eleven (111) fractions were collected
‘ with DCM:MeOH(1:1) » Fractions having similar TLC behavior were combined to give:

i

F1 F2 F3 F4 F5 F6 F7
184.4 mg 87.6 mg 409.2 mg 211.3mg 18.5mg 3.5mg 18.3 mg
|[EDsy >20eg/ml 3.6eg/ml 0.7eg/ml | | 19.4eg/ml | | >20eg/ml | | >20eg/ml | _>20€g/ml
Fractioned i ] Remarks:
rlac |oneh on St' ‘ca gi } » A total of @e hundred (100) fractions were collected
e S oTateoap » Fractions having similar TLC behavior were combined to give:
F31 | [ P32 F3-3 F3-4 F35 F36 F37 F38 F3-9 F3-10 F3-11 F312 F3-13 F3-14
34.33mg |32.26 mg| | 10.83mg |[50.52mg| | 92.54 mg 12.5mg 4123 mg | 496mg | | 19.49mg |10.63mg| | 7.96mg 13.38mg | 7.12mg | | 46.39 mg
EDgo(eg/ml)| 2.4 6.4 2.8 0.4 0.4 1.1 2.7 6.5 2.4 10.3 >20 >20 >20 >20
e e

Isolation on revers
phase (Gg HPLC

(SeeFigure 8) |

Isolation on revers
phase (Gg HPLC

(SeeFigure 5)

Isolation on revers
phase (Gg HPLC
(SeeFigure 6 and 7

Isolation on reverse
phase (Gg HPLC
(SeeFigure 9)

Figure 4. Flow chart showing bioassayguided fractionation of the roots ofP. falcatususing the HT-29 cell line
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L 2b-Hydroxynagilactone F108)
3 (Revisedstructure see Section 4.3
i 16-Hydroxynagilactone FRF-1)
1.0 (New compound see Section)4.
" 7b-Hydroxymacrophyllic acid
I [f (PF-2)
L k (New compound see Section)4.«
% I SN 1 K___ S-S
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2
Retention Time (min)

Figure 5. HPLC chromatogram of fraction F3-4 (Solvent system:MeOH:H20 gra-

dient; Flow rate: 2 mL/min; Detectionwavelength 254 nm)

e 5 F3-5I
R 2b-Hydroxynagilactone F108)
lf(Revised structure see Section)4.3
oo 7b-Hydroxymacrophyllic acid
i g ;} (PF-2)
" - * E{New compound see Section)4.
““IIIIII'IIII'IIIIzlollllzls““a‘o““3‘5““110""4'5'Illslo

Retention Time (min)

Figure 6. HPLC chromatogram of fraction F3-5 (Solvent system: MeOHH20 gra-

dient; Flow rate: 2 mL/min; Detectionwavelength 254 nm)
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31,427

Nagilactone 1109
(Revised structursee Section a)\

{a
o
W
[=]

Nagilactone (41) N ;

Absorbance

o 2 4 [ 8 10 1z 14 1e is 20 22 24 26 28 30 32 34 36
Retention Time (min)

Figure 7. HPLC chromatogram of fraction F3-5-1 (Solvent system: MeOHH20

gradient; Flow rate: 2 mL/min; Detection wavelength: 28(m)

2.0 o = :
1.8 4
: Macrophyllic acid 87) N
1.6 o
~ 1.4 A
]
7 0 g
0.2 4 E
0.6 o
:;/\f PNACS A e L
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Figure 8. HPLC chromatogram of fraction F3-1 (Solvent system: MeOHH20 gra-

dient; Flow rate: 2 mL/min; Detectionwavelength 254 nm)
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2b,16-dihydroxynagilactone F
(PF-3)
(New compound see Section)4.4
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Figure 9. HPLC chromatogram of fraction F3-9 (Solvent system: MeOHH20 gra-

dient; Flow rate: 2 mL/min; Detectionwavelength 280 nm)

4.2 General overviewof fractionation and isolation

The antiproliferative methanolic extra@Dso =10 pg/mL)of air-dried roots ofP. falca-
tus wasfractionated with hexanes, EtOAc andH Bioassay on HR9 showed that the
EtOAc fraction was the most active (Eof 3 pg/mL). Subsequent liquiiuid partition
and fractionations on Sephadex 128 andsilica gelcolumn chromatographsesulted in
two fractions with improved activities of EP0.4 pg/mL(Figured). Reversed phasei£
HPLC (Figure5) of each active fracti@resulted in the isolation of the two new type C
nagilactones, Haydroxynagilactone FRF-1) and &,16-dihydroxynagjactone F PF-3)
and a biditerpenoid B-hydroxymacrophyllic acidRF-2) (See Section 4.4 for structural
elucidatior) along with seven known compounds identifiediasmakiol D £5), macro-
phyllic acid @7), nagilactone D41), ponasterone A94), 2b-hydroxynagilactone F1(08;

Revised structure see Section)4rtagilactone 1109; Revised structure see Section)4.3
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and15-hydroxynagilactone D1(10). The structure 0110 has been reported withotiC

NMR data(Hayashiet al, 19773 and in the present report we included the full NMR
data of15-hydroxynagilactone D106) (Tables4 and5). The structures of compounds
104 and 105 were revised based detailed analysis of 1D and 2D NMR data and-single
crystal Xray diffraction studies;hence discussion of the structural elucidatbthe iso-

lated compoundstarts with the structumevisionof 108 and109.

4.3. Structure revision of compounds108 and 109

Compoundsl08 and109 are known compoungd$fowever,their G2 hydroxy groupwas
reported to b&koriented(Ying et al, 1990 Bloor and Molloy, 1991Kubo et al, 19914.

