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ABSTRACT

The objective of this dissertaticm was to isolate, identify, modify, and
phannacologically characterize lignans from Lanea tridentata (Zygophyllaoeae) which
possessed antitumor activity.
Seven lignans including the novel 3,4*-dihydn>xy-3',4-dimethoxy-6,7*-cyclolignan
(3), and one flavanone were isolated. Although l-(3-hydToxy-4-methoxyphenyl)-4-(3methoxy-4-acetoxyphenyl)-23-dimethylbutane(l) was previously reported, the
spectroscopic data is reported here for the first time.
Eight acyl and alkyl derivatives of nordihydroguaiaretic add (NDGA) were prepared
to determine theeffect of additions to the catechol hydtoxyl on tumorcell cytotoxicity.
All of the compounds were assessed for theircytotoxidty in human bimor cell lines.
NDGA and compounds 1-14 had ICjo values ranging from 6 - 60 ;iM in all cell lines.
Compounds 2 and 15 were activeonly against human breast cancer cells. Thereappeared
to be a positive correlation between the number of 0-methyl substitutions on the NDGA
molecule and potency against breastcancer cells. NDGA and tetra-0methylnordihydroguaiaretic add (M^N) were chosen for further study based on cytotoxicity
results and compound availability. Both compounds inhibited DNA synthesis, but only
M«N demonstrated antitumor activity in vivo. M4N induced cell cyclearrest in the Gg/G,
and the G^/M phases and induced apoptosis in melanoma cells. Myeloma cells with
decreased topoisomerase Ha levels exhibited increased sensitivity to M4N, although M4N
inhibited neithertopoisomerasella or topoisomerase I inacell-free system. In cells with
decreased topoisomerase np levels, the increased sensitiviQr to M4N was ablated. This
suggests topoisomerase Iip partially mediates M^N(^toxidQr.
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NDGA was hepatotoxic bothin vitro and in vivo (LDJQ=75 mg/kg (i.p.) in the
mouse). M4N was non-toxic Iff vm» anddidnotalterhepalicenzymes. This demonstrates
the importance of the catechol hydnnyls in causing hepatotoxicity.
NDGA (i.v.) exhibited two-compartment pharmacokinetics with a distribution halflife of 30 minand a terminal half-life of 135 min in mice. The peak plasma concentration
was 14.7 /ig/mL and the clearance was 201.9 mL/(min*kg).
Overall, several new compounds were identified from L tridauata that havean
improved therapeutic index, compared with NDGA, against human cancer cells. This
growth inhibition may involve topoisomerase II inhibition leading tocell cycle anest and
impaired DNA synthesis.
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1. INTRODUCTION
1.1 Imoortanoe of EUmnhntanv and Phvlocfaemistrv to Modem Medicine
Plants have had signiflcant importance in human health since prehistory.
Archaeological evidence indicates that the Valdivia people of southwestern Ecuadorchewed
quids of the leaves of Erythroxylum coca (Erythroxylaceae) to alleviate the effects of
altitude in the Andes as early as 2100 B.C.E (Lewis, 1992). Of eight plants found among
the grave contents of a Neandrathal grave in Iraq dated to 60,000 B.C.E, seven were
reported to have medicinal value. The Ancient Chinese and Indians had sophisticated
medical systems with extensive pharmacopoeias prior to the First Century C.E Ephedra

sinica (Ephedraceae), Papaver mmnifenm (P&paveraceae), and CannaMssativa
(Cannabaceae) areonly a few examples of plants used by traditional Asian medical systems
(Lewis, 1992).
Human reliance on plants for medicinecontinues today. The World Health
Organization reports that 80% of the world's population relies primarily on plant-based,
crude drugs and traditional systems of medicine (Famsworth, 1968). Further Famsworth
stated that 25% of all modem presciption drugs are plant-derived in origin. This figure
includes not only natural products dispensed by community pharmacies but also synthetics
based on natural product models (Soejarto and Famsworth, 1989). Plants therefore serve
as sources of new drugs and provide unique carbon skeletons to be modified by medicinal
chemists in order to obtain semi-synthetic drags. Additionally, compoundsderived from
plants provide models on which to build entirely synthetic drags (Robbers, 1996).
The most commonly used treatments for many diseases were derived from
ethnobotanically-important plants. Quinine, which still remains a valuableantimalarial to
treat chloroquine-resistant strains, was derived from Cinchona pubescens (fam Rubiaceae).
This plant has been used by Native Americans since post-Contact times for treatment of
malaria. Rauwolfia serpentina {Apocynaceac),a plant important in Ayurvedic medicine as
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an antianxiolytic provided reserpine which was used until recendy for its tranquilizing and
hypotensive effects. Morphine and theother opioid analgesics are obtained directly or
indirectly from Papaver somniferum (Papaveraceae). This plant was and continues to be
widely used as an analgesic and euphoric in Asia (Lewis, 1992). A final example is the
much maligned coca plant, Erythroxyhm coca (Erythroxylaceae), which has served as a
treatment foraltitude sickness in the Andes for hundreds to thousands of years. This plant
has provided western medicine with the alkaloid cocaine, a problematic drug of abuse, but
also a useful local anesthetic and the model for many other locals anesthetics including
procaine and benzocaine. Cocaine remains useful in nasopharyngeal surgery due to its
vasoconstrictive, as well as, pain-relieving abilities (Grinspoon and Bakalar, 1961).
One need only review the most commonly used cancer chemotherapy agents to
determine the importance of indigenous knowledge in cancer drug discovery. Vincristine
and vinblastine, used in the treatmentof hematological cancers and solid tumors,
respectively, were isolated from Cof/iuiraitf/utsroirmCApocynaceae) which has been
traditionally used in Madagascarfor the treatment of diabetes.
Etoposide and teniposide are derivatives of podophyllotoxin, a compound found in
the Mayapple plant (Podophyllum peltatum jBerberidaceae]). This plant was used by the
Penobscot Indians of the Eastern United States for the treatment of warts. Additionally,
topotecan and irinotecan, potent topoisomerase I inhibitors, are derivatives of
camptodiecan, an alkaloid that was isolated from CamptothecaaccuminataiComaceae
[Nyssaceae]) (Dorr and Von Hoff, 1994; Robbers et(d., 1996).
Piiclitaxel and its derivative docetaxel, importantantimitotic agents used clinically to
treat breast cancer, were isolated from the Pacific Yew tree- Taxus brevi/oiia (Taxaceae).
Although the utility of the plant was discovered by a random screenconducted by the
National Cancer Institute in the 1960's, the genus Taxus has a long history of
ethnobotanical use woridwide. T. canadensis, which also contains paclitaxel, was used in
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the fonn of a tea prepared from the leaves by the Algonquin and Chippewa people to treat
riieumatism. The Micmac used it to treat bowelillnesses, scurvy, and fever. InJapan.r.

novel taxane compound with antitumor activity (Hartzell, Jr., 1991). Current taxanes are
produed semi-synthetically from the renewable source of leaves of T.baccata.
The potential utility of ethnobotanically-important species to modem medicine is
haidly exhausted. Mendelsohn and Balick (1995) estimate that as many as 375 potential
pharmaceuticals, worth $3-4 billion, remain to bediscovered in the tropical forests of the
worid. This flgure includes only higher plantsand leaves out vast areas of biological
richness including the world's oceans, arid regions, and other non-tropical regions.
Artemisinin is the most recentexample of the potential importanceof edmobotanical
knowledge. Artemisia annua (Asteraceae) is first mentioned in the Prescriptions for 32

Kinds of Disease found in a Han Dynasty tomb in China in 168 B.C.E It is indicated in
the treatment of diarrhea. In 340 A.D., it is recommedned in the Zhou Hou Bei Ji Fang for
the treatment of malaria and otherfevers. Phytochemical analysis led to the isolation of
artemisinin, a sesquiterpene lactone, which along with its derivatives has good activity
against multidrug resistant Plasmodium faiciparum malaria. The compound is well
tolerated and has shown no susceptibih'ty to plasmodial resistance despite extended use as a
single agent (Lewis, 1992; Robbers etal.^ 1996).

1.2 Bhaohoamvcff/trreatridentata

Larrea tridentata (Moc &Sess.) Cov (Zygophyllaceae) is a shrub common throughout the
southwestern United States and Northern Mexico. It is one of five species of the New
Worid genus Larrea and theonly one found in North America. Itexists as three
chromosome races (2n in the Chihuahuan Desert, 4a in the Sonoran Desert, and 6n in the

22
Mojave Desert) with chromosome number increasing with the aridity. Known as kovanow
(Yoeme), Aaanil(Seri), gobemadora, hediondilla (Spanish) or creosote bush, this shrub
Hnds widespread use among Native Americans, Mexicans, and Anglos.
The Pima Bajo use ground leaves forthe treatment of tooth ache. The Yoeme use
the plant to treat arthritis, stomach ailments and kidney problems. Pregnant, Sen women
apply a poultice of heated branches to the abdomen to relieve pain during the deliveryof the
(dacenta (Kay, 1996). Seri women also{mpare an aqueous infusion of Lama resin for
use as a contraceptive (Moser, 1970).
The Tohono O'odham use Ltrideruata is used for a variety of indications related to
childbirth. A powder made from dried leaves used as an antiseptic to be applied to the
navel of a newborn child. Additionally, an infusion of dried powdered leaves is applied to
the breasts of a new mother to helpstart the flow of milk(Castetter and Underbill, 1935).
Nbny Native American peoples continue to use preparations of L tridentata for the
conditions described above.
Tyler reports that an aqueous extract of

leaves and twigs has

histcffically been used by non-native peoples to treat tuberculosis, cancer, inflammatic«.
venereal disease and hair loss (Tyler, 1994).
Creosote bush continues to be used by non-Native Americans. These products
include loose, dried leaves to be used as teas; tinctures; tablets;and ointments (Authors
personal observations). Olympian Laboratories (Scottsdale, AZ) markets an herbal
product, Herp-Eeze", containing an extract of L tridentata, for the treatment of H. simplex
infection (Levy, 1999). Larreastat" is a proprietary preparation of L tridentata that is sold
as broad-spectrum antiviral, antioxidant, antifugal, antiinflammatory, and antitumor
substance by Novus Research (Gilbert, AZ).
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1.3 Phvtochemistrvof

Lanea is achemically-rich genus. L trideniataexades a thick, resin from the trichomes
that may represent up to 20% of the dry weight of the leaves and twigs. A varieQr o( roles
are suggested for the compounds present in the resin. Terpenes are hypothesized to act as
carrier for non-polar, resin components, which are moved to the surface and allowed to
volatilize (Gonzalez-G)loma eta/., 1968).
The resin may also reduce transpiration and protect the plant from ultraviolet light
either by absorbing a portion of light spectrum or reflecting it A substantial body of
observational evidence supports this hypothesis. For example, a survey of North
American plants showed that high resin output by a plant species is strongly correlated with
the aridiQr of its environment Further, experiments have shown that the resin, rich in
diterpenoid acids, of the Australian plant, Beyeria mcosa, acts to reduce the intensity of
solar radiation but does not alter the distribution of wavelengths that reach the plant cells
(Hoffmann etd/., 1984).
Components in the resin also exhibitantiherbivory activity. Researchers have
shown that polyphenolics in the resin complex protein and starch making it undigestible to
insects. The ecological advantage of this effect was borne out by experiments which
showed that leaf-chewing insects prefer older leaves, which exude less resin, to younger
leaves, which have a higher resin content (Rhoades, 1977). Gonzalez-Coloma et ai.,
(1968) showed that a major component of the leaf resin, noidihydroguaiaretic acid
(NDGA) was toxic when fed to the larvae of the herbivorous cabbage looper {Jrichophisia
m). This provides direct evidence of the biological activiQr of these polyphenolics. Such
importance has been demonstrated in other species as well. Grindelic add diterpenoids
from Chrysothamnus nauseosus (Asteraceae) and GrindeUa humilis (Asteraceae) have
shown antifeedantactivtiy against the Colorado potato beetle and the aphid, Schizaphis
gramihiini, respectively (Hoffmann era/., 1984).
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The phytochemistry of the genusUareahas been extensively studied. NDGA, a
lignan,(Fig 1.2) leptesents the most abundant secondary metabolite in I. (rufeiUOta and is
present at concentrations of up to 15% by dry weight in the leaves. NDGA was first
synthesized from guaiaretic acid by Schroeteretd/., in 1918(Schroeter«ta/.. 1918). In
1942, Waller found that NDGA occurred in I.Ordeiuatii (Waller, 1942).

Figure 1.1. Structure of nordihydroguaiaretic acid

Numerous other lignans have been isolated from L tridentata including furanoid-type, aryl
tetralin-Qrpe and buQfl-type (Gisvold, and Thaker, 1974; Konno etal., 1989; Konno et al.,
1990). Most fecently, Gnabre etal., isolated eight novel lignans using counter-current
chromatography and bioassay-guided fractionation (Gnabre, eta/., 1995).
In addition to lignans, several other classes of compounds have been found in
abundance in the genus lamiL The leaf resin has been shown to contain more than 19
different flavonoids, including flavanones, flavanols, and flavonols. Mote than 16
flavonoid glycosides have been found within the leaves. Additionally, several sulfated
flavonoids have been isolated from the leaves (Mabcy, 1977). Luo etal.^ (1988) isolated
laneantin, aq^toxic mq)hthoquin(xie, frcmi the roots of L tridentata that was later
synthesized by G)mber and Sargent (1991).
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Waxes represent up to 0.1% of the stems by dry weight These are composed
primarily of Cjz'Piz

esterified with €24-0,0 primary alcohols.

The volatile oils (0.1% to 0.2% by dry weight) contain vinyl ketones as the major
component. Bohnstedt and Mabry (1978) conducted gas chromatography-mass
spectrometry analysisof the volatile constituents of all of the Larreaspp. They identified
67 compounds including eight monoterpenes, 24 oxygenated monoterpenes, 11 phenolics,
and 24 other volatiles. Among these was the novel sesquiterpene, 2-rossalene, which
along with the triterpenes, 3p-(3,4-dihydro}Qrcinnamoyl)-erythtxxlioi and 3p-(4dihydroxycinnamoyO-erythnxliot (Xaeetal.,1968) are among the few larger molecular
weight terpenoids isolated from Lamaspp.
Interestingly, the only msyor difference among the three chromosome races of L.

tridentata was a lack of volatile aromatics and long chain alcohols and aldehydes in the 2n
race. This differenceamounted to a lack of approximately 34compounds in the 2n race
compared with the 4n or 6n lace (Bohnstedt and Mabry, 1978).
The authors also report that the characteristic odor of the Lorreaipp. is attributable
to the presence of a combination of vinyl ketones and 2-ketones, including l-hexen-3-one,
l-hepten-3-one, 2-heptanone, 2-undecanone, and others. This conclusion is supported by
the fact that L. ame^hinoi, the least odoriferous species of the genus does not produce vinyl
ketones (Bohnstedt and Mabry, 1978).

1.4 Pharmacology and Toxicologv of Nordihvdropiaiaretic Acid

1.4.1 PhamiacologyofNordihydroguaiareticAcid
NDGA has been reported to have a wide varietyof activities. It inhibits 5-lipoxygenase
and is used widely as a research tool to study leukotriene biosynthesis (Nakadate era/.,
1965). This activity is enhanced by the fact that NDGA also non-competitively inhibits
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phospholipase A, and thereby blocks the release of aiachidonic add from the lipid
membrane (Lanni and Becker, 1963). NDGA also blocks the induction of ornithine
decarboxylase in the skin following treatment with phorbol esteis (Nakadate etal., 1982).
Several authors havedemonstrated that NDGA has antihyperglycemic activity in
both rat and mouse models of Type II diabetes (Luo a oL, 1996; Reed etal., 1999).
Although the mechanian of this hypoglycemic effect has not been determined, the authors
showed that NDGA reduced serum glucose levels but did not increase serum insulin levels.
NDGA, therefore, does not appear to act indirectly

increasing insulin release.

