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ABSTRACT 

Nordihydroguaiaretic Acid (NDGA) is a polyphenol, 

antioxidant, natural product lignan isolated from the 

creosote bush (Larrea tridentata).  The in vivo and in 

vitro Pharmacology and Toxicology of NDGA has been 

continuously studied for more than 36 years.  The 

Pharmacology of NDGA has been studied in Diabetes, 

Alzheimer’s disease and Amyotrophic Sclerosis.  Most of the 

research on NDGA has been in anticancer and cancer 

prevention models.  Toxicology studies reveal NDGA-mediated 

hepatotoxicity and nephrotoxicity.  This data has 

influenced a recent interest in semi-synthetic derivatives 

of NDGA focused on modifying the phenolic groups which are 

responsible for in vivo toxicity.  The tetra-methylether of 

NDGA (M4N) has shown reduction in toxicity and enhanced 

anti-melanoma activity when compared to NDGA.   

 

The specific aim of this project was to increase the number 

of NDGA analogs with anti-melanoma activity and explore a 

novel synthetic approach by binding the ortho-phenols 

together by one atom, creating a 5-membered ring as opposed 

to the prior work which involved tetra-substituted phenolic 

hydroxyl group modifications. 
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Eleven new analogs were synthesized, characterized and 

evaluated for their anti-melanoma activity.  The anti-

melanoma activity was evaluated by 5-day colorimetric-

based, and DNA, RNA and protein synthesis inhibition-based 

cytotoxicity assays.  The cytotoxicity assays were compared 

to NDGA and M4N in terms of structure and activity.  

Selected analogs were evaluated in an in vivo, mouse, tumor 

growth inhibition model.  In the first in vivo model, tetra 

acetyl NDGA (TA-NDGA) and ortho-cyclic carbonate NDGA (OCC-

NDGA) were evaluated at two dose-levels, 100 mg/kg and 200 

mg/kg.  They both showed dose-dependent, but moderate tumor 

growth inhibition at the 200 mg/kg dose-level.  An ortho-

cyclic sulfate of NDGA showed in vivo toxicity at 100 

mg/kg.  In the second in vivo model, the dose was escalated 

to 300 mg/kg, TA-NDGA showed moderate tumor growth 

inhibition, but OCC-NDGA-mediated tumor growth inhibition 

was not repeated.  However, in the second study an ortho-

difluoromethylene NDGA analog did show moderate tumor 

growth inhibition. 

 

Structure-activity relationships indicated that the ortho-

cyclic analogs are inferior to the tetra-substituted 

phenolic group-modified analogs in terms of anti-melanoma 
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activity and therefore future synthesis’ should be focused 

on generating more tetra-substituted phenolic group analogs 

of NDGA. 
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1. INTRODUCTION 

1.1 NDGA 

1.1.1 NDGA, Physical Properties and Source 

The Merck Index gives 4 names for nordihydroguaiaretic acid 

(NDGA): 4,4’-(2,3-Dimethyl-1,4-butanediyl)bis[1,2-

benzenediol], 4,4’-(2,3-

dimethyltetramethylene)dipyrocatechol, 2,3-bis(3,4-

dihydroxybenzyl)butane, β,γ-dimethyl-αδ-bis(3,4-

dihydroxyphenyl)butane.  Its molecular formula is C18H22O4 

and molecular weight is 302.36.  It is 71.50% Carbon, 7.33% 

Hydrogen and 21.17% Oxygen (Budavari et al., 1989).  The 

structure of NDGA is shown below in figure 1.  

OH

OH

HO

HO

 

Figure 1.1 Molecular structure of NDGA 

 

NDGA is found in concentrations of 10 to 15% by dry weight 

in the leaves and twigs of Larrea tridentata, chaparrel, 

creosote bush or greasewood.  This is a shrub commonly 

found in the southwestern United States and northern 
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Mexico.  The American pharmacoepia lists chaparrel tea as 

an ethnobotanical used to treat tuberculosis, arthritis and 

cancer (Lambert et al., 2002).  NDGA has been used as an 

antioxidant to prevent the oxidation and subsequent 

rancification of dietary fats but was removed from the 

FDA’s “generally regarded as safe” (GRAS) list in 1968 

following toxicological testing in animal models.  However, 

commercial distribution of creosote bush extracts persist 

as dietary supplements, despite case reports of clinical 

hepatotoxic and nephrotoxic symptoms consequential to its 

use (Lambert el al., 2002). 