The 'H and**C NMR, IR and UVspectroscopic data as well as the optical rotations of
the newly isolated compound®8 and 109 are similar with reported data (Tablesand

3; Appendix ). Minimization of the energy of the two structuresl8 with 2U0and D
hydroxy groups usinghe MM2 program in the ChemBioDrawUltra software (version
14.0.0.117, CambridgeSoft Corporation) showed twdlh compounds have a boat con-
formation of the ringA. This observation was different from the reported datayeating

a chair conformation of the parent compounds. Moreover, it is noteworthy that compari-
son of our NMR data 0108 with the data of reported compounds led to the conclusion
that the assignmés of the'3C NMR chemical shifts of €18 and G20 methyl groups of

compoundL08in ref (Kuboet al, 19914 should be interchanged.
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Table 2. 'H NMR (400 MHz) data for compounds 1@ and 10

Reference Kubo etal, Blooretal, Presentdata Ying et al, Present data
1991 1991 1990
Position 1082 108P 108¢ 1092 1092 1090
1 2.48 dd 2.24 1t 2.42 dd 2.47 dd 2.50 dd 2.4 dd
(13.7,9.0) (13) (13.4, 10) (13.3,9.6) (13.6,9) (13.6,9.2)
1.84 dd 1.91 (obsc.) 1.53dd 1.87 dd 2.20 dd 1.58 dd
(13.7, 6.8) (13.4,7.2) (13.3,4.9) (13.6,7.2) (13.6,7.2)
2 411 m 4.08 dddd 4.31 dddd 41brs
(12.9, 10, 7.2, (12.6, 9, 7.2,
5.1) 5.1)
4.31m 4.28 m
(W12 26 Hz) (Wa228 Hz)
3 2.56 dd 2.45 dd 2.11brt 2.54 dd 2.571 2.20 brt
(13.7,12.8) (14, 9) (13.4) (13.3,12.4) (13.2) (13.5)
2.19 dd 1.59 dd 1.84 dd 1.85d 2.20 dd 1.92 dd
(13.7,5.1)  (14,7) (13.4,5.1) (12.4) (13.7,5.1)  (135,5.2)
4
5 1.82d 1.95d 2.18d 1.83d 1.84d (5) 1.92d
(5.1) (5) (5) (5.6) (%)
6 5.14 dd 5.08 ddd 5.23 ddd 5.16 tlike 5.19 ddd 5.00 ddd
(5.1,2.1) (5,5, 1.5) (5,5,1.7) (5,5, 1.6) (5,5,1.7)
7 6.27 brd 6.20 ddd 6.35 ddd 6.43 d 6.46 ddd 6.13 ddd
(5, 1.5) (5,1.7, 1.6) (2.1) (5,1.9,1.7) (5, 1.8,1.7)
8
9
10
11 6.05s 5.83d 5.83d 6.09 s 6.12d 5.82d
(1.6) @.7 @.7) 1.7)
12
13
14 4.86 brs 4.87d 5.01 ddd 5.32brs 5.34 ddd 5.21 ddd
(2.3,1.7, 1.6) (4.1,1.9,1.6) (4,1.8,1.7)
15 2.22 dqq 2.25m 2.4 sd 3.39dq 3.42qd 3.16 qd
(6.8, 6.8, (6.8, 2.3) (6.8, 3.9) (7.1, 4.1) (7.2, 4)
2.1)
16 0.98d 0.98d 1.18d
(6.8) (6) (6.8)
17 1.13d 1.20d 0.97d 1.46d 1.48d 1.38d
(6.8) (6) (6.8) (6.8) (7.1) (7.2)
18 1.39s 142s 1.40s 1.30s 1.38s 14s
19
20 1.29s 1.28s 1.24 s 1.36s 1.32s
-OCHs 3.63s 3.65s 3.70 s

aData collected in pyridin€s

b Data collected in chloroforrd
¢ Data collected in methandl
J-Coupling constants in parenthesis
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Table 3. 13C NMR (100 MHz) data for compounds 1@ and 10

Reference Kubo etal, Blooretal, Presentdata Ying etal, Present data
1991 1991 1990
Position 108 108 108 109 109 109
1 41.2 40.2 41.3, Ch 41.0 41.5, Ch 40.4, CH
63.9 64.7 65.3,CH 63.9 64.3, CH 64.8, CH
3 37.8 36.5 37.7,Ch 37.6 38.1, CH 36.7, Ch
4 42.8 42.4 44.0,C 42.8 43.2,C 425,C
5 45,5 457 46.6, CH 45.3 45.7, CH 45.8, CH
6 72.4 72.0 74.1, CH 72.4 72.8, CH 72.0,CH
7 122.4 121.6 123.9, CH 122.5 122.7, CH 121.9, CH
8 133.8 133.8 134.8,C 133.2 133.7,C 132.8,C
9 159.0 158.3 161.3,C 158.8 159.2,C 158.3,C
10 36.1 35.9 37.3,C 36.2 36.6, C 36.2,C
11 113.1 112.8 113.2, CH 113.1 113.6, CH 112.9,CH
12 164.1 165.0 166.8, C 163.5 163.8,C 163.2,C
13
14 83.0 83.0 85, CH 80.0 80.4, CH 79.5, CH
15 29.8 29.7 31.4,CH 42.4 42.8, CH 42.8, CH
16 16.3 15.1 20.1, CH 172.6 173.0,C 172.3,C
17 19.7 19.6 15.6, CH 13.8 14.1,CH 12.8,CH
18 234 27.9 28.7,CH 28.0 28.4,CH 28.2,CH
19 181.6 180.6 183.8,C 181.6 181.9,C 180.8, C
20 27.8 23.4 23.7,ChH 23.3 23.8,ChH 23.6,CH
OCHs 51.9 52.3,ChH 52.5, CH

@ Data collected in pyridines

b Data collected in chloroforrd

¢ Data collected in methandl

dPart of the assignments of the carbon multiplicities was performed based on their similarities with the re-
ported datgYing et al, 199Q.