Additionally, NDGA lowers the levels of triglycerides, free fatty acids, and glycerol in the
streptozotocin-model of Type II diabetes in the rat (Reed etal., 1999). These studies
provide pharmacological evidence su(^xxting theethnobotanical weofLtridenaUUainiiic
treatment of diabetes.
NDGA has also shown activiQr against a number of infectious microbes and
parasites. Calzadora-Flores and colleagues (1995) showed that NDGA inhibited

Entamoeba histolytica in culture, but that this inhibitory activity was ablated by methylation
of the catechol hydroxyl groups. Based on these results, the authors suggest that the
polarity of the compound is involved in the antiantiamoebic activity. It is also possible that
formation of the ortho-quinone form of NDGA is essential for its activity and that this is
suppressed by methylation. NDGA also showed activity against Staphyhcoccm aureus
and Bacillus subtilis with activity of 3+and activity against Streptococcus fitecaUs with
activity of 2+ (Encamaddn and Keer, 1991).
Several researchers have investigated the fertility-regulating effectsof NDGA.
Sathyamoorthy andcolleagues found that this compound and one related lactone-containg
lignan, enterolactone, both bind to theestrogen receptor to cause upregulation of the
estrogen-responsive protein pS2 (Sathyamoorthy A al., 1994). These results indicate that
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NDGA has a pfo-esttogenic effect and provide a mechanistic basis for the observation that
NDGA causes delayed luteolysis in vivo (Cooke and Ahmad, 1996; Cooke and Ahmad,
2000). Conversely, NDGA has been shown to inhibit estrogen biosythesis by inhibiting
human aromatase with an IC,o of 11 /iM. This inhibition is competitive with respect to

testosterone and androstenedione: NDGA binds in or near the substrate region of the active
site (Adlercreutz etal., 1993). Further wmk is necessary todetermine the relative
importance NDGA as an estrogenor an antiestrogen with respect to fertility, cancer and
carcinogenesis.
Smarter a/., (1968) presented a case report of a patient whose malignant melanoma
regressed following twice daily oral treatment with an aqueous infusion of L tridentata
(Lundberg etal.,1944). Since NDGA was known to be an antioxidant from previous
work in food science, and it is the most abundant secondary metabolite in L. tridentata,
studies were undertaken to assess its antitumor activity. Since that initial report, NDGA
has been shown to inhibit the growth of a number of cancer types in vitro and in vivo.
Snyder era/., (1969) found that 230 jdM. NDGA prevented the incorporation of [^H]thymidine by KS62chronic myelogenous leukemiacells in culture. NDGA was shown to
be cytostatic in both rat and human glioma cell lines, also by causing inhibition of DNA
synthesis (Wilson ettU., 1969). In addition, NDGA was found to cause apoptosis in nonsmall cell lung cancer (NSCLQ cell lines and small cell lung cancer cell lines in vitro (Avis

etai., 1996). NDGA was also shown to modulate tumor cell sensitivity to vinblastine by a
mechanism independentof interference with the MDRi gene product (Caffrey etal., 1995).
Moody etal.,(1998) provide the only recent report of in vivo anticanceractiviQr by
NDGA. They found that 0.1% NDGA dissolved in thedrinking water inhibited the growth
of human non-small cell lung cancer grown inathymic mice. Histological examination of
tumors that were isolated following treatment revealed increased numbers of apoptotic
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bodies in treated animals relative to untreatedanimals. Fuither, an aqueous extract of L.

divarkata^ the most closely-related species from South America, induced a 12% and 58%
regression in N-nitiosomethylurea-induced mammary carcinomas in the rat by the
subcutaneous or intratumoial route of administration, respectively (Anesini et a/., 1998).
Most of the aforementioned studiesattribute the antitumor activity of NDGA to its
ability to inhibit leukotriene biosynthesis. Several other possible mechanisms have also
been suggested. Burk and Woods found that NDGA inhibited the conversion of NADH-ito NAD^, and therefore glycolysis in Erlich Ascites tumors (Burk and Woods, 1963).
Later, Pardini and Betchershowed that this effect was due to inhibition of mitochondrial
NADH oxidase and succinoxidaseactivity (Reviewed in Smart, et.ai, 1970).
N(bdrigal-Bujaidareta/..(1996) found that NDGA induced sister-chromatid
exchange in isolated human lymphocytes by an unknown mechanism. They further
showed that NDGA reduced the mitotic index and proliferative index of these cells by 50%.
Additionally, Wagner and Lewis (1960) showed that when NDGA is oxidized in
the presense of DNA, a complex forms that is stable to centrifugation through a cesium
chloride gradient, but dissociates in the presence of the detergent Sarkosyl NL 97. Based
on these results, the authors speculate that NDGA binds in the major or minor goove of the
DNA double-helix lather than intercalating between the bases. Although these studies were
conducted in acell-free system and the form of NDGA responsible for the complex was not
determined, this research provides an attractive mechanism for the DNA synthesis
inhibition observed following treatment of cells with NDGA.
NDGA is also an effective chemopreventative agent. It blocks the formation of
mammary tumors induced by AT-methyl-AT-nitrosourea (McCromick etai., 1987). Athar et
aL, showed that NDGA inhibited benzoyl peroxide (BPO) promotion of 7,12dimethylbenz(a)anthracene-inducedskincarcinogenesis (Athar efo/., 1990). In both of the
previous models, the authors speculate that this anti-promoter activity isdue toa time and
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doseHtependent, NDGA-mediated inhibitiiMiof theinductioiiof epidennal ornithine
decarboxylase which follows BPO treatment. However, the importanceof lipoxygenase
products of arachidonic acid in tumor promotion is becoming better understood (Tang ^

aL, 1997; Wagenknecht etai.. 1997). It is pcssiUe that inhibition S-lipoxygenase
represents another mechanism by which NDGA inhibits tumor formation.
Further, other woriceis have shown that NDGA (p.o., once daily) reduced the lung
adenoma multipUcity of A/J mice treated with a single doseof urethane (Moody et al.^
1996). NDGA is also active topically in human models of precancerous skin lesions.
When topical NDGA (masoprocol) was used in the treatment of actinic keratoses, it was
shown to be superior to S-fluoTouractl (Olsen etal., 1991; Kulp-Shorten etal., 1993).
Unfortunately, treatment with 5or 10% NDGA resulted in localized erythema, itching, and
edema in 53%, 36%, and 16% of patients, respectively. Additionally, sensitization to later
treatments with NDGA were observed in 9% of the patients. For these reasons, NDGA
was withdrawn from the maricet after having been approved by the Food and Drug
Administration(Olsener(i/., 1991).

7amoa.etal. wereabletoablatethecytoxicactivity of NDGA in HEp-2human
epidermoid carcinomaand Vero green monkey kidney cells by blocking the catechol
hydrojqrl groups through methylation (Zamora eteU., 1992). P&rdini and Fletcher showed
thatdihydroguaiareticacid, adi-O-mediylatedNDGA precursor, retains the cytotoxicity of
the non-methylated NDGA (reviewed in Smart et ai.^ 1970). The importance of the
catechol moiety in NDGA Qrtotoxicity therefore, remains unresolved.
Others have shown mono-, di-, tri- and tetra-O-methyboidihydroguaiareticacid
(M4N) inhibits the replicationof human immunodeficiency virus (HIV) by blocking Tat-

regulated transactivation by blocking the binding of Spl at the Spl recognition site in the
HIV long terminal repeat Additionally, M4N inhibits herpes simi^ex virus (HSV) in
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culture by inhibiting SPl-induoed transcription at the a-lCP4 promoter (Chen etal., 1998)
Transcription of human papilloma virus (HPV) eariy gene HPV16, whose prcMnoter
contains an Spl binding site, is also inhibited by methylated NDGA derivatives (Craigo a

d., 2000). With the exception of the previously mentioned work of Zamora etal.^ (1992)
no reports of the anticancer activity of allgrl or acyl derivatives of NDGA from Larrea spp.
have been described.

1.4.2 ToxicobgyofSordihydroguaiareticAcid
Although NDGA has a long history of safe use in foods as an antioxidant, the
compound was removed from die Food and Drug Admim'stFation's Generally Regardedas

Safe (GRAS) list in 1970 following several reports of nephrotoxicity.
Goodman etiU. (1970) showed that NDGA [3% in food (w/w)] causes cystic
nephropathy in the rat characterized by destruction of tubular epithelial cells and blockage
of the tubules. It has been shown that NDGA is oxidized by catalase to an oitAo-quinone
form in the ileum and caecum. This is taken up and filtered through the regional lymph
nodes and then excreted in the urine. Goodman and colleagues (1970) postulate that this
quinone is taken up by the proximal tubular epithelium and accumulated in the lysosome.
This leads to the coalescing of affected tubules and the formation of pseudocysts.
Moreover, EscherichiacoliaBd Proteus miralHUsttiiiotoTdnacts synergistically with
NDGA to induce renal cysticdisease in germ-free rats (Gardner etal., 1967). Smith and
colleagues provide the only reported caseof nephrotoxici^ in humans. A 56 year-old
woman developed cystic renal disease and (^stic adenocarcinoma of the kidney following
consumption of three to four cups daily of L. tridentata teaover a three month period
(Smith eta/., 1994).
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although the compound responsible for thisactivity has not been isolated. Sheihk etal.,
(1997) reviewed 18 case reports of hepatotoxicity induced by products containing L.
tridentata. In 83% of cases, tablets or capsules of plant material represented the dosage
form. These dose of Lfrufemota ranged from 100 to 480 mg per tablet or pill. Adverse
effects ranged from transient jaundice and elevated serum liver em^e levels to cirrhosis in
a minority of cases (Sheihk, et al.. 1997). The hepatotoxic principle in L tridentata has
never been determined.
The |»esent work was undertaten for several reasons. Hrst, while NDGA has
been extensively studied as an anticanceragent and a wealth of mechanistic data has been
presented, previous authors have failed to causally link mecham'sticdata with in vitro or in

vivo antitumor activity. Additionally, little work has been done to assess what portions of
the NDGA molecule are important for itsanticancer activiQr versus its nephrotoxicity.
Moreover, the role of NDGA as the hepatotoxic principle in L tridentata has not been
previously addressed. Finally, while a number of methylated and acylated derivatives of
NDGA have been isolated from L tridenuaoy many of these compounds have not be
shidied as anticancer agents.
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2. ISOLATION OF LIGNANS AND FLAVONOIDS FROM LARREA
TRIDENTATA
2.1 Methods

2.1.1 Instrumentation
Column chromatography was accomplished using Silica Gel 60 (40-63 mesh.
Scientific adsorbents. Inc.). Thin layer chromatography (TLC) was carried out using precoated plastic sheets (Sil G/UV^j^) and pre-coated glass plates (KC18F reversed phase
CIS, Whatman Chenoical SeparaticHi, Inc.). Individual solvent systems varied with each
compound's polariQr but were generally hexane:ethyl acetate; dichloromethane: methanol;
or acetonitrile:water at different ratios. TLC was used to monitor the progress of
purification. Spots were visualized using both ultraviolet light (X, = 254 nm) and
anisaldehyde-sulfuricacid sprayreagentafterheating(Krebs«{a/., 1969).
Medium I^essure Uquid Chromatography (MPLC) was carried out with a Biichi
688 pump. Fractions were adsorbed onto Polygoprep CIS reversed-phase adsorbent with
a particle size of20 - 40/im and loaded into guard columns. Separations were
accomplished on 40 oun X490 mm column using acetonitrile and water. The flow rate
was typically 20 - 30 mUmin.
High Performance Liquid Chromatography (HPLQ was performed using a Varian
9012 chromatograph equipped with a Varian9065Polychrome diode array detector.
Separations were accomplished using acetonitrile and water (with 0.15% formic acid, v:v).
Lichrosphere (4.6 mm x 250 mm, pore size=5/im) and Reliasil (10 nun x 250 mm, pore
size=5/<m) C18 colunms (Column Engineering. Ontario, CA) were employed with flow
rates of 1.5and 5 mL/min, respectively. Injected amounts ranged from 5;<g for analytical
applications to 1.25 mg for preparatory applications.
Optical Rotation measurements were made ona Jasco P1020 polarimeter.
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Nuclear N^ignetic ResonanceSpectra (NMR), both one dimensional and two
tfiinensiniiaf, were acquiied in deuterated chl(xofotm on aBruker AMX->500at500 MHz
('H)andaBnikerDRX-600at600MHz('H)and ISOMHzC^C). HMBC spectra were
acquiied with 1/2 J=0.05 s. Spectra were referenced to residual chlorofonn (6^ = 7.24)
and (ftc = 77.0). Atmospheric Pressure Collision Induced (APCI) mass spectra were
obtained in the positive mode on a Finnegan TSQ7000

2.1.2 Collectumandex^actionofLaneatrukniala
Flowering and fruiting tops of L tridentata.were collected inTucson. AZ., USA in
May, 2000. Plant material was shade dried and ground to yield particles smaller than 3
mm. The ground plant material was then extracted for 24h with 10% diethyl ether in
toluene. This was eluted and the material was then extracted for 24 h with
methanohmethylene chloride (1:1).
The diethyl ether.tolueneextract was dried under vacuum and applied tosilica gel.
Fractionation was accomplished using ethyl acetate (0-100% in hexane), medium pressure
liquid chromatognq)hy (MFLQ with a gradientof aoetonitrile in water,and HPLC with a
gradient of acetonitrile and water. Fractions were monitored by thin layer chromatography
and HPLC and similar fractions were recombined.
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2.2 Results

2J2.1 Introduction

[1] R1 = OCF^;R2 = OH; R3 = OCH,;R4=:OCOCH,

[3] R= OCH,

[5] Rl = OH;R2 = OCH,;R3=OCHj;R4=OH

[4]R = H

[6] R1=0CH,;R2 = 0H;R3=0CH3;R4=0H
[7] R1=OCHJ;R2 = OH;R3=OH;R4=OCH3
[8] R1,R2,R4=0CH,;R3=0H

[2]

Figure 2.1. Natural lignansand flavanone from
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Seven lignans and one flavanone were isolated in milligram quantities. Six of the lignans
have previously been reported in L tridentata, while one cyclolignan, 3,4'-dihydro}qr-3'4diemthoxy-6,7*-cyclolignan (3), is a novel compound. Additionally, the flavanone, (s)4'4-dihydToxy-7-methoxyflavanone (2), has not isolated from any member of the genus

LarreanoT from any plant in the family Zygoj^yllaoeae. NMR spectra for the known
lignans (1), (4), (<), and (8) because although these compounds have previously isolated
from L tridentata, thespectral data were either not provided or were incomplete.