Analysis of the splitting patterns of theHresonance in th#H NMR spectrum and the
2D-NOESY of both compoundshowed that the orientation of the hydroxy group should
be b. The dddd (J = 12.9, 10, 7.2, 5.1 Hz) splitting oRH ( U fo# co@yYnd108
showedthat two large couplings were preseantd this was alsaportedby the previous
authorg(Table2). These coupling patterns were possible only if th2 lydroxy group is
b-oriented (Figurel0). In addition, H2 of compound<.08 and109 exhibited NOE cross
peaks with H3Uand H18. Both H3Uand H18 also correlated with 43 and H6, while

H-1b and H3b correlated with the C$20 singlet.
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P-oriented hydroxy group a-oriented hydroxy group

-~ Large coupling constant
12.9 Hz

Figure 10. Stable conformation of the 2+ and 2b-hydroxynagilactone F after MM2

energy minimization

To confirm these assignments, compoufh@8 and 109 were crystallized and subjected
to X-ray crystallographic analysis. These studies confirmed th@®F2 orientation for
both compounds (Figurgl). The'H and*C NMR data &sing from the A ring are in
agreement with the data reported for tdteanorditerpenoid wentilactone BL11), which
has beenisolated from the atophytic fungusAspergillus wentiiEN-48 (Sun et al,

2012.

Figure 11. X-ray ORTEP drawing of the crystal structures of41, 108and 1

From these evidences, the structurd @ should be revised t8b-hydroxynagilactoné&
and the orientation of the -2 hydroxy group of nagilactone 1109), methyl b-

hydroxynagilactoné-16-oate, should bb as depictedThe X-ray crystal structure of the
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related compoundl, a bisnorditerpenoid that is consistent with the reported stinec

(Kuboet al, 1989, is alsoshown inFigurell.

HO

4.4. Structure elucidation of the new compound®F-1, PF-2 and PF-3

Structure elucidation of compound PR

Compound PF-1 exhibited asodiated pseudomolecular ion peak [M+Nat m/z
355.1500 (calcd. 355.15)16(Figure Z) which in conjunction with thé*C NMR data
indicated a molecular formula ofi1H240s, identical to that ofL08. The UV spectrum
(Figure 25) showed an absorption bantlaaax 0f 259 nm and the IR stretching at 1762
cmi? (o-lactone), 1701 crh (U-lactone), 1597 crh (weak; C=C conjugated with C=0)
(Figure26) suggested tha@F-1 is a type C nagilactongto and Kodama, 1976TheH
NMR spectroscopic data ¢fF-1 (Table4 and Figure 1pwere similar to those df08
except for the absence ofMsignal (i 4.08, dddd), the methyl doubleti&.97 of108

and the presence of two doublet of doublet§ 276 (dd,J= 11, 4.4 Hz) andi 3.47 (dd,

J= 11, 8 Hz) in addition to multiplets corresponding to three methyleng@2at 2 2 2 .

and 1.841.52. The'*C NMR (Table5 and Figure 2pand HSQC(Figure 22)revealed
the presence of 19 carbon resonances with two carbonyl carbons indicatiaetohe {i
183.8, G19) andii-lactone {1 166.6, G12) moieties, four olefinicarbons, two of which

were monosubtitutedi(112.5, G11 andl 124.0, G7), two oxymethinesi(73.9, G6 and
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183.5, G14), an oxymethylenai3.5, G16), two quaternary carbong44.4, G4 andi
36.6, G10), three methylenesi 81.2, G1;118.7, G2 and129.1, G3), two methines{(
48.5, G5 andu 39.3, G15) and three methyl carbonstat5.2, 24.6 and 25.7 ascribable

to C-17, G18, and G20, respectively.

Comparison of théH and'3C NMR of PF-1 with those of108 revealed that the differ-
ence betweae the two compounds was the oxidation states of the ring A and one of the
isopropyl methyls at G15. Two dimensional NMR including, HSQGH-'H COSY,
HMBC and NOESY(Figures 2124) were performed in order to determine the planar
structure ofPF-1. The!H-'H COSY correlations observed fromHto H-3 (Figure 13
and21) demonstrated the absence of-@ @ydroxy group irPF-1. The long range cross
peaks from the two pairs of diastereotopic oxyfearing methylene doublet of doublets
atld 3.47 and 3.76 to @4, C-15 and G17 permitted the location of the hydroxymeth-
ylene group at €15 (Figure1l3and23). Thisis in accordance with the absencéif1 of

one isopropyl methyl doublet 408 (110.97, d,J= 6.8 Hz). The HMBC correlations from
the oxygerbearing methylene protons with 15, G17 and G14 together with that of H

17 with G16 confirmed that one of the isopropyl meth{@&16) was substitutedThe
presence of a-lactone moiety was evidenced by HMBC correlations from ¥ (U
2.08, dJ=4.8 Hz) to G1, G3, G9, G10, G18 and CG19, from Ch-18 to G3, G4, G5
and G19 ({183.8) and 20 to G1, G5, G9 and G10 while H11 showed correlation to
theUrlactone carbonyl at-@2 {1 166.6).Therelative configuration oPF-1 was deduced
from the data observed the 2DNOESY spectrum (Figurd5 and24). The orientation

of the other substituents of the stereogenic carbod-df was deduced to be the same

as those il 08 by analysisof the NOEcrosspeaks observadthe NOESY spectrum
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Table 4. 'H NMR (400 MHz) data for compounds PF1, PR2, PR3 and 110

Position PF-12 PF-32 PF-208 PF-2¢5 110°
1 1.69 m 2.42 dd 243 m 1.32 3.57d
(Overlapped)  (13.5,9.1) (Overlapped) (Overlapped) (4.2)
1.79m 1.54 dd 1.45m 2.14
(Overlapped)  (13.5,7.2) (Overlapped) (Overlapped)
2 1.75m 4.06 dddd 2.38m 1.52 brd 3.48 dd
(Overlapped)  (12.6, 9.1, 7.2,5.1) (Overlapped) (11.4) (6, 4.2)
1.84m 1.58 m ( 1.89
(Overlapped) Overlapped) (Overlapped)
3 1.55m 2.11brt 2.58 brt 1.04 4.45 dd
(13.5) (10.5) (Overlapped) (6, 2.2)
2.18 m 1.84 dd 1.18 brt 2.11
(13.5,5.1) (11.6) (Overlapped)
4
5 2.08d 2.11d 2.58 1.96 1.88d
(4.8) (5) (Overlapped) (Overlapped) (6.4)
6 5.22 ddd 5.22 ddd 2.98 brd 2.00 4.94 dt
(48,4817 (55, 1.6) (12.6) (Overlapped) (9.8, 6.4, 6.4)
2.85brt 2.15
(12.6) (Overlapped)
7 6.42 ddd 6.42 ddd 5.56 brs 478 brs 3.54 dd
(4.8,1.9,19) (518, 1.6) (16.8, 9.8)
2.74 dd
(16.8, 6.4)
8
9
10
11 5.79d 5.82d 7.50s 6.91s 6.37 s
(1.9) (1.6)
12
13
14 5.09 ddd 5.09 ddd
(2.0,1.9,1.7)  (2.0,1.8,1.6)
15 2.39m 2.37Tm 4.29 sep 3.56* 4.87 dq
(6.6) (9.5, 6.6)
16 3.76 dd 3.74 dd 1.88d 1.34d 1.52d
(11.0, 4.4) (11.0, 4.5) (6.6) (7.1) (6.6)
3.47 dd 3.46 dd
(11.0, 8.0) (11.0, 8.0)
17 1.22d 1.77 brs 1.32d
(6.8) (7.4)
18 1.33s 140s 1.59s 1.43s
19
20 1.16 s 1.21s 1.42brs 1.28 s
3iOH 3.4d
2.2)
15/ OH 2.26d
(9.5)

3Measured in methanaly
bPMeasured in pyridings
‘Measured in DMS&lls
dMeasured in chloroforrd

$Assignment of the monomer

*QOverlapped withthe water signal
The overlapped signals were assigned with accurate axis calibratigfidfCOSY and HSQC.
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From the above data the structureR#-1 was deduced to be 46/droxynagilactone F

(Figure 12)

Figure 12. Chemical structure of 16hydroxynagilactone F (PF1)

Structure elucidation of compound PR

The molecular formula oPF-3 was determined to be:H240s from the'*C NMR data
(Table 5 andrigure 29) and an HRESIMS pseudomoldauion peak am/z 371.1460
(calcd. for [M+Na] 371.1465)(Figure 36). The UV absorption amax 261 nm (Figure
34) along with IR(Figure 35) stretching absorption at 1764 ¢nfo-lactone), 1698 crh
(trlactone) and 1600 ct(C=C conjugated with a carbonyl) suggested B@&3 also
belonged to type C (7(8), 9(xt)enolide) norditerpene dilacton€do and Kodama,
1976. The H NMR spectroscopic data &3 (Table5 and Figure 2Bwere similar to
those of108 except for the absence of one of the isopropyl methyl doukl€t97) in
PF-3 and appearance of two doublet of doublet signals of hydroxymethylene protons at
3.74 and 3.46 ppm which were identical to thosBBil. The'*C NMR and HSQC data
(Figure 31) also indicated thalPF-3 hada total of 19 resonances with two disubstituted
olefinic carbonsf 161.3, G9 and 134.6, ), two monosubstituted olefinic carbons (
123.9, G7 and 113.2, €11), three oxymethine carbons§3.5, G14; 74.2, G6 and 65.3,
C-2), an oxymethylene carbofi 63.4, G16), two methylene carbons 41.4, G1 and

37.7, G3), two methine carbongi @6.6, G5 and 39.5, €15), and three methyl carbons
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(0 15.2, G17; 23.7, G20 and 28.8, €18) and two quaternary carbons (44.04 @nd
37.4, G10). The remaining two signals @i83.8 (G19) andl 166.5 C-12) were typical
of the carbonyls of-lactone and conjugatadlactone moieties, respectively, characteris-

tic of the type C nagilactones.

—IH-'"H COSY
~NHMBC, 'H to 13C

Figure 13. Key HMBC and H-'H COSY correlations of thenew compounds PF1,

PF-2 and PF3.

Comparison of théH and**C NMR data ofPF-3 with those ofl08 revealed that the only
difference was the presence ofl6 hydroxymethylene group RF-3 instead of a €5
methyl group inl08. This was confirmed by the HMBC correlations frorilBlito C-15,
C-17 and C14 (Figure 13 and 32). The location of the hydroxy group atZwas evi-
denced by the presence of the spin netwoik (d 2.42 and 1.54H-2 (U 4.06) H-3 (U
2.11 and 1.84) in the C&Y spectrun{Figure 13 and 30)The locations of theZ and C
9 double bonds were substantiated by the COSY spin systesn(UH2 . 1 26 (U H
5. 227 U6H 4 211U 58B2) and also from thdMBC correlations from kb to G7

(G 123.9) and €3 (U 134.8) and HL5 to G8. The assignment of the two lactone rings
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was confirmed by comparison of th&¢ NMR data ofPF-3 with those ofl08 and inter-
pretation of the HMBC spectroscopic data. The determination of the relative configura-
tion of PF-3 was carrid out as follows. The correlation betweer2Hul 4.06) and the
methyl signal at HL8 (i 1.40, s) in the NOESY spectrum BF-3 indicated that the @
hydroxy wash-oriented(Figure15and33).

Table 5. 13C NMR (100 MHz) data for compounds PF1, PR2, PR3 and 110

Position  PF-12 PF-3? PF-25 PF-2¢* 1109
31.2, CH 41.3, CH 40.7, CH 39.5,CH*  57.2,CH
2 18.7, CH 65.3, CH 21.3,CH 20.3,Ch 50.7, CH
3 29.1, CH 37.7,CH 38.8, CH 37.6,CH, 67.6, CH
4 44.4,C 44.0,C 442, C 429, C 48.8,C
5 48.5, CH 46.6, CH 45.9, CH 44,5, CH 50.4, CH
6 73.9, CH 74.1, CH 33.2,Ch 31.6, CH 73.2, CH
7 124.0,CH  123.9,CH 65.6, CH 64.0, CH 24.9,CH
8 135.0,C 134.6,C 137.5,C 134.6,C 108.4,C
9 161.9,C 161.3,C 142.6,C 140.9, C 1625, G
10 36.6, C 37.4,C 39.7,C 38.5,C 37.9,C
11 1125,CH  1132,CH  1276,CH  126.0,CH  106.6, CH
12 166.6, C 166.4, C 130.9,C 130.6, C 162.6, G
13 152.3,C 151.5,C
14 83.5, CH 83.4,CH  136.6,C 136.0, C 160.7, C
15 39.3, CH 39.5, CH 29.2, CH 27.7, CH 64.7, CH
16 63.5, CH 63.4, CH 21.8,CH 21.4, CH 22.0, CH
17 15.2, CH 15.2, CH 22.0, CH 21.4, CH
18 24.6,CHs 28.8, CH 29.8, CH 28.6, CH 25.9, CH
19 183.8,C 183.7,C 180.6, C 179.6, C 177.9, C
20 25.7, CH 23.7,CH 23.7,CH 229,CH  17.7,CH