2.2.2 1-(3-hydroxy-4-methoxyphenyl)-4-(3-methoxy-4-acetoxyphenyl)-2,3dmetkylbutane (1):

Figure 2.2. H3-hydroxy-4-methoxyphenyl)-4-(3-methoxy-4-aceloxyphenyl)23-dimethylbutane.
Compound (1) was isolated by HRjC as a brown oil (10 mg). A mobile phase of 45%
acetonitrile (containing 10% tetrahydrofuran) and 55% water (containing 0.15% formic
acid) was used. The compound had a retention time of 51 min at a flow rate of 5 mUmin.
APCI-MS predicted a formula of

(parent m/z=391). ['H]NMR (Bg 2.3)

showed signals corresponding to six non-equivalent aromatic protons, six methyl protons
(two d,b-0.825 ppm and 0.850 ppm), four methylene protons (two dd,b^ 2.680 ppm
and 2.750 ppm) and two methine protons (two m, 6 s 1.750 ppm amd 2.262 ppm) were
also present These signals arecharacteristic of an asymmetric NDGA-like molecule.
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Additioiially, six O^methyl protons (twos, 6 =3.790 ppm and 3.860 ppm), three acetoxy
prot(Mis (one 5,6 = 2.282 ppm), and a hydioxyl proton (one 5,6 = S.S20 ppm) were also
seen indicating that the compound was substituted on three of the four catechd hydroxyls.
The presence of two CXmethyl substitutions and oneacetoxy substitution were confirmed
with [''ClNMR(Fig 2.4).
and HMBC (Hg 2.5 and 2.6) experiments were used to assign the positions
of the Omethyl, acetoxy, and hydroxl substituents. The methoxy protons (3.860 ppm)
showed a three bond coupling to acarbon at 1^.8 ppm. H6 (6.613 ppm) and H2 (6.719
ppm) also showed three bond couplings to this carbon, indicating that the carbon was at
position 4. Based on these data, a methoxy substiuent (d^ = 3.860 ppm,

= 55.9 ppm)

was assigned to C4. The other methoxy protons (3.790 ppm) showed a three bond
coupling with a carbon at 150.6 ppm. H5* (6.915 ppm) also showed a three bond
coupling to this carbon. The carbon was therefore designated C3' and the second methoxy
(6|, = 3.790 ppm, 6c = 55.8 ppm) was assigned to C3'. The acetoxy substituent was
assigned to C4* (137.6 ppm) based on the observation that C4* was the most upfield of the
remaining two quaternarycarbons. A shift upfield is expected by an electron-donating
group such as an acetoxy functionaliQ^. The hydrojQ'l group (5.520 ppm) was assigned to
C3 (145.2 ppm) because this carbon was the most downfield of the remaining quaternary
carbons, indicating that it was bound to an electron withdrawing group such as a hydroxyl.
This compound has been previously isolated from L tridenumbat neither NMR nor MS
data were reported (Gnabre era/., 1995).
Data forCompound1: [^H]NMR (600 MHz, CDCH,) 6 (ppm):0.^ (IH, d,M6
Hz, H9*); 0.850 (IH, </, Jb 6 Hz, H9); 1.750 (2H, m, H8); 2.262 (IH, m, H8'); 2.282
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(3H, 5, accloxy); 2.680 (2H, dtf. ^ 4.8,13.2 Hz. H7/7'o); 2.750 (2H. <W, Jb 4.2, 13.2
Hz, H7/7'P); 3.790 (3H, J,OCH,); 3.860 (3H, s, OCH,); 5.520 (IH, s, OH); 6.613 (IH,
Jb 1.2,7.8 Hz, H6); 6.706 (IH, rf,

6 Hz, H6'); 6.719 (2H. s, H2/2*); 6.750 (IH,

d, .As 8.4 Hz, H5); 6.915 (IH, d, M 8.4 Hz, H5'); ["qNMR (150 MHz, CDCl,): sec
Table 2.1; HMBC (600 MHz, COa,): see Table11; UV

= 203 nm and 280 nm

(CH3CN) APa-MS m/z (rel int): 373 (100), 331 (10), 207 (10), 151 (8)

38
Table 2.1. "C NMR and HMBCcou^ngs for l-(3-hydioxyl-4-metIioxyphcnyl)-4-(3methoxy-4-aoetDxy(^nyl)-23-dimethybutane (1)
Position
I
2
3
4
5
6
7a
7P
8

$

r
2'
3'
4'
5'
6'
Ta
rp
8
9
OH
OCH,
OCH,
Acetoxy-CH,
Carbonyi

HMBC

\35JQ
115.2
145.2
144.8
110.5
120.3
38.7
38.7
38.9
16.2
140.8
113.1
150.6
137.6
122.1
121.2
39.0
39.0
39.2
16.2

-

-

C1,C3
C2.C4
CI
CI
C7
C8
-

C6'
-

cr,c3'
ci
C8'
C8'
C7'
C8*

-

-

55.8
55.9
20.6
169.3

C3'
C4
carbonyi
-
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Figure 2.4. ["C]NMRof l-(3-hydioxyl-4-incthoxyphenyl)-4-(3-methoxy-4acetoxyphenyl)-23-<liniethybutane (1)
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Figure 2.6. HMBCNMRof l-(3-hydioxyl-4-methQxyphenyl)-4-(3-methoxy-4acetoxyphenyl)-23-<ltniethybutane (1)
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2.2.3 (sH\ S-dihydroxy-7-methoxyflavanong (2):
OH
H,CO.

Figure 2.7. Structure of (s)-4\5-dihydroxy-7-inethoxyflavanone

Compound 2 (8.9 mg) was isolated by HPLC (flow=S mL/min) using a mobile phase of
40% acetonitrile in water (0.1% formic acid, v/v). It had a retention time of 17.3 min.
[*H]NMR showed the presence of six aromatic protons, 3 methoxy protons (3.75 ppm),
one hydroxy proton (4.88 ppm). The presence of a singlet at 11.9 ppm suggested that the
compound was a flavonoid and the presence of a doublet of a doublet, corresponding to an
oxygen bearing methylene proton, indicated that the compound was a mono-hydroxymono-methoxy-flavanone. HMBC and HSQC techniques were used to determine if the
methoxy substituent is on the A-ring or the C-ring. The methoxy protons coupled with a
carbon at 167.0 ppm. This carbon showed two-bond couplings to H6 and H8 and no three
bond couplings. This placed the methoxy group on C7. Since the C-ring exhibited an aiii'

bib' spin system, it was deduced that the hydroxyl group was located on C4*. The
absolute stereochemistry was assigned as the S-enatiomer based on the fact that the
observed optical rotation was the opposite sign of the reported value for the R-enantiomer.
This compound was previously isolated from Artemisia campestris (Asteraceae) and Trins

vauthieri (Asteraceae) (Ribeiro and Pild-Veloso, 1997; Vasconcelos, 1998). The spectral
data observed in this report are in agreement with the previously reported data. To my
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knowledge, this compound has not been previously isolated from any member of the genus

Larreaot thefamily Zygophyllaoeae.
Data for compound 2: [*H]NMR (500 MHz, CDCl,) 6 (ppm): 2.775 (IH, di, J=
3,17. H3p), 3.071 (IH, <W, .M3 Hz, 17 Hz, H3a), 3.750 (3 H, s, OMe), 5.003 (1 H,
5,4'-0H). 5.290 (1 H, dtf, .fe3 Hz, 13 Hz, H2), 5.980 (1 H, d. Jb 2 Hz, H8), 6.000 (1

H, rf, Jb 2 Hz, H6), 6.80 (2 H, rf, Jb 11.5 Hz, H3' and 5'), 7.260 (2 H, d, Jb 8.5 Hz,
H2' and H6'), 11.940 (1 H, s, 50H); ["C]NMR: see table 2.2; HMBC correlations: see
table 2.2; [a]" = -1.64 (c=0.5 in acetone); APQ-MS m/z (rel. int) 287 (100), 167 (5),
147 (3).
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Table 2.2. ['^C]NMRand HMBC coufdings for (s)- 4*. 5-dihydioxy-7nietlio}Q'flavaiioiie(2).
HMBC
cr, C2'. C6'
r, 2

Position

2
3a

78.08
4i.22

3P
4
4a
5
6
7
8

42.22
195.00
102.15
163.16
94.12
167.01
93.25
161.88
129.68
127.00
114.70
155.06
114.7
127.00
55.68

8a
r
V
3'
4'
5'
6'
OCH,

4a
-

-

5,8
-

7,8a
-

-

3'
l'.4'
-

r.4'
5*
7

2.2.4 3, 4'-dihydroxy-3',4-duttetlu)xy-6,7'-cycloUgnan{i):
HO.

l%CO

OCH,
OH
Figure 2.8. Stnictuieof3,4'-dihydioxy-3'.4-dmiethoxy-6,7'-cycloligiiaii
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Compound 3 was isolated as abiownoil by HPLC (flow late=S mUmin) using
acetonitrile4S% by volume in water (containing 0.15% foimicacid v/v). The compound
had a retention time of 17.6 min. APCI-MS showed a parent ion of m/z=y29 suggesting
a molecularformulaof

['HJNMR (Fig 2.9) showed the presence of six methyl

protons (two </, 6 = 0.864 ppm and 0.882), six Omethyl protons (two5,6 = 3.656 ppm
and 3.777 ppm), three methylene protons (two dtf, &=2.4(X) ppm and 2.816 ppm), two
methine protons (two m, 6 = 1.893 ppm and 1.997 ppm), two hydroxy! protons (one s, 6
s 5.450 ppm) and five aromatic protons. These signals corresponded to a molecule similar
in stnicture to the di-O-methyl (^clolignan. similar to guaiacin (Gisvold and Thaker, 1974).
["C]NMR showed the presence of 20 unique carbon signals (Hg 2.10). The presence of
seven quaternaryaromatic carbons (& = 129.3 ppm. 139.5 ppm, 143.8 ppm, 144.0 ppm,
144.9 ppm, 145.5 ppm, and 146.4 ppm) confirmed that the molecule was a cyclolignan
rather than a linear butanechain-Qpe. HS(2C and HMBC experiments were used to assign
the 0-methyl and hydroxyl substitutions (Hg Zll ami Hg 2.12). One of the 0-methyl
substituents coupled with a carbons at 144.9 ppm. This carbon showed a two-bond
coupling to C5(5 s 6.3051^) and a three bond coupling to H2 (6 = 6.641 ppm). This
placed oneof the Omethyl group on C4. The other Omethyl substituent showed a three
bond coupling with a carbon at 146.4 ppm. This carbonshowed a two bond coupling with
H2* (6.490 ppm) and a three bond coupling with HS' (6.777 ppm). The hydro^Qrl groups
were assigned to C3 (143.8 ppm) and C4' (144.0 ppm) based on two-bond couplings with
C2 and C5\ respectively. A NOESY experiment showed cross peaks between H7', H8,
and H8' indicating that these protons were cis to one another (Hg 2.13). The absolute
stereochemistry has not yet been determined.

Dataforc(Nnpoiiiid3: [*HlNMR(600MHz, CDG,):See table 2.3; [''C]NMR
(150 MHz, CDCI3): See taUe 2.3; HMBC Conelatioas: See table13; NOESY
Conelations: See table 2.3;[a,J = -19.2° (c = 0.5 in CHCI,); UV
nm; APQ-MS mJz (rel. int): 329 (12). 313 (4), 205 (100), 177 (4)

= 213 nm and 280
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Table 2.3. 'H,aiid''CNMR,HMBC,aiKlMOESYcorrelatioasfor3,4'-dihydio}gr3*,4-dimetlioxy-6,7*-<7cloiigiian.
Position
1
2
3
4

5

6
7a

7P
8
9

r
2'
3'

K (CDCi,)
-

6.642
-

63<A
-

2.816
2.400
1.997
0.882
-

6.49^
-

4'
5'

6.766

6'
T

6.488
3.630

8^
9*
OH
OH

1.893
0.864
5.412
5.432
%.6S6
3.777

ddl.
OCH,

-

^(CDCI,)
1J$.3
il4.l
143.8
144.^
112.6

HMBC
-

Cl. C3, C4,
C6
-

C4

I55.i

-

34.51

C8,C9

34.51
28.48
15.35
139.5
122.1
146.4
143.8
113.7

H8
C7,C9
C7,C8,C8'
-

C3'. C4\ C6'
-

40.86
16.44

C4, C6, C7'.
C3
1'
Cl, C4. cr.
C3'. C4', C6'
C7, C7'. C9'
C7'. C8, C8'

-

-

-

-

55.90
55.92

C4
C3'

lii.4
51.08

NOESV

H8'

9
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Figure 2.10. ["C]NMRof 3,4'-dihydn>xy-3*,4-dimethoxy-6,7'-cycloIignaii(3).
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2.2.5 3,4'-dihydroxy-4-metlioxy-6,7'-cycloligmm(3'-demethoxyisoguaiacin)i4):

Figure 2.14. Structure of 3,4*-dihydroxy-4*methoxy-6,7'-cyclolignan (3'demethoxyisoguaiadn)
Compound 4 was isolated as One, white needles by HPLC using the same method
employed for compound1 with a retention time of 19.1 min. APCI-MS predicted a
molecular formulaof

(parent m/z = 299). The ['H]NMR data showed the

presence of six aromatic protons, four of which were involved in an da' bib' spin system.
Six methyl (two </, 6 = 0.860 ppm, 6 = 0.890 ppm), two methylene protons (two dd,b2.440 ppm, 6 = 2.850 ppm), and two methine protons (two m,b- 1.890 ppm, 6 = 2.001
ppm) were also seen. These signals were similar (o other NDGA-like molecules, but
lacked the appropriate number of methylene protons. The presence of a benzylic methylene
proton (</, 6 = 3.590 ppm) that was shifted downfield indicated that the molecule was an
cyclolignan. This carbon skeleton, along with the presence of two hydroxyl and one Omethyl substituent, explained the numberof aromatic protons signals observed and
corresponded to the observed molecular weight ['^C]NMR (Bg 2.15) conflrmed the
presence of one 0-methyl group (56.0 ppm) and six quaternary carbons (128.5 ppm,
131.0 ppm, 139.5,143.5 ppm, 147.0 p(»n, and 153.5 ppm)
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Assignments of the O-methyl group to C4 and the hydioxyl substitutions to C3 and
C4' were accomplished by HSQC (Hg 2.16) and HMBC experiments (Fig 2.17). An
HMBC coupling was observed between the Omethyl protons and a carbon at 143.5 ppm.
This carbon also showed a three bond coupling with H2. This indicated that the carbon
was C4 and that the O-methyl subsdtuent was located on C4. Since an da'b/b' spin
system was observed on one of the aromatic rings, a hydroxyl substituent was assigned to
C4' to explain this observation. The final hydroxyl group was assigned to C3 based on the
fact that H2 and H5 appeared as singlets on [*H]NMR indicating that they were para to
each other and that CI, C3,C4, and C6 were quaternary carbons. CI (131 ppm) and C6
(128.5 ppm) were placed at the juncture of the aromatic ring and the cyclohexane ring
based on observed two bond HMBC couplings between H7a , H7p and CI and between
H7' and C6, respectively. This structure corresponded with 3,4'-dihydroxy-4-methoxy6,7*-cyclolignan, commonly known as 3'-demethoxyisoguaiacin, that had been previously
isolated from L divaricata (Gisvold and Thaker, 1974) although no ["C]NMRdata or
two-dimensional experiments were performed. This compound was also obtained from L.

tridentata (Gnabre etal., 1995) but no spectroscopic data was provided.
Data for compound 4: ['H]NMR(600MHz, CDCl,) 5 (ppm): 0.860 (3H, d, J=i
7.2 Hz, H9'); 0.890 (3H, d, M 6.6 Hz. H9); 1.890 (IH, m, H8'); 2.001 (IH, m, H8);
2.440 (IH, dd, M 7.8,16.8 Hz, H7a); 2.850 (IH, dd, J= 5.4, 16.8 Hz, H7p); 3.590
(IH, d,M6liz, HT); 3.843 (3H, J,(XH,); 4.830 (IH, s, OH); 5.310 (IH, s,OH);
6.370 (IH, s, H5); 6.551 (IH, s, H2); 6.680 (2H, d, Jb 8.4 Hz, H3' and H5'); 6.850
(2H, d,M8Al1z, H2' and H6'); ["QNMR (150 MHz, CDCI3): see Table 2.4HMBC
couplings .-see table 2.4; UV

s 206 nm, 223 nm, 281 nm; APCI-MS m/z (rel. int.):

299 (10), 205 (100), 173 (20), 137 (12).
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Table 2.4. ''C NMR and HMBC corrdatioiis forS'-demethoxyisoguaiacin (4)
Position
I
2
3
4
5
6
7a

7P
8
9
r
T
y
45'
6'
T
8'
9'
OH
OH
OCH,

HMBC
i%i.o
110.5
147.0
14i.5
116.0
128.5
35.3
35.3
29.0
16.0
lS^.5
130.5
114.5
153.5
114.5
130.5
50.0
40.5
16.5

cr. d'. C5'
C2'. C3'. o4'. C5'. C7'
cr. C5. C6. C6'. C8. C8'
C7',C8
C7'. C8. C8'

-

-

-

-

56.0

c4

-

Cl. C3, C4
-

C3. C4. C6
-

Cl, C2, C6, C8, C8'
Cl. C2, C^, CS. CS.
C7',C8'
C7, cfi, C8'
-

C3'. C4'. C5'. C6'. C7'
cr. C4'. c5'
-

Figure 2.15. ['^C]NMR of 3,4'-dihydtoxy-4-inethoxy-6,7*-cycloUgiiaii (4).
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Figure 2.16. HSQC NMR of 3,4'-dihydroxy-4-methoxy-6,7'-cycldignan (4).
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2.2.5 nieso-l,4-bis-(3-methoxy-4-hydroxyplienyl)-2,3-dimethylbutane
(mesodUv^guaiareticadd) (5);

1
Figure 2.18. Structure of meso-l,4-bis-(3-medioxy-4-hydioxyphenyl)-23dimethylbutane (mesodihy(^uaiareticacid).
Compound 5 was isolated as a brown oil by HPLC using a mobile phase of 45%
aoetonitrileinwatercoataiiiing0.15%fonnicacidataflowrateofSmL/min. The
compound had a retention time of 16.2 min. APCI-MS predicted a molecular formulaof
CjoHjeQi (parent m/z=331). [*H]NMR showed the presence of six methyl protons (d,
0.824ppm), four methylene protons (2 dd, 2.266 ppm, 2.710 ppm), two methine protons
(m, 1.731 ppm), and six aromatic protons. This pattern is typical of the NDGA carbon
skeleton. The presence of six 0-methyl protons (5,3.835 ppm) and two hydroxyl protons
(5,5.450 ppm) suggested the compound was methylated on two of the hydroxyl groups.
Assignment of the 0-methyl substituents to the 3 position on the aromatic ring is based on
comparison of the order of the aromatic peaks with data published by Hwu etal. (1998).
These researcheis synthesized compound5 from NDGA. Compound 5 was previously
isolated by Gisvold and Thaker (1974) and is known by the common name of mesodihydioguaiaretic acid. The spectral data presented here is in agreement with the data that
has been (veviuosly reported.
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Data forcompound 5: [*H]NMR(SOO MHz, CDCI,) &(ppm): 0.824 (6H, d, M 6.5
Hz, H9/9'); 1.731 (2H. m, H8«'); 2.266 (2H.

dd,

JS= 9.5.13.5 Hz, H7/7'a); 2.710 (2H,

5.13.5 Hz, H7/7'P); 3.835 (6H, s, (XH,); 5.450 (2H. s, OH); 6.594 (2H, d, M

2 Hz, H2/2'); 6.638 (2H, dd, M 1.5,8 Hz, H6/6'); 6.801 (2H, rf, Jb 8 Hz, H5/5');
APCI-MS m/z (rel. int): 331 (35); 207 (100); 175(30); 149 (25); 137 (40)

2.2.7 l-(3-kydroxy-4-methoxyH-(4-hy<bvxy-3'metkoxyphenyl)-2,3-dimethylbtttanei6):

Figure 2.19. Structure of l-(3-hydiDxy-4-methoxy)-4-(4-hydroxy-3methoxyphenyl)-23-dimethylbutane.
Compound 6 was isolated by HPLC as a brown oil (19.5mg). The retention time was
16J min in a mobile phase 50% acetonitrile in watercontaining 0.15% formic acid ata
flow rate of 5 mL/min. APCI-K^ showed a parent m/z=331 and suggested a molecular
formula of C2oH2e04. ['H]NMR (Fig120) showed signals characteristic of an NDGAlike molecule. Six methyl protons (2 d, 0.806 ppm and 0.821 ppm), four methylene
protons (4 dd, 2.221 ppm, 2.260 ppm, 2.688 ppm, and 2.714 ppm), two methine protons
(m, 1.720 ppm), and six aromatic protons were present The presence of six 0-methyl
{»otons and two hydroxyl protons confirmed that the molecule was a di-O-methyl NDGA.
The signals for all of the protons were more complex than for die other,
symmetrical, di-O-methyl substituted NDGA mdecules isolated (5 and 7) indicating that
the O-methyl was in the four position on (xie ringand in the three position on theother.
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This was coafinned by the obseivatioii that the chemical shifts of signals corresponding to
half of the molecule were equivalent to the signals from compound 5 ((O* sO.821 ppmin
bothS and C) while those representing the other half corresponded to compound 7 (e.g.
s 0.806 ppm in both 7 and 6). This molecule was previously isolated from L.

tridentata (Gnabre etal.^ 1995) and was also synthesized (Hwu etal., 1996). However,
no spectroscopicdata was provided ineither report
Dataforcompound6: 'HNMR(500MHz,CDCI,)6(ppm):0.806(3H,d,J=7
Hz, H9); 0.821 (3H, d, Jb 8 Hz, H9*); 1.720 (2H, m, H8 and H8'); 2.221 (IH,
9.5, 13.5 Hz, H7a); 2.260 (IH, dd, M 9,13.5 Hz, H7'o); 2.688 (IH, drf,

M

5,13 Hz,

H7P); 2.714 (IH, dd,.fc 5,13 Hz, H7*P); 3.849 (6H, s, OMe); 5.490 (2H. j, OH);
6.610 (IH, 5, H2'); 6.613 (IH, d, M 6.5, H6); 6.627 (IH, d, Jb 6.0 Hz, H6'); 6.740
(IH, s, H2); 6.748 (IH, d, M 7.5 Hz, H5); 6.800 (IH, rf, Jb 8 Hz, H5'); APQ-MS m/z
(rel. int.): 331 (33), 207 (100), 175 (28), 137 (28); [a]" = -2.56 (c = 0.5 in CHCl,)

• (9) aannqiiCqjaunp-Cj
-(V(TOqdiCxoiiiaui-g-XxoipyCq-^)-|r(Xxoqjam-^XxojpXq-€Hjoa^[Hj •OZ'Z wnSij

10
ro
rrm^ ®
3.267 : z
4.204^ 9>

a
o
o
o
10

6.812
6.796
6.755
6.740
6.720
6.633
6.621
6.617
6.610

1.931

9.096

3.002

•

3.083

3.849
2.732
2.722
2.706
2.696
2.680
2.670
2.283
2.265
2.256
2.245
2.238
2.225
2.218

3.228

9.311

0
ut
•0
1

€9

2.199
1.746
1.740
1.734
1.726
1.715
1.706
1.696
1.240
0.829
0.813
0,799
•0.079
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2.2.8 nieso-l,4-bis(3-kydroxy-4-methoxyplunyl)-2,3-diniethylbiitaiie (7):
H3CO
HO'

^5^0H
OCH5

Figure 2.21. Strucniieofineso-l,4-t»s(3-hydiDxy-4-inethoxyphenyl)-23dimethylbutane.
Compound 7 was isolated by Hn.C as a brown oil (15 mg). The retention time was 19.9
min in a mobile phase of 50% aoetonitrile in watercontaining 0.15% formic acid at a flow
rate of 5 mL/min. APCI-MS suggested a molecular formula of C2oH2«04 (parent m/z =
331). [^H]NMRshowedaspectium^icalofadi-C>-methylNDGA molecule. Signals
corresponding to six methyl protons (</, 0.806 ppm), four methylene protons (2 d!t/, 2.220
ppm and 2.689 ppm), two methine protons (m, 1.720 ppm) and six aromatic protons were
observed. Additionally, an O-methyl signal (5,3.8S0 ppm) that integrated to six protons
and two hydroxyl protons (^, 5.520 ppm) were present. Assignment of the 0-methyl
groups to the para position was accomplished by comparing the observed order of the
arcxnatic protons with those reported by Hwu et a/. (1998) who synthesized this
compound.
Data forcompound 7:

NMR (500 MHiz, CDG,) 5 (ppm): 0.806 (6H, d,Js.S

Hz, H9 and H9'). 1.720 (2H, m, H8 and H8'), 2.220 (2H, rfrf, Jb 8,11 Hz, H7 o and
H7'o), 2.689 (2H, dtf, Jb 4,11 Hz, H7p and H7'p), 3.850 (6H. i, CXM,), 5.520 (2H,
J, OH), 6.610 (2H, rf,

d,

6.5 Hz, H6 and H6'). 6.722 (2H, f, H2 and H2'), 6.748 (2H,

6.5 Hz, H5 and H6'); APQ-MS m/z (tel. int): 331 (60), 219 (13), 205 (8), 124 (8)
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2.2.9 l-(3.4-dimethoxyphenyl)-2,3-diinethyl-4-(3-hydroxy-4-methoxyphenyl)butane (8):

Figure 2.22. Stnictuieof l-(3,4-dimethoxyphenyl)-23-<liinethyl-4-(3-hydFoxy4-methoxyphenyl)butaiie.
Compound 8 was isolated as a brown oil by HPLC. The retention time was 47 min in a
mobile phase of 45% acetonitiile (containing 10% tetrahydrofuian) and 55% water
(containing 0.15% formic acid) at a flow rate of 5 mUmin. APCI-MS predicted a
mdecular formula of

(parent m/z = 345). [*H]NMR showed the presence of six

methyl protons (2 d,0.840 ppm and 0.860 ppm), four methylene protons (4 dd, 2.266
ppm, 2.300,2.720 ppm, and2.760 ppm), and two methine protons (m, 1.760 ppm) in a
pattern similar to other straight chain NDGA derivatives. Signals for nine 0-methyl
protons, one hydroxyl proton, as well as the complexity of the aromatic region suggested
that the compound was a tri-Omethyl derivative of NDGA. ['^C]NMR (Fig2.23)
conHimed the presence of three O-methyl groups (5 = 55.778 ppm, 55.905 ppm, and
55.969 ppm). This structure matched the observed molecular weight A search of the
literature revealed thatGnabreetal.(1995) previously isolated the compound, although no
spectral data was provided. Assignment of the 0-methyl substitutions was made by
comparison of the order of the aromatic proton signals with the data of Hwu«r a/. (1998),
who synthesized compound 8 from NDGA.
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Datafor compound (8): [^HINMR (600 MHz, CDG,) 6 (ppm): 0.840 (3H, d,
6.6 Hz, H9), 0.860 (3H, rf, M 6.6 Hz, H9'), 1.760 (2H. m, H8 and H8'), 2.266 (IH,

dd, J= 3.6,9.6 Hz, H7'a ), 2.300 (IH, dd,

4.2, 9.6 Hz, H7a). 2.720 (IH, dd, M

5.4,13.8 Hz, H7'P), 2.760 (IH, dd, Jb 4.8,13.2 Hz, H7p), 3.869 (6H, J, OMe),
3.874 (3H, 5, OMc). 5.550 (IH, s, OH), 6.648 (IH, dd, M 8.4 Hz, H6'). 6.663 (IH, s,
H2), 6.700 (IH, dd, M 8.4 Hz, H6), 6.774 (IH, d,

7.8 Hz, H5), 6.775 (IH, d, Jb

1.8 Hz, H2*). 6.790 (IH, d, M 7.8 Hz, H5'); ["qNMR (150 MHz, CDCl,) 6 (ppm):
16.139 (C9'), 16.288 (C9), 38.699 (C7), 38.800 (C7'), 39.175 (C8'), 39.293 (C8),
55.778 (OCH,), 55.905 (OCH,), 55.989 (OCHj), 110.436 (C2'), 111.018 (C5), 112.229
(C2), 115.237 (C5'), 120.386 (C6'), 120.965 (C6), 134.573 (CI), 135.209 (CI'),
144.614 (C3'), 145.329 (C4'), 147.005 (C4), 148.688 (C3); APCI-MS m/z (rel. inL):
345 (80), 315(50), 221 (78), 207 (100), 175 (25), 151 (30), 137 (27)
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Figure 2.23. ["CJNMRof l-(3,4-dimethoxyphenyl)-2^-dimetfiyI-4-(3-liydroxy-4methoxyphenyObutane(8)>

3. SYNTHESIS OF DERIVATIVES OF NORDIHYDROGUAIARETIC
ACID
3.1 Introducticm

:

T

- IJL

(9).R= CHj

(10). R=

(11). R=
OH
Figure 3.1. Alkyl and alkoxy derivatives of notdihydroguaiaretic add
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Figure 3.2. Acylated derivatives of nordihydroguaiaietic add.
Several acyl and alkyl derivatives of NDGA wete prepared using standard methods in order
to determine the effect of substitutions of the catechol hydroxyl groups on NDGA
cytotoxicity. Of the eight compounds prepared, only the tetra-O-methyl compound has
been previously reported.
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3.2 Methods

3.2.1 SyMhesisofTetra-0-nietl^lnor<lihydroguaiareticacid(M/f) (9):
NDGA (1 eq.) and potassium carbonate(6 eq.) were combined in acetone and
stined at nxm temperature for 10 min. Dimethylsulfate (6eq) was then added and the
reaction was refluxed for 8 h. The reaction was quenched with HCl (6 eq.) and the acetcme
was evaporated under vacuum and the resultantscdids were extracted three times with ICQ
mL ethyl acetate. The organic phases were combined and washed three times with 100 mL
HQ (0.1N), three times with 100 mL NaQ (1M) and dried under vacuum.

32.2 Synthesis ofTetra-O-aUylnontihydroguaiaretic acid (10):
NDGA (1 eq.) and potassium carbonate (6eq.) were dissolved in acetone with
stirring. Allyl bromide (6 eq.) was then added and the reaction was refluxed overnight
HCl (6 eq.) was then added to quench the reaction. The reaction was extracted three times
with methylene chloride (100 mL). The organic phases were combined and dried over
MgS04. Methylene chloride was then evaporated under vacuum.

3.2J Synthesis of Tetra-0-(2,3-dihydroxypropyl)nordikydrogmiaretic acid (11):
Osmium tetroxide (1eq.) and 4-methylmori^line N-oxide monohydrate (4.5eq.)
were combined in acetone. Compound 10 (1 eq.) in acetone was added and the reaction
was stirred at room temperature for 3 h. The reaction was stopped by the addition of 20%
aqueous NaHSO,. The acetone was dried under vacuum and the remaining aqueous phase
was extracted with an equal volumeof ethyl acetate. The aqueous phase was then dried
and the resulting solids were extracted with methanol, which was then dried under vacuum.
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3.2.4 Synthesis ofTetra-O-butyrybiordikydroguaiaretic acid (12):
NDGA (1 eq.) and triethylamme (8eq.) were dissolved in dichlotomedianeat 0°C. A
catalytic amount of dimethylaninopyridine wasadded and the reaction was stirred. Butyiyl
chloride (8eq.) in dichloromethane was added dropwise over 10 min. The reaction was
allowed to return to room temperature overnight The desired product was purifled by
silica gel flash chromatography with hexane:ethyl acetate(8:2) as the mobile phase. The
product was then recrystallized from petroleum ether.

3.2.5 Synthesis o/Tetra-O-isobutyrylnordihydroguaiaretic acid (13):
NDGA (1 eq.), triethylamine (8 eq.) and acatalytic amount of dimethylaminopyridine were
added to dichloromethane. The reaction was stirred at 0°C and isobutyryl chloride (8eq.)
in dichloromethane was added dropwise over 10 min. The reaction was allowed to return
to room temperature overnight The reaction mixture was washed three times with water
and the organic phase was dried yielding a brown, waxy solid. This was pulverized in
water to yield a white solid, which was then recrystallized from petroleum ether to give the
desired product

3.2.6 SytlmesisofTetra-O-valerylnordihydroguaiareticacid (14):
NDGA (1 eq.) was dissolved in pyridine (23.5 eq.) and cooled to 0°C.
Dimethylaminopyridine (cat) was added to the reaction mixture followed by the dropwise
addition of valeryl chloride (8 eq.) This caused an orange precipitate to form which was
solubilized by the addition of iceH»ld dichloromethane. The reaction was allowed to return
to room temperature overnight HG (5%) was then added to quench the reaction. The
organic phase was washed twice with water and dried over sodium sulfate. The desired
product was obtained after silica gel flash chromatography with a mobile phase of
hexane:ethyl acetate (9:1).
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3.2.7 Synthesis ofTetra-heMtioylnordihydroguaiaretic acid (15):
NDGA (1 eq.). triethylamine(8 eq.), and dimethylamiiiopyridme (catalytic amount) were
dissolved in dicbl<»oaiethane at(fC. Hexanoyl chloride (8eq.) dissolved in an equal
volume of dichloiomethane was added dropwise. The reaction was stirred overnight and
allowed to return to room temperature. The reaction was washed three times with water
and the organic phase wasdried under vacuum. The product was obtained following silica
gel flash chromatography with a mobile phase of hexane:ethyl acetate (9:1).

3.2.8 Synthesis ofTetra-benzoylnordihydroguaiaretic acid (16):
NDGA (1 eq.) and pyridine (15eq.) were stirred in dichloromethane at(fC. Benzoyl
chloride (6eq.) in dichloromethane wascooled to 0°C and added dropwise over 6h. The
reaction was then washed with an equal volume of water and three volumes of NaCl (IM).
The organic phase was dried under vacuum and the product was precipitated from
isopropanol atO°C.