3Measured in methanal,

bMeasured in pyridings

‘Measured in DMS@Qs

9Measuredn chloroformd

8Signal assignments were from HMBC
£0verlapped with the solvent signal
*Assignment of the monomer

This was confirmed not only by the splitting pattern of th2 sonance which was sim-
ilar to those inL08 and109 but also by the NOE correlation betweef8bland CH-20 (i
1.21) which in turn correlated with-tb. The (145 configuration was deduced by com-
parison of theH and the'3C NMR chemical shifts of €14 of PF-3 with those ofPF-1

and108. The key HMBC corrations in support of the structure elucidationPé#-3 are
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shownin Figure 13. Thus, the complete structure BF-3 was assigned to bebA6-

dihydroxynagilactone EFigurel4).

Figure 14. Chemicalstructure of 2b,16-dihydroxynagilactone F (PF3)

Structure elucidation of compound PR

Examination of the UV spectroscopic dgfigure 43) of PF-2 showed absorptions at
amax217, 251 and 291 nm which are similar to those ofih@mer macrophylliacid 37

(amax 220, 251, 291 nm) originally isolated from the heartwoodP omacrophyllusD.

Don. (Bockset al, 1963. The IR spectrum exhibited absorption bands and stretch fre-
quencies at 3533, 35100 (broad), 1694,1614 1467, 1259, 1175 @scribable to hy-
droxy, carboxylic acid OH, carbonyl, aromatic methine and phenolic hydroxy functions
(Figure44) (Bockset al, 1963 Paviaet al, 2009. The HRESIMS displayed a sodiated
pseudomolecular ion peak [M+Najt m/z685.3727 (calcd. 685.371(Figure 45)which

in conjundion with the>C NMR dataindicated a molecular formula @foHs40s which

had two more oxygen atoms than The difference betwedPF-2 and37 was thus sug-

gested to be the presence of two additional oxygen atoRIs-ih

The 3C NMR (Table5 and Figure38) and HSQC(Figure 40) indicated20 resonances
for the manomeric units: a carboxylic acid carbony 180.6), an oxygenated aromatic
carbon {1 152.3), four quaternary aromatic carbotid42.6, 137.5, 136.6, 130.9), an ar-

omatic methine carboni27.6), an oxymethine carbot§5.6), two methine carbona (
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45.9,29.2), two quaternary carbon$44.2, 39.7), four methylenesiq40.7, 38.8, 33.2,
21.3), and four methyl carbong 29.8, 23.7, 22.0, 21.8With the exception of the car-
bon resonance at 130.9, the®*C NMR spectrum ofPF-2 was similar to that of the
inumakinol D 28), a known totarariegype monomer isolated from the barkRxfmacro-
phyllusD. Don(Satoet al, 200§ (vs.117.3 in28). Likewise, the'H NMR spectroscopic
data of PF-2 wasalso close to those @ except for the absence of the two aromatic
doublets of25 (0 6.64, d,J = 8.7 Hz and 6.97, dl = 8.7 Hz) compred to the aromatic
singlet at {1 7.50, s) inPF-2. This coupled with the HRESIM&ata(Figure45) with two
extra oxygen atoms iRF-2 and the similarity of the IR and UV spectroscopic data with

37 indicated thaPF-2 was a dimer o£8.

PF-2

Figure 15. Key NOESY correlations of compounds PR, PF2, PR3, 1B and 130

Noteworthy, most of the proton and carbon signals iftkthand'*C NMR spectra oPF-
2 were broadened. To gain more information on the structurf-¢f the NMR spectro-

scopic data oPF-2 were measured in DMS@s (Tables 3 and 4). The assignments of all
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carbons and protons PF-2 as well as the site of the dimerization of the two monomers

were successfully achieved by the interpretation of the NMR data obtained from three
solvents (methanals, pyridineds, andDMSO-ds; (Figures 371 42). The assignment of

the oxygerbearing methine ali 5.56 (ic 65.6) tobe at & , 7N} was det er mi n
presence of the spin network from%, 5 Nj7 t 8 NHBI[H5 , 5H\NR)98 and 2.85 (H

6ab, 6 Njab)s6 (Ha,ndNj) IH-H 60SY bpectrun{Figure 13 and ®). This

was in accordance with the similarity of the carbon chemical shifts®8),-6 ,C6 Nj a n d
C7, 7N (45.9, 33. 2, arPB2wtbthobe rgperted, fd8r Apatpe ct i v
from the solvent signals (pyridirds), the aromatic region of thtd NMR spectrum of

PF-2 displayed only one signali 7.50, s) which was attributed teo aromatic methines

of two equivalent pentasubstituted aromatic rings. The assignment of the two aromatic
methinestobeatd 1, 11 Nj was performed by the obser\
from the signal afil 7.50 to H1a (U 2.43) and to the methyirgjlet atti 1.42 (CH-2 0, 2 0 Nj)
(Figure1l5and42). The location of the isopropyl moiety atilC4 , 1 BN whidh con-

firmed its totarane nature was further confirmed by the NOESY correlation fr@niH

5.56, br s) to the isopropyl methipeoton septet at 4.29 (H1 5, 1 5 Nj 6.6Hz)p t ,

This was confirmed by the long range cross peak from the isopropyl methyl signals [

188 (H1 6, 16 NjL.774dH1d 17 Nj) ] and i629RGapyNL5HerthAnhde
136.6 (G1 4 , (FWpP 13 andtl). The long range correlation from bothlH1 , 1 1 Nj and
H-15, 15 Nj t obedrifgearonsakicycarteonid 151.8) permitted the location of the
hydroxy group at € 3, 1 3 N;j. This was also supported b
(H-1 1, 11 Nj 5a, nldshNie quaternary aromatic carbor8C These data indicated

that the second monomeric unit must be attachedl#t. @he strong HMBC correlation
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observed between-f 1 , 1 1 N 2a,nld2 NE ¢ o023 (Hil¥ ton@1@ ortHh & Nj-t o
1 2 Nj)3J(d-hldo G1 20NH-1 1 Nj-12)@ougdinggFigure13 and 4). Therefore, the
structure ofPF-2 named as B-hydroxymacrophyllic acidwas elucidated as showhig-

urelo).

Figure 16. Chemical structure of 7b-hydroxymacrophyllic acid (PF-2)

Besides the new compounds, the structure of the known compounds were determined by
comparison of their observed and reported spectroscopic and physicahdatakiol D

(28) (Satoet al, 2008, macrophyllic acid 7) (Amaro and Dignora Carro1989, nagi-
lactone D 41) (Kubo et al, 1989 andponasterone A¥) (Vokacet al, 1999. Except

90, 'H and®*C NMR data of compounds is given in Tab&and7 andAppendices V,

VI, VII and VIII. The chemical shift variatiomight be due to different solvents used to

the NMR which can affect thehemical shift by interactions including hydrogen bonding,
the anisotropy of the solvent molecules and polar and vakVdals effect with the so-

lute (Abrahamet al, 200§. A summary of physical and spectral datatlod ten com-

pounds is given in Appendix

53

C



Table 6. 'H NMR (400 MHz) data for compounds 3B, 37 and 41

Position 282 37° 41°

1 a 2.23m (Over|apped§ 2.07 brd (126) 3.57d (41)
b 1.37 m (Overlapped) 1.27 (Obscured)

2 a 2.01m (Overlapped) 1.94 m (Overlapped) 3.46 dd (6, 4.12)
b 1.59 brd (14.0) 1.54 br d (13.4)

3 a 224 m (Over|apped5 2.18 brd (132) 4.44 dd (608, 184)
b 1.15brt(13.3,4.1)  1.04 brdt(13.2, 3.7)

4

6 a 215brdi(14.3,3.4) 2.24brtd (13.4,5.3)  4.93 dt (9.92, 6.48)
b 2.26 m (Overlapped) 1.97 m (Overlapped)

7 a 4.93brt(2.6) 2.65 ddd (16.8,12.3, 6.2) 3.39 dd (16.4, 9.92)
b 3.00 dd (16.8, 4.11) 2.8.dd (16.6, 6.4)

8

9

10

11 6.64 d (8.7) 6.84 s 6.3s

12 6.97d (8.7)

13

14

15 3.53 sep (7) 3.28 brs 2.58q (7.56)

16 1.41d(7) 1.29d (7) 1.4 t (7.56)

17 17d(7) 1.33d(7)

18 1.29s 1.32s 1.43s

19

20 1.05s 0.98 s 1.26s

3-0H 3.4d(2.2)

aMeasured in methanaol,
bMeasured irchloroformd

TThe overlapped signals were assigned with careful axis calibratibhsf COSY and HSQC.

Ponasterone A(90). *H NMR (CD;OD, 400MHz): 115.80 (7H, d 24), 3.95 Ha-3, m),
3.84 H-2, ddd, 12, 4.1, 3.2), 3.38{22-m, Overlaped withsolvent signal), 3.15H-9,
ddd, 10.8, 7.2, 2.2), 2.381{5, dd, 12.4, 4.8), 2.38H(17, t, 8.2), 2.12H12, ddd,12.9,
12.9, 4.7), 2.08..19 (Significantly overlapped ared-1, Hp-3, H-4, Hp-12, H-15, H-16,
H-23, H-24, 25-H). 13C NMR (CD;0OD, 100 MHz): {i 18.2 (C-18), 21.1(C-11), 21.7(C-
18), 21.7(C-16), 22.9(C-26), 23.6(C-27), 24.6(C-19), 29.4(C-25), 30.6(C-24), 31.9
(C-15), 32.7(C-12), 33.0(C-4), 35.3(C-9), 37.5(C-1), 37.8(C-23), 39.4(C-10), 50.6(C-
17), 52.0(C-5), 68.7(C-3), 68.9(C-2), 78.0(C-20), 78.1(C-22), 85.4(C-14), 122.3(C-

7), 168.1(C-8), 206.6(C-6).
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Table 7. 13C NMR (100 MHz) data for compounds 3B, 37 and 41

Position 28?2 37° 41b

1 41.2, Ch 40.5, ChH 57.3, CH
2 21.5, CH 20.2, CH 50.7, CH
3 38.7, ChH 37.1, ChH 67.6, CH
4 445, C 43.8, C 48.8, C
5 46.4, CH 52.5, CH 50.6, CH
6 32.6, Ch 21.3, ChH 72.4, CH
7 66.3, CH 30.43, CH 25.7, Ch
8 135.2,C 132.1, C 106.4, C
9 141.2, C 135.2,C 163.8, C
10 39.9,C 38.9,C 37.83,C
11 125.0, CH 125.1, CH 106.9, CH
12 117.9, CH 120.4, C 162.2, C
13 155.7, C 150.3, C

14 134.3, C 140.9, C 163.1, C
15 29.2, CH 28.3, CH 24.8, ChH
16 21.1, CH 20.4, ChH 12.0, CH
17 21.2, CH 20.0, ChH

18 29.2, CH 28.0, ChH 25.9, ChH
19 180.2, C 185.5, C 178.5, C
20 23.0,CH 22.5, ChH 17.69, CH

aMeasured in methanals
bMeasured in chloroforrd

4.5, Cytotoxicity of the isolated compounds from the roots oP. falcatus

The isolated compounds were evaluated for cytotoxicity against human colorectal adeno-

carcinoma cell line H129 and theiEDso values are showim Table8. From the strong

antiproliferative data displayed by all the nagilactones it may be inferred thate(s)

lactone moiety together with the unsaturatddctone unit of nagilactones are responsi-

ble for the strong antiproliferativactivity, (2) introduction of a lipophilic ester group at