3.3 Results

3J.1 Characterization ofTetra-O-metbylnordihydroguaiareticacid(M/f) (9);
Compund 9 was obtained as a beige, amorphous solid at a yield of 99%. APCI-MS
showed a molecular ion of m/z=359 corresponding to the expected molecular formula of
CjjHjoQj. APCI-MS/MS (collision energy=25 eV) gave ions of m/z (rel. int) = 344 (4),
221 (36). 179 (4), 151 (100), 136 (4). The [^H]NMR showed the presence of 12 Omethyl protons and lacked the catechol hydroxyl signals found in NDGA. These results
indicated successful addition of four O-methyl groups.
['HJNMRdata: (500 MHz, CDjaj 6 (ppm): 0.850 (6H, d, M 6.6 Hz, H9/9*);
1.780 (2H. m, H8/H8'); 2.310 (2H, dd, M 9.5,13 Hz, H7a/7a'); 2.750 (2H, dd, M 5,
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13 Hz, H7p/7*p);3.850(12H, j. OCf^);6.650(2H. d,J=2Hz, H2/2*);6.700(2H, dd,
Jfc 2.7.8 Hz, H6/6'); 6.780 (2H. d,

7.6 Hz, H5/5').

3.3.2 CharacterbatUmofTetra'O-alfyliuvdUiydMgutdareticacid (10):
CompcNind 10 was obtained as a clear oil at a yielded 16.4%. APCI-MS showeda
molecular ioao(m/z-462 which conesponded to the expected molecular formula of
CjoHjiQ,. APCI-MS/MS (coHision energy=25 eV) gave ions of m/z (rel. int) = 463
(55), 422 (30), 393 (15), 273 (55), 245 (75), 231(85), 203 (100), 191 (30), 177 (55),
and 163 (45). [*H]-NMR showed the presence of six methyl protons, four methylene
protons, two methine protons, and six aromatic protons. The absence of catechol protons
and the presence of eight terminal allylic protons indicated the presenceof the expected
product
[•HJNMR data; (600 MHz, CDCI3) 6 (ppm): 0.800 (6 H, d,

6.6 Hz, H9/9'),

1.712 (2 H, m, H8/8'), 2.240 (2H, dd, M 9.6, 13.8 Hz, H7a/7'a), 2.680 (2 H, dd,
4.8, 13.2 Hz, H7p/7p'), 4.551 (8 H, m, allylic CHJ, 5.230 (4 H, dm, benzylic CH,),
5380 (4 H, dm, benzylic CHJ, 6.059 (4 H, m, allylic CH), 6.640 (2 H, dd,

1.8,9.6

Hz, H6/6'), 6.653 (2 H, s, H2/2'), 6.780 (2 H, d, ^ 7.8 Hz, H5/5').

3JJ Characterization ofTetra-0-(2,3-dihytb'oxypropyl)nordihydrogiuuaretic acid (11):
Compound 11was obtained as aclear oil after extracting the solid from the aqueous
portion of the reaction with methanol. The reaction provided quantitative yield. HFLC(5
mm X 250 nun C18column with \ > 278 nm) analysis of the product using a 15 min
gradient from 20% acetonitrilein water (containing 0.15% formic acid) to 50% acetonitrile
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in water (containing 0.15%) formic acid showed a single peak with a retention time of 10.9
min at a flow rate of 1.S mL/min.
['H]NMR showed a strong hydroxyl signal as well as signals representing eight
methylene protons that were shifted down-field indicating that they were oxygen-beaiing.
Additionlly, four oxygen-bearing methine protons wereshown as multiplets that were
shifted down-field. This indicated that the allylic double bond had been converted to a diol.
Unfortunately, the reaction product is a reuxmic mixture. No attempt was made to separate
the enantiomers because the mixture proved to be inactive in the cytotoxicity screening
assay (see Chapter 4).
['H]NMR data: (600 MHz, CDjOD) 6 (ppm): 0.810 (6H, d, M 6.6 Hz, H9/9');
1.720 (2, m. H8/8'); 2.270 (2H. dd, J= 9,13.2 Hz. H7/7'a); 2.700 (2H, dd, J= 5.4,
13.8 Hz); 3.660 (8H. dm, benzyllicOy; 3.970 (12H, m, CHOH and CH,OH); 4.750
(8H, s, OH); 6.690 (2H, dd, ^1.8,8.4 Hz, H6/6'); 6.730 (2H, d, J^l.2 Hz, H2/2');
6.880 (2H, d, J= 8.4 Hz, H5/5').

33.4 Characterization ofTetra-O-lmtyrylnordUiydroguaiaretic acid (12):
Compound 12 was obtained as a white amorphous powder after crystallization from
petroleum etherat 0°C. The yield was 52.1%. ['H] NMRdata showed the addition of 12
methyl protons and 16 methylene protons, indicating the addition of four buQrryl groups to
the NDGA molecule. Additionally, the catechol hydroxyl protons found in NDGA were
missing indicating that the esterification had been successfully completed.
['H]NMR data: (300 MHz. CDQ,) 6 (ppm): 0.840 (6H, d, M 6.6 Hz. H9/9');
1.040 (12H, f, Jb 7.2 Hz, Cl^y); 1-782 (lOH, m, CH,p and H8/8'); 2330 (2H, dd,
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9.9, 13.5 Hz. H7/7'a); 2.500 (8H. dt, M 1.5,7.2 Hz, CH,a); 2.775 (2H, <W, M 4.2,
13.5 Hz, H7/7*p); 6.945 (2H, rf,
H6/6'); 7.075 (2H, rf,

2.1 Hz, H2/2'); 7.000 (2H, dd, M 1.8,8.4 Hz,

8.4 Hz, H5/5')

3JJ ChariKterizationofTetm-^-iMbutyrytnordUtydroguaiareticacidil 3):
Compound 13 was obtained in9% yield as a white amorphous powder after crystallization
from petroleum ether. From ['H]NMR, the addition of 24 methyl protons and four methine
protons was observed. When compared to NDGA, the catechol hydroxyl protons were
removed, indicating the successful addition of isobutyryl groups.
['HJNMRdata: (300 MHz, CDCl,) 6 (ppm): 0.840 (6H, rf, M 6.6 Hz, H9/9');
1.290 (12H, d, Jb 6.6 Hz, CHjP); 1.306 (12H, rf, M 7.2 Hz, CHjP*); 1782 (2H, m.
H8/8'); 3325 (2H, dd,

9.6, 13.2 Hz, H7/7'a); 2.760 (6H, m, CHa and H7/7'P);

6.936 (2H, d, M 1.8 Hz, H2/2'); 7.000 (2H,

M 1.5,8.1 Hz, H6/6'); 7.065 (2H, d,

i=8.1Hz,H5/5').

3.3.6 CharaclerizationofTetra-0-v(Uerylttor<Uhydrogmiareticacid{l4):
Compound 14 was obtained as a yellow oil after flash chromatography. The reaction had a
yield of 90.5%. ['H] NMR showed that twenty-four methylene protons and twelve methyl
protons had been added corresponding to the addition of four valeryl groups. Additionally,
the four NDGA hydroxyl protons were absent indicating successful esterification.
['H]NMR data: (300 MHz, CDQ,) 6 (ppm): 0.840 (6H, d, M 6.6 Hz, H9/H9');
0.961 (12H, U

7.5, 0^6); 1.430 (8H, m,

CH

^y); 1.720 (lOH, m, CH,p and H8/8');
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2.320 (2H, dd, Jb 9.6.13.5 Hz. 7/7'a): 2.530 (8H, dt, M 1.8,7.5. 15 Hz. CH,a);
2.780 (2H. dd, ^ 4.2.13.5 Hz, H7/7'P); 6.943 (2H, </.

1.8 Hz, H2/2'); 7.000 (2H,

dd, M 2.1,10.2 Hz, H6/6'): 5.070 (2H. rf. Jb 8.4 Hz. H5/5')

JJ.7 Characterization ofTetra-hexaaoylnordihydroguaiareticacid (15):
Compound 15 was obtained as a clear oil following silica gel flash chromatography. The
yield was 78.6%. ['H] NMR revealed that the four hydroxyl protons were no longer
present Signals corresponding to 32 additional methylene protons and 12 additional
methyl protons were also observed. This corresponded to the addition of four hexanoyi
groups to the catechol oxygens of NDGA
['HJNMR data: (300 MHz, CDO,) ft (ppm): 0.860 (6H, d, Jb 6.3 Hz, H9/9');
0.945 (12H, m, CH,8); 1.375 (16H, m, CH,Y/ft): 1.750 (lOH, m, CHjP and H8«');
2.320(2H, dd,J=9.6, 13.2 Hz. H7/7'a); 2.520 (8H, dt, Jb 1.8, 7.5. 15.3 Hz, CHja);
2.780 (2H. dd,

dd,

4.2, 13.5 Hz, H7/7'P); 6.942 (2H. d,

Hz, H2/2*); 6.980 (2H.

2.1, 8.4 Hz. H6/6'); 7.075 (2H. rf. Jb 8.1 Hz. H5/5*)

3J.8 CharacterizationofTetra-bemoylnordihydroguaiareticacid(16):
Compound 16 was obtained as white solid following precipitation from isopropanol at
0"C. The reaction gavea yield of 50%. ['H]NMR showed the loss of the catechol
hydroxyl protons and theaddition of 20aromatic protons indicating the additionof four
benzoyl groups.

[*H1NMR data: (300 MHz, CDClj) 6 (ppm): 0.930 (6H, d, M 6.3 Hz, H9/9');
1.898 (2H, m, H8«'); 2.440 (2H. dd, M 9.9,13.8 Hz, H7/7'a); 2.900 (2H. dd, M 4.8,
13.8 Hz, H7/7'P); 7.13 - 8.06 (26H, m, H2/2', H5/5', H6/6', and benzoyl aromatic
protons).
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4. ANTICANCER PHARMACOLOGY OF L. TRIDENTATA LIGNANS
AND FLAVONOIDS
4.1 Methods

4.1.1 Cell Culture
The A37S human melanoma, AS49 human non-small cell lung cancer, MCF7 human bieast
cancer and SW480 human colon cancer cell lines were purchased from American Type
Tissue Culture (Manassas, VA). The ACC37S human melanomacells were obtained from
the Arizona Cancer CenterTissue CultureCore (Tucson, AZ). The 8226/110 cell line was
derived by Dr. Katerina Dvorakova at the Arizona CancerOnter (Tucson, AZ). The
8226/DOXl V and 8226/MR20cell lines were kindly provided by Dr. Alan List of the
Arizona Cancer Center (Tucson, A2^. The WeHi 7.2 and Hbl2 cell lines were donated by
Dr. N/forgret Briehl, Department of Pathology, University of Arizona (Tucson, AZ).
ACC37S, MCF7, A37S, and A549 cells were maintained in log-phase growth in PDRG
medium (HyQone, Logan, UT) with 5% heat-inactivated bovine serum, 100 U/mL
penicillin/streptomycin, and 2 mM L-glutamine. Log-phase SW480 cells were cultured in
RPMI1640 medium (Gibco, Rockville, MD) with 5% heat-inactivated bovine serum, 100
U/mL penicillin/streptomycin, and 2 mM L-glutamine. The 8226/s, 8226/110,
8226/DOXl V, and8226^MR20 cell lines were maintained in log-phase growth in RPMI
1640 medium (Gibco, Rockville, MD) with 10% heat-inactivated bovine serum, 100 U/mL
penicillin/streptomycin, and 2 mM L-glutamine. The WeHi 7.2 and Hbl2 cells were
cultured in Dulbecco's Minimun Essential Medium low glucose (Gibco, Rockville, MD)
supplemented with 10% heat inactivated bovine serum.

4.1.2 Animals
Female CS7/bl6 mice('^20 g) were purchased from Harlan Sprague Dawley, Inc.
(Indianapolis. IN). Male C.B-17/IciACCscid (~2S g) were purchased from the Arizona
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Cancer Center SCID colony (Tucson, AZ). Female Balb/c mice (~20 g) were purchased
from the Naticnal Cancer Institute (Bethesda, MD). Animals were allowed toacclimatize
for at least1 week before initiaticm of studies and were housed under normal conditions
according to animal care guidelines established by The University of Arizona Institutional
Animal Care and Use Committee (Tucson, AZ).

4.1.3 In vitro Cytotoxicity
The in vitro anticancer activity of the lignans and flavonoids of L tridentata were assessed
using oneor more of the following cell lines: ACC37S human melanoma, AS49 human
non-small cell lung cancer, SW480 human colon cancer, A375 human melanoma, 8226
human multiple myeloma, and MCF7 human breast cancer cells.
Depending on thecell line, cells were plated at Sx 10^ to 1 x 10* cells per well in 96
well plates and exposed to 0 -100 /iM of test compound for4 -120 h. After drug
treatment, growth inhibition was measured in all cell lines, except 8226 cells, using the
sulfortiodamine b (SRB) assay. This assay is a colorimetric assay which measures total
protein in a well (Skehan etai.,1990). Total protein is correlated with cell number. For
8226cells, cell viability was measured using the microtetrazolium assay (MTT). This
assay uses the metabolic reduction of the N/TTT dye as an index of viability (Mosmann,
1983). Log dose-response curves were prepared and IC,o values were determined.
In the cases of NDGA and M^N, cumulative exposure was determined by
measuring the IC,, values atdifferent times and multiplying those concentrations by their
respective treatment times. These values were plotted ona double-log scale as a function of
time to determine the schedule-dependence of thecompounds. Reductions of cytotoxicity
of greater than two logorders for longer exposure times indicates schedule-dependence
(Ames eta/., 1963).
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4.1.4 Induction ofApoptosis
Apoptosis was detennined moq)hologically. The ACC37S cells were plated in 2Scm'
tissue culture flasks and exposed to SO /iM M4N for 24 or 48 hrs. Both dead (detached)
and attached cells were collected, applied to slides, and flxed with cold methanol. Cells
were stained with the DifT-Quick kit (VWR, So. Plainfleld, NJ). Apoptotic bodies were
counted and expressed as a percentage of total cells. The morphological criterion for
apoptotic cells included chromatin condensation,cytoplasmic blebbing and formation of
apoptotic bodies.

4.1.5 Effects on Mitochondrial Membrane PotenUtU
Loss of mitochondrial membrane potential is an early event in apoptosis. While not all
forms of apoptosis involve loss of mitochondrial membrane potential, its occurrence
confirms a morphological determination of apoptosis induction by M4N. Drug effects on
mitochondrial membrane potential were measured using MitoTracker Red" CMX/Ros dye
(Molecular Probes, Eugene, OR). This cationic dye accumulates in the mitochondria of
living cells in response to the negative membrane potential of the mitochondria. Loss of
membrane potential thereby correlates with decreased dye accumulation.
The ACC37Scells were plated in 6-weIl plates and exposed to M4N (0 -100 /<M)
for up to 24 hr. The CMX/Ros (100 /iM in DN/KO) was then added to a final concentration
of 0.1 /iM and cells were incubated in the dark for 30 min at37"C. Dye uptake was then
measured by flow cytometry.

4.1.6 Effect of bcl2 0verexpression
The role of bcl2 in resistance to M4M cytotoxicity was assessed in two ways. First, the
cytotoxicity of M4N against 8226/s and8226/110 human myeloma cells were determined.
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The foimeroell line is aparentalhumanmyeloma cell line. The lattercell line is an imexon
resistant cell line and was derived bycontinuous exposure of8226/s cells to 10 /ig/mL
Imexon. Resistance is associated with over expression of bcI2. Both cell lines were
exposed to M^N (0-210 /iM) for 120 hrs and cell viability was detennined by the NfTT
assay. IC,o values in both cell lines compared.
Effects of bcl2 overexposure were further explored using the mouse thymomaderived cell line WEHI7.2 compared to cells transfected with bcl2 (called Hbl2). Again
both cell lines were treated with M^N (0 - SO /iM) for 120 hrs. Cell viability was
determined using the N/TTT assay. IC,, values for both cell lines were determined and
compared.

4.1.7 DNA Synthesis Inhibition
ACC37S cells were plated in 6-well plates (1X10' per well) and exposed to 50

of

eitherNDGAorM^Nfor 1 -24hat3TC. (^H]-thymidine(l/<Ci) was added to each well
for an additional hourat37°C. Cells were then washed three times with cold PBS and
three times with cold trichloroaceticacid (5%). Lysis buffer (IN NaOH, 0.1% Triton X100) was then added to solubilize the cells. The solubih'zed cell solution was transferred to
scintillation vials, combined with 20 mL of acidifled Ecolitescintillation cocktail and
counted for two minutes on ascintillation counter. Levels of incorporation were compared
to untreated controls and cells treated with 10 /ig/mL doxorubicinas a positivecontrols for
DNA synthesis inhibition.

4.1.8 Ceil Cycle Effects
Log-phase ACC37Scells were plated in 75cm' tissue culture flasks and exposed to 50 jM
for 6 - 48 hr. Cells were then washed with PBS, trypsinized and resuspended in
modified Krishan's Buffer (sodium citrate, 0.01%; RNase A, 0.02 mg/mL; Nonidet P-40,
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0.3%; propidium iodide, 0.0S mg/mL; pH7.4) at a density of 1 x 10^ oells/ml. Peicentage
of cells in each phase of the cell cycle wecedetermined by flow cytometry (excitation
wavelength=490 nm. Emission wavelength=520 nm). Treated cells were compared
with untreated controls.

4.1.9 Effect of Topoisomerase n Levels
The cytotoxic effects of M4N were compared in 8226 human multiple myeloma cells and a
doxorubicin-resistant variant known as 8226/DOXl V. Doxorubicin resistance arisesdue
down-regulation in the transcription of the topoisomerase Ila gene(Futschere/a/., 1996).
Since this protein is viewed as(me of two targets for tqxxsomerase II inhibitors (the other
being topoisomerase IIB), decreased protein levels result in resistance to inhibitors
including doxorubicin. Using this cell line pair, the effect of alterations topoisomerase II
levels could be ascertained. Cells (10*/ well) were plated in 96-well plates and exposed to
MfN (0-60 fiM) for 120 h. Viability was assessed using the MTT assay. IC,o values were
compared between the two cell lines.
The effectof topoisomerase II levels on M4N cytotoxicity was also examined using
8226/S and 8226/MR20 cell lines. 8226/MR20 cells werederived from the parent cell line
by continuous exposure to 20 ]M miloxantrone (Hazelhurst, etal., 1999). These cells
overexpress afumitremorgin-senstive, non-PGP/non-MDR pump that confers resistance to
mitoxantrone in a similar wayas 8226/MR4 cells. 8226/MR20 cells also down-regulate the
expression of topoisomerase Ila and topoisomerase np by 88% and 70%, respectively.
This yields further resistance to intercalatingdrugs such as mitoxantronaand doxorubicin.
These cells were studied to examine thee^ect of down-regulation of both isoforms of
topoisomerase II on the cytotoxicity of M4N. Assays were conducted as described above
for8226/DOXlV cells.
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4.1.10 Role of Topoisomerase I in M/t Cytotoxicity
Topoisomerase I was evaulated as a potential target using a kit manufactured by TopoGen,
Inc. (Columbus, OH). The assay is based on the formation of various relaxed topomers of
a dossed circular, sui»coiled plasmid DNA by human topoisomerase I. The assay was
performed as per the manufacturer's instructions. Briefly, M4N (100 /iM) were incubated
with topoisomerase I (S U) and DNA (2ng) in assay buffer (10 mM Tris-HQ, pH 7.9; 1
mM EDTA; 0. IS M NaG; 0.1% BSA; 0.1 mM Spermidine; 5% glycerol) at 3TC for 30
min. The reaction was stopped by the incubation with sodium dodecylsulfate (10% of
reaction volume) and the topoisomerase I enzyme digested with proteinase K (SO /4g/mL)
for 30 min atSTC. The DNA was extracted with an equal volume of chloroform: isoamyl
alcohol (24:1) and separated on a 1% agarose gel for 2 h at 70 mV. The gel was then
stained with eithidium bromide (0.S jdg/mL) for 30 min. The amount of topoisomerase I
inhibition was determined as a percentage of nicked-circuiar plasmid DNA as a function of
total DNA. Treated en^rme was compared with vehicle-controls. Camptothecan (100 jM)
was used as a positive control for topoisomerase I inhibition.

4.1.11 Role of Topoisomerase Ila
The potential importance of topoisomerase n a as a target of M^N was evaluated using a
cell-free system purchased from TopoGEN, Inc. (Columbus, OH). Purified human
topoisomerase Ila (2 U) was combined with M^N (100 /iM) and supercoiled, pYRG
plasmid DNA (0.2S/ig/mL) inassaybuner(S0mMTris-HCl,pH=8; l20mMKCl; 10
mMMgCl,; 0.S mM ATP; 0.S mMdithothreitol). The reaction was incubated at3TC for
30 min and quenched by the addition of a 1/10 volume of 10% sodum dodecylsulfate.
Topoisomerase Ila was digested with proteinase K (SO;ig/mL) at37°Cfor30min. A
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1/10 volume of loading buffer (0.25% bromophenol blue, 50% glyoend) was added and
the i^asniid DNA was extracted by the additira of an equal volume of chloiofonn: isoamyl
alcohol (24:1). Topomers of the plasmid DNA were resolved by electrophoresis on a 1%
agarose gel for 2h at70 mV. The gel was stained with 0.5/ig/mL ethidium bromide for 30
min.

4.1.12 Invivo Antitumor Actmty
NDGA and M4N were chosen for in vivo study based on cytotoxicity data, availability of
sufficient material,and the likelihood that M4N would not be converted back to NDGA
metabolically.
The antitumor activity of NDGA was assessed in the B16 murine melanoma model
in female C57/bl6 mice. Mice (~20 g) were injected subcutaneously with 1X10^ B16
cells. On days 1,5and 9 after tumor cell injection, NDGA (5 or 10 mg/kg, i.p) was
administered.
Theantitumor activiQr of oral NDGA against human non-small cell lung cancer was
assessed by injecting C.B.-17/IcrACCsdd mice with 1X10' A549 human non-small cell
lung cancer cells subcutaneously. Mice were given 200;<Lof 1 or 2% NDGA (w/v) in
water by oral gavage Hve times weekly.
The antitumoractivity of M4N was assessed in three tumor models. Female
C57/bl6 mice were injected subcutaneously with 1X10^ B16 murine melanoma cells. On
days 1,5, and 9after tumor cell injection, M^N (166 mg/kg, i.p.) was administered.
Antitumor activity of M4N against human melanoma was assessed with the A375
human melanoma cell line inC.B-17/IcrACCscid mice. Male mice wereinjected
subcutaneously with 1X lO' A375 melanoma cells. On days 1,5, and 9 after tumor cell
injection, the animals received 166 mg/kg or250 mg/kg M«N (i.p.).

8S
Hnally, the antitumor effect of M4N against humaa colon cancer was determined
against SW480 cells in C.B-17/IcrACCscid mice. Male mice wereinjected with 1X lO'
SW480 cells (s.c.). On days 1,5, and 9 after tumor cells injection, the animals received
250 mg/kg or300 mg/1^ M^N (i.p.). In all cases, tumor volumes were determined and
animals were sacrificed when control tumors were 2000 mm'. Tumor volumes were
estimated using the fomiula: tumor volume (mm') equals the tumor length (mm) times the
tumor width (mm) squared divided by two.

4.2 Results

4.2.1 In vitro Cytotoncity
The (^rtotoxicityof both the natural and semisyntheticcompounds were determined in
ACC37S human melanoma, SW480 human colon cancer and MCF7 human breast cancer
for 120 h exposure. The ICjg values of each compound in each cell lineare shown in table
4.1.
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Table 4^1. IC,, of natural and synthetic lignans in human tumor cell h'nes treated fcMr
120 h.
Compound

kCCMB Human
Melanoma (fiM)

NDGA
1
2
3
4
5
6
7
8

7.5
16.7
>80
50
22
7
13.7
10
7
6
>dA
ND
6
15
25

10
11
12
13
14
l5

>to

MCF7 Human
Breast Cancer
(MM)
24
21
60
i5
9.6
10.2
13.7
111
6
20.6
>80
3.3
3.0
9
>80
ND

SW4M Human
Colon Cancer
(*M)
27
21.9
>80
56
55.1
30.2
26
31
55
20
>80
>80
19.1
18.3
>80
>80
ND

There appears to bean interesting correlation between the number of 0-methyl
groups on the NDGA molecule and the potency of the compound against MCF7 breast
cancer cells. In this system, M4N is the most potent compound with an IC,,, of 6 jaM and
NDGA is four times less potent with an ICjg of 24 /iM. Compounds S, 6 and 7, which
have two O-methyl groups, have ICjg values of 10 -12 jiM while compounds 8 and 9,
which have three O-methyl groups and four 0-methyl groups have IC,, values

6 fM

(Fig 4.1).
Additionally, SW^ cells were two-fold to four-fold less sensitive to the cytotoxic
effects of any of the compounds studied when compared with MCF7 and ACC37Scells.
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Figure 4.1. EfTect of O-methyladon on the potencyof NDGA-like molecules in
MCF7 human breast cancer cell lines treated for 120 h.
NDGA and M^N were further studied to determine the schedule-dependence of the
cytotoxiciQr of the compounds in ACC37S human melanoma. In neither case did the
cumulative exposure required for 50% growth inhibition change significantiy between 24
and 120 h (Hg 4.2). This indicates that neither compound is schedule dependent. This
means that a single, high dose of either compound is therefore as effective as multiple,
lower doses give over a longer period of time.
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Figure 4.2. Schedule-dependence of NDGA and M^N cytotoxicity in ACC37S
human melanoma at the ICjQ. Each point represents the average of three
experiments.
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4.2.2 Induction of Apoptosis
The ACC375cells treated with 50 /iM M4N for ^ h showed moririiological changes
characteristic of apoptosis such aschromatin condensation and fonnation of s^ptotic
bodies. Twenty-four hours after treatment, there was a two-fold increase in apoptoticcells
relative to control. By 48 h, the numberof iqx)ptotic cells in the treated group was four
fold higher than in the contrd group (Fig 4.3 and 4.4) (p <0.01).

Figure 4.3. Induction of apoptosis in ACC37S human melanoma by 50 /«M M^N.
a.) 24 h Control, b.) 24 h, SO/«M M^N. c.)48h, SOjiMM^N.
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24hr

48hr

Time
Figure 4.4. Quantiiatioa of apoplotic bodies. Each bar represents the average of
three slides. Error bars represent the standard deviation. * = p< O.OS, ** =
p< 0.01.

4.2.3 Effects ofMJSon Mitochondrial Membrane Potetttial
The induction of {^ptosis was also associated with a loss of mitochondrial membrane
potential. The absence of a decrease in mitochondrial membnance potential does not
preclude an apoptotic mechanism but the presenceof such a loss reinforces the conclusion
that an apoptotic process is underway. Treatment with SO /iM M^N resulted in a timedependent decrease in CMX/Ros staining to 44 % of control by 24 hr (Hg 4.5). Since
accumulation of CMX/Ros is dependent on thenegative potential of the mitochondrial
membrane, a loss of staining indicates loss of this potential. Increases in M^N
concentration up to 100 /iMdid not further reduce the mitochondrial membrane potential
after 24 hr exposure (data not shown).
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Figure 4.5. Effect of 50;4MM4N on mitcxhondrial membrane potential in
ACC37S human melanomacells. Each point represents the mean of three
samples. The error bars represent the standards deviation. * = p < 0.01.

4.2.4 Effect of BcllOverexpression
Bcl2 is a protein which possesses antiapoptotic protein and its overexpression has been
correlated with resistance to chemotherapy which acts via an apoptotic pathway (Pui et al.,
1999). In order to further characterize the apoptotic pathway by which M^N exerts its
cytotoxicity, two cell line pairs wete studied. 8226/110 human myeloma cells were derived
by continuous exposure to imexon and overexpress Bcl2 as a means of resistance. Hbl2
are a derivative of WeHi 7.2 mouse thymomacells that have been stably transfected with
bcl2. In both cases, overexpression of Bci2 correlated with resistance to M^N. 8226/110
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cells were two-fold more lesistant to M4N dian the parent8226^$ cell line (Fig 4.6).
Similarly, Hbl2 cells diowed a1.4-fdd resistance to M4N compared with WeHi7.2 cells
(Hg 4.7). Bci2, therefore appears to play an important role in M4N resistance.

m

1

10

m

M4N(|iM)

Figure 4.6. Effect of Bcl2overexpression on the cytotoxicity of M^N: comparison
of8226/s and 8226/110 human myeloma cells. Each j^int represents the
average of three samples. Error tors represent the standard error of the
mean. • = P < 0.05.
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Figure 4.7. Effect of Bcl2 overexpression on M^N cytotoxicity: a comparison of
WeHi 7.2 and Hbl2 cells. Each point represents the average of three
samples. Errors tors represent the standard error of the mean. * = p <
0.05.

4.2.5 DNA Synthesis Inhibition
Both NDGA and M^N (SO jiMi caused a time-dependent decrease in DNA synthesis in
ACC37S cells. The time course of this inhibition was similar for bodi compounds. After 2
h, f H]-thymidine incorporation was reduced to ^.S% and 28.3% of control by NDGA
and M4N, respectively. By 24 h, DNA synthesis had been reduced to 3.5% and 6.2% of
control by NDGA and M4N, repectively. (Fig 4.8)
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Figure 4.8. Inhibition of DNA sythesis in human melanoma ceils by 50ftM
NDGA or M^N. DNA synthesis was measured by the incorporation of
I^Hl-thymidine. Each point is the average of three samples. The error bars
repent thestandard deviation.

4.2.6 Cell Cycle Effects
There was evidence forarrest at two portions of the cell qrcle following M^N treatment
melanoma cells. After 18 hr exposure to M^N there is a 25% increase in the numberof
ACC375cells in theQJGy phase of the cell cycle relative to untreated cells. The
percentage of cells arrested in

transition point decreases to only Hve to six percent

greater thancontrol by 24 h. However, this level of blockade is maintained through 48 h of
treatment (Hg 4.9). The OJGi decrease may be the result of arrested cells undergoing
apoptosis and detaching more readily than cells inS or G^/M phases. Over the same period
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of tiine, there is also an increase in the number of cells in GjlM phases. By 48 hr, there are
54% more cells in Gj/M in the treated group than in the untreated controls. Therefore, M4N
blocks the exit of GJGi cells into S (diase, and profoundly halts cycling cells from
proceeding through mitosis.

• %caQi
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• %cdM
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Figure 4.9. Gg/Gi and G^/M cell cyclearrest inACC37S human melanoma
following treatmoit with M4M (50 fiM). Euh bar represents the average of
three experiments. Error bars repi^nt the standard deviation. *~p<
0.05, «• = ?< 0.01

4.2J Effect ofTopoisomerase tt Levels
Down-regulation of topoisomerase IIa in8226/DOXlV ceils is assodated with enhanced
Uiecytotoxidtyof M4M when compared to the parent cell line. At60/iM, there is a2to4
fdd increase incytotoxidQr in the8226/DOXlV cells as evaluated by the KfTT assay (Hg
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4.10). If M4N was cytotoxic in amanner analogous to doxorubicin or etoposide, itwould
be expected that 8226/DOXlV cells would be cross-resistant to this compound. No crossresistance was observed, and indeed the topoisomerase Ilo-depressed8226/DOXlV cells
were more sensitive to M4N than the 8226/s parent cell line. Thus, it is unlikely that M4N
acts by topoisomerase Ila inhibition.

M4N(|iM)

Figure 4.10. Effect of topoisomerase Ila down-regulation on thecytotoxicity of
in8226 human multiple myelomacells. Each point represents the
average of three experiments. Error bars represent the standard error of the
mean.
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The increasedsensitivity associated with tDpoisomerase Ila down-regulation isablated
when topoisomerase Iip is also down-regulated. Figure 4.11shows that K26/MR20
cells, which have down-regulated topoisomerase Ila and p. show a similar dose-response
relationship to the parent cell line. Alternatively, M^N may not produce itscytotoxic effects
by interacting with either form of topoisomerase 11. Instead, the 8226/DOXl V cell line
may have increased senstivity to M4N due to other, as yet unidentified, alterations.
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Figure 4.11. Effect of down-regulation of both topoisomerase Ila and np on the
cytotoxiciQrof M4N in8^ human multiple myeloma cells. Each point
represents the average of three experiments. Error bats represent the
standard error of the mean.
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4.2.8 Role ofTopoisomerase I in

Cytotoxicity

Incubation of purified human topoisomerase I and supercoiled, plasmid DNAwith 100fiM
at 3TC did not lead to any alteration in the fonnation of relaxed topomers of the DNA
when compared with untreated topoisomerase I incubated with DNA (Data not
shown). Further, treatment with M4N did not result in theformation of a knicked-circular
DNA band. By contrast, 100;<Mcamptothecan resulted in the formationof knickedcircular DNA band and reduced the amount of relaxed topomers formed.