C-16/17 slightly lower the activity while hydroxylation of the isopropyl side chain of

nagilactones decreases the activity roughly two to three fold and (3) the presence of a C

1/C-2 epoxide moietynarginally decreases the activity (Figd@.
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Table 8. Cytotoxicity of the isolated compounds from theroots ofP. falcatus

Compound EDso against HT-29 (uM)?2
16-Hydroxynagilactone FRF-1) 0.6+0.4
2b,16-Dihydroxynagilactone FPF-2) 1.1+0.5
2b-Hydroxynagilactone F1(08) 0.3+0.1
7b-hydroxymacrophyllic acidKF-3) >10
Macrophyllic acid 87) >10
Nagilactone D41) 0.91+0.3
15-Hydroxynagilactone D1(10) 5.1+0.8
Nagilactone |1 109) 0.51£0.1
Inumakiol D @8) >10
Ponasterone A9¢) >10
Paclitaxel(7) 0.00082+0.0003

8The values represent the average + standard deviation from a triplicate.

These observations were in good agreement with a previous report on the structure
activity relationship of natural and synthetiagilactones againatoshida sarcomaell

line (Hayashiet al, 1979.

Oxidation
decreases activity

Oxidation ’
decreases activity

Figure 17. Structure-activity requirement of nagilactones

A study done byChanet al. (2004 indicated that the type A nagilactone, nagilactone C
(40), isa potent inhibitor of proteisynthesighat specifically inhibiteukaryotic transla-

tion apparatusand interfere with translatioalongation. Since, the nagilactones are the
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active compounds isolated from the rootsPoffalcatusin the present study, they might
act by a mechanism similar to nagilactone C thereby causing death cells by deprivation of
important proteins. Moreover, since these compounds contdin an b UGounsaturated
lactone, which acts as Michael acceptor, they might irreveralkigjateimportant cellu-

lar components, such as DNA, enzymes and/or those involved in protein sy(fesis
ure 18) (Zhanget al, 2005. These mechanism havedn shown to be the main mecha-
nism action ofthe antitumos mitomycin C (Pazet al, 2012, neratinib and afatinib
(Hoelderet al, 2012, bardoxolone methy{Couchet al, 2005 Wanget al, 2014 and

the antimigraineand antitumorparthenolide(Zhanget al, 2005 Skalskaet al, 2009
Ghantouset al, 2013. It is also possible that there might bpening of the>- and U-
dilactone moiety to occupy/intertwine active sites in enzymes or important proteins

and/or to intercalate DNA, thereby making them inactive.

H@ OH
QO Nagilactones as 230
Mi Nu-R
" 5 ichael acceptors Pz
¢ s
—

g R
> (0]
(0)
Nu-R

o
Alkylated nucleophiles

O Michael donors, e.g. thiols
©) Nu = Nucleophiles
OH

H
QO Nagilactones as
Michael acceptors
[24
P9
7 ‘r

‘R
S

0 k/ Nu-R

Michael donors, e.g. thiols Alkylated nucleophiles

(0)

Figure 18. Plausible mechanism of action of nagilactones
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5. Conclusion

In summary, the present study ledtbe isolation of ten bioactive compounds thrbug
bioassayguided fractionation and isolation, three of which are n€lae nagilactones

were shown to be the major active constituents, which is in agreement with a number of
reports indicating their activity against various tumor cell lines. Thnesraditional ug

of the plant maybe justified by its high cdent of cytotoxic nagilactones, which might
contribute for development of new, safe and effective anticancer drbogssolation of
compoundsPF-1 andPF-3 from the roots ofP. falcatusaddsnumber to the rartype C

nagilactones, which are the magtotoxic among the nagilactones.
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6. Recommendatiors

1 Since the study was conducted on a single cancer line, the compounds need to be

checked for activity against otheermorcell lines.

1 Moreover, it is woth to check their selectivity against normal ceNkich the

common drawback of existing anticancer drugs

1 Invivostudies should beoneto assessheir activities in real biological systems
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Appendices

Appendix |: Summary of physical and spectral dateof isolated compounds
16-Hydroxynagilactone F PF-1): fine colorless needlest)3° 7 & 0.1, MeOH); IR
(KBr) 3max3388 (OH), 1762%lactone), 1701 lactone), 1597 (conjugated=C) cmi %;
UV (MeOH) amax (log U 259 (3.7);'H and**C NMR data, see Téb4 and Table5 and
Appendix It HRESIMS [M + Na] m/z 355.1500 (calcd for {gH24OsNa’, 355.1516)

(Appendixll) .

2b,16-Dihydroxynagilactone F PF-3): fine colorless needlest) 2 % 75 (€ 0.2, MeOH);
IR (KBr) 3max 3390 (OH), 1764 ¥lactone), 1698 (flactone), 1600 (conjugated=C)
cm' % UV (MeOH) amax (log U 261 (4.06)H and**C NMR data, see Tabkeand Table
5 and Appendix Ilj HRESIMS [M + NaJ] m/z 371.1460 (calcd for {gH240sNa",

371.1465)Appendix IlI).

7b-Hydroxymacrophyllic acid (PF-2): white, amorphous solid;U3°+66.9 ¢ 0.2,
MeOH); IR (KBf)3max3 533, 3359712400 (broad), 2958,
1259, 1175 cfit; UV amax (MeOH) (log() 217 (4.45), 251 (3.96), 291 (3.67) nHt and
13C NMR data, see Tablg and Table5 and Appendix IV HRESIMS [M + Naf m/z

685.3727 (calcd for £gHs40sNa’, 685.3711)Appendix IV).