4.2.9 Role of Topoisomerase Ha in

Cytotoxicity

M^N (100 /iM) was incubated with purified human topoisomerase Ila and supercoiled,
plasmid DNA at 3TC for 30 min. M^N showed no inhibitory activity against
topoisomerase Ila, while etoposide, as expected, caused double-strand breaks by
stabilizing the DNA-enzyme complex (Data not shown).

4.2.10 In Vivo Antitumor Activity
NDGA (S or 10 mg/kg, i.p.) wereadmim'stered to female CS7/bl6 mice on days 1, S, and 9
after subcutaneous injection of B16 melanomacells. Measureable tumors were detected in
both control and treatment animals on day 10. Control tumors reached 2000 mm' on day
18. Neither S nor 10 mg/kg NDGA significantly slowed the growth of B16 melanoma
tumors relative to control animals (Fig 4.12). Additionally, one of the animals in the 10
mg/kg NDGA treatment group died onday 17.
Similarly, oral NDGA (200/iL of 1or 2%) showed no significant growth
inhibitory effect against AS49 non-small cell lungcancer in vivo (Fig 4.13).
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Figure 4.12. Antitumor effect of NDGA (S or 10 mg/kg, i.p.) ^ven on days 1, S,
and 9following subcutaneous injection of B16 melanoma in female CS7/bl6
mice. Each bar represents the average nmior volume of four animals. The
error bars represent the standard deviation.
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Figure 4.13. Antitumor effect of NDGA( lor 2%, p.o.,S times per week) in
female C.B-17/IcrACCscid mice b^ng A549 human non-small cell lung
cancer tumors. Each bar represents the average tumor volume for four
animals. Theerror bars repi^nt the standard deviation.

Doses of M4N (166 mg/kg, i.p.) were administered to female C57/bl6 mice on days
1,5, and 9after subcutaneous implantation of B16 melanoma cells. Palpable tumors were
detected in both treated animals and vehicle-controls by day 7. Tumor volume in the
control animals reached 2000 mm^ by day 19 and the animals were sacriHced. M^N
inhibited tumor growth by approximately S0% of control (p < 0.05) (Hg 4.14).
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Figure 4.14. Antitumoreffectof M4N (166 mg/kg, i.p.) against B16 melanoma in
female CS7/bl6 mice when given on days 1^, and 9. Each bar is
the average of four animals. Error bars represent the standard
deviation. (• = p < 0.05)

The M4N also showed growth inhibitory activity against A375human melanoma in
C.B-17/IcrACCscid mice. Vfice were injected with A37S melanomacells (s.c.) and then
treated with either 166 or250 mg/kg M^N (i.p.) on days 1.5, and 9 after implantation of
tumorcells. These doses caused only transient weight loss (less than 10% of starting body
weight) in animals, which resolved quickly. Two animals in the 250 mg/kg groupdied
after drug administration (15 days). These animals weighed signiHcantly less than the
other animals at the beginning of the study and may have bad an infection or other pre
existing condition.
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The results show that M4N reduced tumor growth in a dose-dependent manner.

to reduce tumor volume at day 34 to 35% and 1S% of control, respectively (Fig 4.IS).
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Figure 4.15. AntitumorefrectoTM^N (166 or 250 mg/kg, i.p. on days 1,5and 9)
against A37S melanoma in male SCID mice. E%h bar represents the
average of four animals. The error bars represent the standard
deviation.
SW480 colon cancer in C.B-17/IcrACCscid mice was also examined. Treament
with either 250 mg/kg or300 mg/kg (i.p.) of M^N on days 1,5, and 9 after tumor cell
implantation, appeared to slow tumor growth by 41% and 67%, respectively after 42 days
(Fig 4.16). Though these data were not statistically significant, there is a strong trend
indicating inhibitory activity in adose-dependent manner, (figher doses were used in this
tumor model becauseSW480cells were less sensitivethan othercell lines in vUro. Again
no acute toxicity was observed.
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Figure 4.16. AndtumorefTectof M4N (250 or 300 mg/kg, i.p. on days 1,5, and
9) in male C.B-17/IcrACCscid mice bearing SW4W tumors,
har
represents the average of four animals. The error bars represent the
standard deviation.
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5. PHARMACOKINETICS OF INTRAVENOUS NDGA
5.1 Methods

5d.l Reagents and Materials
NDGA (99.5% puriQr), dimethylsulfate, and potassium carbonate were purchased from
Aldrich Chemical Co (Aldrich Chemical Co., Milwaukee. WI). A co-solvent system used
to sdubilize the anticancer agent etoposide(Vepesid™, Bristol-Myers Squibb Co.,
Princeton, NJ) was used to solubilize NDGA for injection into mice. This co-solvent
system contains (per mL): citricacid, 2 mg; benzyl alcohol, 30 mg; polysorbate 80, SOmg;
polyethylene glycol 300,650 mg;and absolute alcohol, q.s. 1.0 mL (Dorr and Von HofT,
1994). Whole mouse serum was purchased from ICN (Costa Mesa, CA). Allodier
chemicals used in this study were of the highest grade available.

5.1.2 Animab
Female CDl mice (~25g) were purchased from Harian Sprague Dawley, Inc.
(Indianapolis, IN), and allowed toacclimatize forat least 1 week before initiation of
studies. Animals were housed under normal conditions according toanimal care guidelines
established by The UniveisiQ^of Arizona Institutional Animal Care and Use Committee
(Tucson, AZ).

5.1.3 Equifmeta
Analysis was performed on a Peridn-Elmer Series 4liquid chromatograph (Pterkin-Bmer,
Norwalk, CT) equipped with a Hewlett-Packard Series 1100 diode arraydetector (HewlettPackard, San Fernando, CA). Extiracted plasma was injected with a Peridn-Qmer ISS100 auto injector equipped with a 100/<L loop. An Adsorbosphere™ CIS reverse phase
column (250 mm x 4.6 nun) with a 5 |im poresize (Alltech, Deerfield, IL) was used forall
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applications The mobile phase was a 15 min gradient from H2Oand acetonitrile(70:30,
v/v) to H2O and acetonitrile (30:70, v/v). This was followed by a 15 min period of
isocratic H^q and acetonitrile (30:70 v/v). All mobile phase solvents contained 0.1%
trifluoroacetic acid (v/v) and were degassed with helium. The flow rate was 1.5mL/min.

5.1.4 Sumdardization of Assay
Known amounts of NDGA (0.05{tg-5 /ig) dissolved in acetonitrile were added to 0.5 mL
mouse serum. M4N (2.5 [ig) was added to each sample as an internal standard. Serum
was applied to Varian Bond Hut C18solid phase sample preparation columns (Varian,
tbrbor City, CA) that had been conditioned by washing three times with3 mL methanol
and three times with 3 mL H2O. Columns were washed with 3 mL of HjO. Analytes were
eluted with 300/iL of methanolic-HQ (0. IN). Duplicate, 100 ftL samples were injected
onto the HPLC. A ratio of the area of the NDGA peak to the area of the M4N peak was
plotted as a function of the amount of NDGA injected. This served as a standard curve for
pharmacokinetic analysis. Daily standards were prepared as above from separate stock
solutions of NDGA and M4N. These standards were used to determine the within day
variation of the assay.

5.1 J Determinationof Assay Extraction Efflcienqf
Known amounts of NDGA (0.05- 5 fig) were dissolved in 300 ftL of methanolic-HQ
(O.IN). Duplicate, 100/<L samples were injected onto the HPLC. A ratio of the area of
the NDGA peak to the area of the M4N peak was calculated andcompared to the ratio for
each amount of NDGA derived from samplesextracted from serum to obtain theextraction
efflciency.
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5.1 j6 DeterminaAon of NDGA Protein Binding
NDGA (S /<g/inL in acetonitrile) was dissolved ia5 mL mouse serum and equilibiated widi
the dialysis chamber for 4 h at 3TC. A 0.5mL sample was removed to determine the
degree to which NDGA binds to the dialysis chamber. The remaining serum was then
dialyzedagainst lS0mMTTis-HQ(pH7.5)andS0mMNaQat3TC for24h. The
molecular weight cut-ofTof the dialysis membrane (VWR Scientiflc Inc.So. Plainfleld,
NJ) was 12 kDa. NDGA was extracted from the pte-dialyzed serum, the dialyzed serum
and the Tris-HQ/NaCl by solid phaseextraction and eluted with 300/iLof 0.IN
methanolic-HCl. Duplicate 100 /iL samples of each were analyzed by HPIjC as described
^ve.

5.1.7 Pharmacokinetic Analysis of NDGA in CDl Mice
Female CDl mice (25 - 30 g) were injected with NDGA (50 mg/kg, i.v.) dissolved in the
etoposide diluent and water (30:70. v/v). Blood was collected 5.10,20,40,60,120,
240, and 360 min after injection by cardiac puncture following ether anesthesia. Plasma
was separated out by centrifugation at (250 x g) and 2.5/ig M4N was added as an internal
standard. NDGA and M4N were extracted and analyzed as previously described. Plasma
NDGA levels were determined bycomparison of the peak ratios of mouse samples with the
standard curve.
A plot of plasma NDGA concentration as a function of time was prepared. From
this plot, peak plasma concentration (Cm.,) was determined by back extrapolation to time
zero. The area under the curve (exposure) was determined by integration of the
concentration-time plot using Microcal Oiigiii (Kficrocal Software Inc., Northampton,
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MA), aeaiance (CL) was determined by dividing the i.v. dose (;<g/mL) by the exposure
(AUQ. The vdume of distribution (Vd) was calculated by dividing the dose by C^-,halflife (t|/2) was determined grafdiically.

5.2 Results

5.2.1 Standardization of Assay
The retention time of NDGA varied between 8 and 9 min under the assay conditions
described. The retention timeof M4N was ^)pioximately 19 to 20 min. A representative
chromatogram of NDGA and M4N extracted from mouse serum is shown in Figure 5.1.
The standard curve of NDGA extracted from mouse serum was linear from
0.5 /ig/mL to 10 /ig/mL with a slope=0.397 (n=3, SE = 0.049), a y-intercept = -0.0251
(n s 3, SE = 0.024), and r^= 0.998. The limit of detection was 0.5 /ig/mL(n=3, SE
=0.052 /Ig/mL) at asignal to noise ratioof 5:1. The average within-day coefficient of
variation was less than 15%. The average between day coefficient was less than 15%
(Table 5.1).

Table 5.1. Within day and Bewtween daycoefficient of variation
Concentration (jtf/mL)
0.5
1
2
5
10
Average

Within Day Variation
(%)
10
ND
11
ND
7.8
9.6

Between Day Variation
(%)
14.8
8.2
9.9
2.4
7.2

The extraction effidency wasdetermined by preparing astandard curve of NDGA
dissolved in 0.1 N methanoUc-HCl. The average percent recoveryof NDGA from mouse
serum was 64.67% (n = 3, SE = 3.65%).
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Fig. 5.1b

Figure 5.1. HPLCChromatogtam of a) Blanks mouse serum, b) NDGA and M4N
extracted from mouse serum.
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To detennine if the incomplete recovery of NDGA was due to its irreversible
binding to the C18 samfrie preparation columns, NDGA was dissolved in methanolic-HCl
and eluted through a column. HPLC analysis of theeluant showed that no NDGA was
retained on the sample preparation cdumn.
Equilibrium dialysis was then used to determine if the loss of NDGA was due to
protein binding. A distinct peak having thecharacteristic retention time and spectrum of
NDGA was observed on the serum side of the equilibrium dialysis cell; no such peak was
observed on the saline side. The amount oS free NDGA was found to be below the limit of
detection of our assay, indicating that the free fraction of this compound was less than

0.6%.

5.2.2 Pharrnacokuietic Analysis of NDGA in the Mouse
The pharmacokinetic characteristics of intravenously -administered NDGA were determined
in female CDl mice. Mice were injected with a single dose of SO mg/kg. Theplasma
concentration of NDGA was determined at 5,10,20,40,60,120,240,360 min after
injection. Figure S.2 shows the plasma concentration of NDGA as a function of time.
This compound appears to follow a two-compartment model of pharmacokinetics. The
level of NDGA in the mouse falls below the limit of detection for our assay by360 min.
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Figure 5.2. Plasma levels of NDGA in the mouse following a single dose of SO
mg/kg (i.v.)

Based on the concentration-time plot, we determined Cmu, exposure, distribution half-life
(t|/2<x), tenninal half-life (tiysP), volume of distribution, and clearance (Table S.2).

Table 5.2. Pharmacokinetic parameters of NDGA (i.v.) in female GDI mice.
Parameter
Exposure (AUQ
Vd
t,aa

Value
14.7 |(g/mL
247.7 (|i^mL)*min
201.9 mL/(min*kg)
3.4 UkK
30.0 min
135.0 min
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6. ACUTE TOXICOLOGY OF NDGA AND M4N
6.1 Methods

6.1.1 In vitro Hepatotoxkity of NDGA
Hepatocytes were isolated, by the method of McQueen et al.(1983) from female, balb/c
mice that bad been anesthetized with pentabaibital (50 mg/kg, i.p.). Cells were plated in
Williams Medium E containing 10% serum and allowed to attach for four hours at3TC.
Cells were then treated with 0-100fiM NDGA for four hours. The medium was removed
and the cells were homogenized by sonication. Lactate dehydrogenase (LDH) activiQr was
measured in both the medium and the cell homogenate spectrophotometrically (X.=340 nm)
by measuring the conversion of the cofactor NADH to NADf (Sigma Diagnostics, St.
Louis, MO). The amount of LDH activity in the medium was divided by the total amount
of LDH activity and multiplied by 100 to give the percent of LDH that leaked into the
medium. This was used as an index of toxicity.

6.1.2 Acute In vivo Toxicity of NDGA
Female Balb/c mice, weighing approximately 20 g, were given a single injection of various
doses (5- 500 mg/kg) of NDGA (i.p.). Ammals were observed for 7 days in order to
determine the lethality of a given dose. The mice were weighed daily and loss of weight
was used as a second measure of toxicity. Negative control animals were given a single
dose (i.p.) of VP16 diluent and water (50:50).
Liver-speciHc toxicity was measured by monitoring serum levels of ALT activity.
Female balb/c mice received a single injection of either 50 mg/kg or 100 mg/kg NDGA
(i.p.). Animals were sacrificed at various time points (0 to24 hr) and exanguinated via
cardiac puncture. The blood wascollected in heparinized tubes and serum was obtained by
centrifugation at 1000 x G f(X' 15 minutes. ALT activity in serum was determined with an
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enzyme-coufded assay (Sigma Diagnostics, St Louis, MO) that spectrophotometrically
monitrared the oxidation of the reduced fonn of nicotinamide adeninedinucieolide(NADH).
Spectio{4iotometry was performed on a Beckmann DU-6400 spectrophotometer at X=340
nm.

6.1.3 Acute In vivo Toxicity ofMJN
Female baibA; mice (~20 g) were given asingle dose of 500,750, or 1000 mg/kg M4N
(i.p.). Animals were observed and weighed daily to assess toxic response. Surviving
animals were sacrificed after 5 days. Livers, kidneys and spleens were removed, fixed in
10% buffered formalin, sectioned and examined histologically for lesions.
To determine if M^N had livereffects, female balb/c mice received a single doseof
100 or500 mg/kg M4N (i.p.). Serum alanine aminotransferase (ALT) was used as an
indicator of liver injury and was measured using adiagnostic kit (Sigma Diagnostics, St
Louis, MO).

6.2 t?^ults

6.2.1 In vitro Hepatotoxicity o/NDGA
Primary isolated mouse hepatocytes weresigniflcantly more susceptible to NDGA
cytotoxicity than ACC375 human melanoma cells. A four hour incubation with 100 /iM
NDGA caused a loss of greater than80% viability in primary mouse hepatocytes compared
to less than a30% loss in ACC375 human melanoma cells (Data not shown). The ICjg for
a four hour exposure to NDGA in mouse hepatocytes is 65/iM (Fig. 6.1).
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Figure 6.1. Viability of fresh mouse hepatocytes after exposure to NDGA for four
hours. Each ^int is the average of thm samples.

6.2.2 Acute In vivo Toxkity of NDGA
A singledose of NDGA (S-SOO mg/kg) was administered intraperitoneally to female balb/c
mice. After S days, the LDj, was found to be75 mg/kg. All treated mice exhibited malaise
and loss of appetite, and all doses of NDGA resulted in weight loss. Mice that survived
gained the weight backon days 4 and 5, while mice which eventually died continued to
lose weight High doses of NDGA (100 and SOO mg/kg) caused 100% mortality (Fig.

6.2).
Administration of a single dose of NDGA (i.p.) resulted in a dose and timedependent increase in serum ALT levels in female balb/c mice (Hg. 63). Serum ALT
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levels increased 15-fold by two hours post-injection with a dose of 50 mg/kg. After which
they decreased and returned to nonnal levels by 24 h. At a dose of 100 mg/kg, serum ALT
levelscontinuedtoincreaseovera24hperiodtoamaxiumof50timescontn)l. This
higher dose produced 100% lethaliQr

30 h after compound injection.
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Figure 6.2. Acute toxicity of single dose NDGA(i.p.) in female balb/c mice. Each
point represents four animals.
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Figure 6.3. Serum alauneaminotransferase levelsof female balb/c mice following
treatment with a single dose of either 50 or 100 mg/kg NDGA (i.p.). Each
point represents the average of four animals. Error ban represent the
standard deviation.

6.2.3 Acute In vivo Toxicity ofM^
Single, intraperitoneal doses of M4N up to 1000 mg/kg were non-lethal. A slight, transient
weight loss followed injection, but resolved within three days (data notshown),
(fistological examination of the livers, kidneys, and sfdeensof M4N-treated animals
showed no significant lesions (data not shown). Further, 500 mg/kg M^N caused no
signiHcant increase in plasma ALT levels by 24 hr after injection (data not shown).
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7. DISCUSSION
A significant body of research has accumulated during the last60 years concerning the
chemistry of lama tridentm and the pharmacology and toxicology of its secondary
metabolites, particularly nordihydroguaiaretic acid (NDGA). Still, several important
questions remain regarding the anticancer and hepatotoxic compounds present in L.

tridentm, the mechanism of NDGA anticancer activity, and the impotance of various
structural features of NDGA in anticancer activity.
In this dissertation, four issues were addressed. First, L tridentata was
reinvestigated chemically todetermine if novel natural products or unreported iaiown
compounds remained to be discovered. Second, other naturally occurring lignans were
investigated forantitumor activiQr. Third, NDGA was synthetically modified to determined
the relative importance of the catechol hydroxyl groups to theantitumor activity as
compared to the hepato-and nephrotoxicity of the molecule Hnally, the mechanism by
which NDGA and tetra-O-methylnordihydroguaiaieticacidCM^N) inhibit tumor growth
was studied. Additionally, NDGA was investigated as the possible agent responsible for
the hepatotoxiciQr of botanical dietary supplements contaim'ng L tridentata.

7.1 Chemistry
In this study, seven naturally-occurring lignans, including the novel cyclolignan, 3,
4'-dihydro^-3',4-dimethoxy-6,7'-cyclolignan (3), were isolated and identified. The
known flavanone, (s)-4',S-dihydtoxy-7-methoxyflavanone (2), is reported here for the
flrst time from L tridentata. H3-acetoxy-4-metho}^henyl)-4-(3-hydroxy-4methoxyphenyi)-23-dimethyibutane(l) and l-(3-hydroxy-4-methoxy)-4-(4-hydroxy-3methoxyphenyl)-23-dimethylbutane (<) have been previously isolated from L tridentata,
but no spectroscopic data was published. These data are reported here for the first time.
Additionally, [*'C]NMR data as well as HSQCand HMBC assignment of carbon and
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hydrogen positions is reported for 3,4*-dihydroxy-4-methoxy-6,7*-cycloiignan (4) for the
flrsttime. l-(3,4^methoxypbenyl)-4-(3-hydioxy-4-inethoxyphenyl)-23-dimethyl-butane
(8) has also been previously reported forL.ofdeittcua but no ["C]NMR data was provided
in the original report It was thus important to present the data as part of this study.
Additionally, ten alkylated and acylated derivatives of NDGA were prepared to look
at the effects of various substitutions at the catechol hydroxyl groups on the(^toxicity of
the parent molecule. While the structure of M^N has been previously reported, ac^l
substitutions of butyryl and longer chains have not previously been prepared.
Additionally, both the tetra-O-allylcompound and the related 1,2-propanediol compound
are novel structures.

7.2 Pharmacology
Several potential mechanisms have been proposed for theantitumor activiQr of
NDGA including inhibition of lipoxygenase, glycolysis, mitochondrial succinate
dehydrogenase, and glutathione oxidation and direct interaction between DNA and oxidized
NDGA (Burkand Woods, 1963; Wagner era/., 1980; Snyder etal., 1989; Biswal etal.,
2000). Unfortunately, none of these mechanisms have been shown to be causally linked to
the observed phenomena assodated with NDGA-induced cell-death. Additionally,
evidence is presented in this dissertation to suggest that attributes of the NDGA structure,
previously believed to be necessary forcell death, are in fact not of importance.
To begin, the isolated natural products and the semi-synthetic lignans considered in
this dissertation were screened for cytotoxicity in several human tumor cell lines.
Methylation of two or more of the catechol hydro?Qrls did not negatively affect the
cytotoxity of the molecule. Additionally, acyl substitutions up to five carbons in length had
activiQr in the micromolar range. Human breast cancer cells appeared to be the most
sensitive of the cell lines examined. Interestingly, M4N showed antitumor activiQr in vitro
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that was similar in potency to NDGA. Contrasting with the flndings of Zamora a/.,
(1992) we determeine that the presence or absenceof the catechol mdety seems to have
little effect on the antitumor activity of the NDGA molecule. In fact, M^N but not NDGA
showed Iff vivo antitumor activity that wassignificant in CS7/bl6 mice bearing B16
melanoma.
Additionally, there appears to be a positive correlation between the numberof Omethyl substitutions on the NDGA molecule and the potenqr of these compounds against
MCF7 human breast cancer cells. NDGA, which has no 0-methyl groups, is four-fold
less potent than M4N, which has four 0-methyl substituents. While the mechanistic basis
of this phenomenon is unknown, it is possible that the increase hydrophobicity afforded by
the methyl groups increases the likelihood that thecompound reaches its target. Since this
correlation is notapparent in either the ACC37S human melanoma or theSW^ cell lines
tested, theincreaseinpotency could be related to increased binding to the estrogen
receptor. This flnding warrant more study to determine whether the estrogen receptor is
involved at all.
These flndings would also suggest that the complexation of partially-oxidized
NDGA with DNA is not necessary for the cytotoxicity of the compound. Since Odemethylation of all four 0-methyl groups on M^N is unlikely, particularly in a melanoma
cell line, it is probable that M4N as studied in the in vitro assays, is not converted back to
NDGA and then oxidized (Szatrowski ettU., 1991).
In this dissertation, NDGA and M^N were both found to rapidly inhibit DNA
synthesis. This inhibition proceeded the lossof mitochondrial membrane potential or
induction of apoptosis caused by M4N. Further, the cytotoxicity of NDGA and M^N was
found to be non-schedule dependent This implies that a single high dose isas effective as
prolonged exposure to lower doses. Both of these flndings argue against the role of
depletion of glutathione as the primary means of cell-killing. If NDGA or M4N woriced
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primarily through

inducing oxidative stress, DNA synthesis would be expected to be

secondary to loss of mitochondrial membrane potential. While this has been previously
reported for NDGA, it was not observed for M4N (Biswal etai., 2000). In the current
experiments, DNA synthesis was rapidly inhibited by greater than 50% after treatment of
melanoma cells fcv only 2 h. Conversely, no effect(m mitochondrial membrane potential
was observed until 24 h of treatment This supports the idea that DNA synthesis is not
secondary to apoptosis. Moreover, it indicates that the rapid loss of mitochondrial
memteue potential observed following treatment with NDGA requires that thecatechol
hydroxyls be intact but that cell death does not
Several lines of evidence in this dissertation suggest that the cytotoxic mechanism
of M4N, and perhaps NDGA, may involve the inhibition of topoisomeras Iip, among other
effects. First it was observed that both NDGA and M4N rapidly inhibited DNA synthesis
at cytotoxic concentrations. Second, treatment of melanoma cells with cytotoxic
concentrations blocted progression through thecell cycle at Gj/M. Third, human multiple
myeloma cells with down-regulated levels of topoisomerase Ila are two to four-fold more
sensitive to M4N cytotoxicity. Either topoisomerase I or topoisomerase Iip are
overexpressed by cells tocompensate fordown-regulation of topoisomerase Iip. M4N was
directly screened against topoisomerase I in a cell-free system and was found to be inactive.
Additionally, M^N was inactiveagainst topdsomerase lla in a cell-freesystem.
Since human topoisomerase Iip is not available conunercially, an indirect approach
was taken to try to address its involvement In contrast to the increase in sensitivity
observed in human multiple myeloma cells with down-regulaled topoisomerase lla, in
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human multiple myeloma cells thathave down-regulated both iopoisomeiase Ha and lip
are down-regulated, that increase sensttivi^ is not observed. It is expected that downregulation of a target molecule will result in decreased sensitivity to an inhibitor. This is
observed with doxorubicin when topoiscxneiase Ila is down-regulated. It also appears to
be the case with M4N when topoisomerase Iip is down-regulated.
Inconsistent with the idea that M4N inhibits topoisomerase II is the observation that
M4N cytotoxiciQr is non-scehdule dependent This inconsistency can be reconciled by the
fact that topoisomerase Iip is constituitively expressed unlike topoisomerase Ila which is
upregulated and down-regulated in response to cell-cycling signals (Gao eted., 1999).
Because of this, a constant amount of target is available throughout the cell cycle and
inhibitors should not show the schedule-dependence observed with topoisomerase lla
inhibitors.
No other reports of topoisomerase II inhibition have been made concering a
molecule structurally similar to NDGA or M4N. Etoposide and its derivatives are the only
lignans currently in clinical use. This class of compounds works by inhibiting both
isofonns of topoisomerase II. If this is directly proven, represents

a class of potential

drugs that have not been explored clinically.
Alternatively, topoisomerase II may not be the ultimate target of M^N. Indeed,
since M^N could not bedirectly screened against topoisomerase Iip other explainations
the above data can be made. For instance, neither the 8226/DOXl V cells nor the
8226/MR20 cells have been completely characterized with regards to their genetic
alterations. It may be that another alteration, independentof alterations in topoisomerase
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Ha levels, make the 8226/DOXlV cells more sensitive than the 8226/s cells. The lack of
differential sensitiviQr observed with the8226/s cells and 8226/MR20cells may indicate
thatM4N or NDGA have no e^ecton either isoform of topoisomerase lip.
Several experiments need to be conducted to furtherexplore topoisomerase Iip as a
potential target First, immunocytochemistry could be used to determineif topoisomerase
np is overexpressed in the M4N-senstive8226/DOXlV human multiple myeloma cells.
Such experiments would require the generation of a topoisomerase Iip-speciflc antibody.
Such an antibody would also be useful in the puriflcation of topoisomerase Iip from human
cells or heterologous expression systems.
Inhibition of purified human topoiscmierase lip would provide the strongest
evidence for this enzyme being the primary target of NDGA and M4N. Unfortunately, at
this time limited sources of topoisomerase Iip are available and the cost is prohibitive.
Finally, upregulation of the topoisomerase Hp gene following treatment with low
levels aS M4N could provideadditional indirect evidence in the form of the treated cell
trying to overcome inhibition of pre-fomied engine.

7.3 Toxicology and Pharmacokinetics
Previously, several cases of hepatotoxicity have been associated with
hepatotoxidQr of creosote bush (Sheihk etal., 1997). The toxic compound has not been
identiHed. Further, NDGA has been shown to be a potent nephrotoxicant (Goodman etal.,
1970) and consumption of L tridentata has been associated with nephrotoxiciQr in humans
(Smith eta/., 1994)
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NDGA and M4N weteevaluated for acute toxicity in the mouse. While NDGA was
shown to have an LD,o ^

mg/kg (i.p.) and to significantly elevateserum ALT levels at

doses of SO and 100 mg/kg (i.p.). M4N had no lethal efiects at doses of up to 1000 mg/kg
(i.p.) and produced no elevation of seium ALT levels. These results indicate that NDGA is
at least one of, if not the, prindpal hepatotoxic components of L tridentata, it is likely that
the toxiOcation mechanism is viaoxidation to the ortho>quinone as has been shown to be
the case for nephrotoxicity (Goodman eta/., 1970).
Fuither, these results show that the antitumor activity and the toxicity of NDGA can
be separated by obscuring the catechol hydroxyls. Methylation of the hydioxyl groups
increased the therapeutic index sufHciently to allow the administration of therapeuticallyuseful doses to tumor-bearing mice.
However, it remains to be determined what the effects of chronic low dose NDGA are or if
M^N possesses some foim of cumulative toxicity that would limit the number of doses that
might be given.
Studies of the hepatic metabolism of NDGA remain to be reported. What the toxic
form of NDGA is and how it is formed remain to be described. In this dissertation, we
provide a useful HPLC method for the analysis of NDGA in biological matrices. The
utility of this method was shown by determining the pharmacokinetic parameters of
intravenous NDGA in the mouse. NDGA exhibits two-compartment pharmacokinetics and
hasa terminal half-life of 13Sminandaclearanceof 201.9 mL/(min*kg).

7.4 Summary
This dissertation has contributed several new findings to the body of research on L.
tridautata and nordihydroguaiareticacid. First, several new natural and semi-synthetic
Ugnans were isolated that demonstrated potentanticancer activity both in vitro and in vivo.
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These compounds may act viaanovel mechanism, i.e. inhibition of topoisomerase lip, that
could circumvent tumor cell resistance toclassical anticancer drugs. Further studies are
necessary to determine more directly the role of topoisomerase Iip in mediating M4N
anticancer activity.
Furthermore, NDGA was shown for the Hrst time to be apotent hepatotoxicant in
mice. While other components of L tridentata may contribute to the hepatotoxic potential
of this plant, NDGA is present in the highest concentration by weight In the absence of a
signiflcantly more potent class of hepatotoxicants such as pyrrolizidine alkaloids, it!q)pears
that NDGA may be the principal toxicant By semi-synthesis, this dissertation has shown
that the anticancer activity and the hepatotoxicityof NIXjA areseperable. Occlusion of die
catechol hydroxyls by methylation ablates the lethality of NDGA in mice and appears to
abolish its hepatotoxicity. Conversely, M4N retains the in vitro antihmioractivityof
NDGA and is sufficiently non-toxic to allow admim'stration of tumor-inhibitory doses in

vivo.
Finally, the pharmacokinetics and metabolism of NDGA have largely been ignored.
To this end, an HPLC assay was developed to measure NDGA levels in mouse plasma.
This assay was used to define the pharmacokinetic parameters of intravenous NDGA in the
mouse. It was observed that NDGA fits a two-compartment pharmacokinetic model. The
applications of this assay are not limited to analysis of plasma and ongoing studies with
assay are being conducted to determine the metabolic fate of NDGA both in vivo and in

vitro.
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7J RamificalionsforFihnophafmacnlopv
An oveiaiching goal of this research was to lend support to the ideathat
ethnobotany ad ethnofriiannacology can provide valuable drug leads for modem
pharmaceutical research. As discussed in the introduction, a plethora of examples exist to
support this idea. Moreover, a considerable body of pharmacological research has shown
that the claimed ethnobotanical uses of L tri^ntata.as an antimicrobial, an anticancer, an
antiviral and a hypoglycemic treatment are basedon olgective biological effects.
Although L. tridentata has been extensively studied both chemically and
biologically, this dissertation has identified novel compounds and potentially novel
anticancer activities. Based on this, it is important that ethnobotanically-relevant plants
continue to be investigated- particularly in light of the development of genomics and
proteomics and the continued validation of novel molecular targets.
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