Inumakiol D (28). whitish, amorphous solid{J 3 9 IR and UV:Not done do you to small
amountthat was submitted for bioassdy and**C NMR data, see Tablg and Table 7
and Appendix VHRESIMS [M + Naf m/z355.1880 (calcd for £§H2s0sNa",355.1880)

(Appendex V)
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Macrophyllic acid (37): yellowish, amorphous solidU3 %85 (c 0.1, MeOH);IR (KBr)
3max3 527, 335012400 (broad), 2956, 2929,
cm' % UV amax (MeOH) (log 215 @.47), 251 8.93, 287 (3.8) nm; *H and*3C NMR
data, see Tablé and Table7 and Appendix Vi HRESIMS [M + NaJ m/z653.3832

(calcd for GoHssOeNa', 653.3813 (Appendix V).

Nagilactone D (41): colorless crystals U2 %+12 (c 0.1, MeOH);IR (KBr) 3max 3502
(OH), 176 (o-lactone), 171@U-lactone), 163gconjugated C=C) chi; UV (MeOH) amax
(log U 302 (3.9); H and'3C NMR data, see Tablé and Table7 and AppendixVII;

HRESIMS [M + NaJ m/z355.1162calcd for GsH210sNa", 355.1152 (AppendixVI1).

Ponasterone A(94). White, fine colorless needled) 2 %+51 € 0.1, MeOH); IR (KBr)
3max3554, 3293 (OH): 1638 (C=0): 1049i(G) cm % UV (MeOH) amax (log U 242 (4):
'H and**C NMR data, see Page 50 for summarized datbAppendix IX HRESIMS [M

+ NaJ]" m/z487.3037 (calcd for £H4406Na", 487.3030YAppendix IX).

2b-Hydroxynagilactone F (108) colorless crystals;U2 % 38 (c 0.1, MeOH):IR (KBr)
3max 3446 (OH), 1769 lactone), 1711 lactone), 1601 (conjugated C=C) ‘¢muVv
(MeOH) amax (log 259 (4.4):'H and**C NMR data, see Table 2 and Tablar®l Ap-
pendix VIII; HRESIMS [M + Naf m/z 355.1512 (calcd for GH240sNa’, 355.1516)
(Appendix VIII).

Nagilactone |1 (109} colorless crystals;U2°% 6 4 0.1, MeOH); IR (KBr)3max 3438
(OH), 1766 ¢-lactone), 1732 (ester carbonyl), 17@0 lactone), 1600 (conjugated C=C)

cm' L, UV (MeOH) amax (log § 260 (3.9);*H and**C NMR data, se@able 2 and Table 3
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and Appendix XHRESIMS [M + NaJ m/z399.1414 (calcd for £H2507Na’, 399.1404)

(Appenedix X)

15-Hydroxynagilactone D (110} fine colorless needles{J2%+38 (c 0.1, MeOH); IR
(KBr) 3max 3399 (OH), 1763%lactone), 1712{lactone) 1634 (conjugated C=C) ¢
UV (MeOH) amax (log § 299 (4.1); *H and*3C NMR data, see Tablkeand Table5 and
Appendix XI; HRESIMS [M + NaJ m/z371.1105 (calcd for {gH2107Na", 371.1101)

(AppendixXl).
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Appendix Il : H and 13C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of 16-hydroxynagilactone F(PF-1)
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Figure 19. 'H NMR spectrum of 16-hydroxynagilactone F (PF-1) (CDsOD, 400

MHz)
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Figure 20. 3C NMR spectrum of 16-hydroxynagilactone F (PF-1) (CDsOD, 100

MHz)
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Figure 21. *H-'H COSY spectrum of 16hydroxynagilactone F(PF-1) (CDsOD, 400

MHz)
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Figure 22. HSQC spectrum of 16hydroxynagilactone F(PF-1) (CDsOD, 400 MHz)
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Figure 23. HMBC spectrum of 16-hydroxynagilactone F(PF-1) (CD3OD, 400 MHz)
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Figure 24. 2D-NOESY spectrum of 16hydroxynagilactone F (PF-1) (CDsOD, 400

MHZz)
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Figure 25. UV spectrum of 16hydroxynagilactone F(PF-1)
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Figure 26. IR spectrum of 16-hydroxynagilactone F(PF-1) (KBr)
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Figure 27. HRESIMS of 16-hydroxynagilactone F(PF-1)

Appendix 11l : *H and 3C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of 2b,16-dihydroxynagilactone F(PF-3)
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Figure 28. IH NMR spectrum of 2b,16-dihydroxynagilactone F (PF-3) (CD30OD, 400

MHz)

97



183.8004
—166.4735
—161.3679

134.6384

123.9373

113.2461

83.4976

74.1777

-~ 65.3019
~-63.4218
—28.8049
—23.7349

15.1987

—37.7011
—37.4338

i

37.8
f1 (ppm)

T T T T T T T T T
90 80 70 60 50 40 30 20 10

T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110

f1 (pt’eg)
Figure 29. 13C NMR spectrum of 2b,16-dihydroxynagilactone F(PF-3) (CD30D, 100

MHz)
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Figure 30. 1H-'H COSY spectrum of b,16-dihydroxynagilactone F(PF-3) (CDz0D,

400 MHz)
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Figure 31. HSQC spectrum of 25,16-dihydroxynagilactone F (PF-3) (CDsOD, 400

MHz)
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Figure 32. HMBC spectrum of 2b,16-dihydroxynagilactone F (PF-3) (CD3OD,

MHZz)
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Figure 34. UV spectrum of 2b,16-dihydroxynagilactone F(PF-3)
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Figure 35. IR spectrum of 2b,16-dihydroxynagilactone F (PF-3) (KBr)
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Figure 36. HRESIMS of 2b,16-dihydroxynagilactone F (PF-3)
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Appendix IV: *H and *C NMR, H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of 7b-hydroxymacrophyllic acid (PF-2)
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Figure 37.'H NMR spectrum of 7b-hydroxymacrophyllic acid (PF-2) (A. Pyridine-

ds, B. DMSO-ds, 400 MHZz)
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Figure 38. 13C NMR spectrum of 7-hydroxymacrophyllic acid (PF-2) (A. Pyridine-

ds, B. DMSO-ds, 100 MHZ)
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Figure 39. 'H-1H COSY spectrum of d-hydroxymacrophyllic acid (PF-2) (Pyridine-

ds, 400 MHz)
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