 

NDGA is classified as a lignan.  Lignans are defined as 

biosynthetic dimers of lignins.  Lignins are natural 

products derived from the cinnamic acids and 4-courmaric 

acid. They often form oxidative, radical-catalyzed polymers 

in plants.  Lignans are derived from L-phenylalanine and L-

tyrosine and therefore originate in the shikimic acid 

biosynthetic pathway.  This designation places NDGA in the 

same phytochemical class as Podophyllotoxin, a natural 

product isolated from Podophyllum hexandrum, p. peltatum 

(Berberidaceae, Podophyllaceae) and p. peltatum.  

Podophyllotoxin peltatum (May apple or American mandrake) 



 25

is found in North America and is the primary source of the 

topoismerase II inhibitors, etoposide® (VP-16)(Bristol-

Myers), etoposide phosphate® and tenoposide®; commonly 

prescribed antineoplastic drugs (Dewick, 1997). 

 

1.2 Background Literature Review 

The following background material is a compendium of the 

pharmacology and toxicology of nordihydroguaiaretic acid 

(NDGA).  In addition, there is a section on analogs of NDGA 

that are being developed as anticancer and antiviral drugs.  

The bulk of the research presented in this document is 

focused on the anticancer uses, and in particular, the 

anti-melanoma activity of the novel NDGA analogs 

synthesized for this project.  In the bioasssay screens of 

the analogs, activities have been compared to those of NDGA 

and tetramethylether NDGA (M4N), which is currently being 

investigated by other research groups as well as our own.  

The background material contains mechanism of action 

information concerning other areas of NDGA research that 

may or may not be relevant to the anticancer and antiviral 

activities currently under investigation.  There have been 

many, varied NDGA activities reported over the past thirty-
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six years in the peer-reviewed literature surveyed for this 

background summary.  Whether these activities are 

unrelated, or can be explained with one all-encompassing 

hypothesis, remains to be discovered.  However, having made 

this remark, it is also necessary to include the fact that 

a more recent focus on molecular targets has begun to 

narrow the NDGA target field and support the findings of 

earlier investigations.  The author believes that because 

of the continuous research history and interesting 

observations reported by several international 

investigators, NDGA is a valid lead compound as a novel 

anticancer therapy or cancer chemoprevention agent.  

Considering the history of in vivo human and murine 

hepatotoxicity, neprotoxicity and contact dermatitis of 

NDGA investigated and reported by our lab and others and 

reviewed in the following text, we believe that a 

therapeutic systemic dose of NDGA is far above the dose 

necessary to cause deadly toxic effects or unbearable skin 

irritation.  Therefore, the primary purpose of the 

following medicinal chemistry project was to create novel 

NDGA analogs or perhaps prodrugs, which have the beneficial 

pharmacological activities of NDGA described in the 

literature, but which display reduced toxicity.   
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Inhibition of 5-lipoxygenase was one of the first 

observations published on the mechanistic biological 

activity of NDGA (Van der Zee et al., 1989) Therefore, I 

have included notes that specifically indicate other 

activities of NDGA that were independent of leukotriene 

biosynthesis/arachadonic acid pathways.  Conversely, I have 

indicated where authors report activity that is based on 

speculation versus definitive studies of this pathway.  

 

1.2.1 Clinical Experience with Chaparrel Tea 

Perhaps the most remarkable historical clinical observation 

of antitumor activity of chaparrel tea was reported in 1969 

and again in 1970.  In these case reports, an 85-year-old 

white male refused further medical treatment for a 

recurring malignant melanoma on the right cheek and a 

palpable metastatic neck tumor.  The melanoma on the right 

cheek had been excised four times prior to the following 

case study report.  The man self-medicated orally with an 

aqueous extract of creasote bush tea (Larrea divaricata), a 

traditional Native American medicine.  The therapy was 

administered over a period of one year and did not include 

any other medications.  The patient consumed 2 to 3 cups, 
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containing 7-8 grams of dry leaves of creosote bush tea per 

day.  The patient returned to his oncologist after this 

therapy and was in generally good health with no observable 

or palpable tumors.  Because of its high concentration in 

creosote tea, NDGA was identified and assumed to be the 

active pharmacological component.  The NDGA dose in the tea 

was analyzed and it was established that the daily dose was 

between 200 and 250 mg (Smart et al., 1969 and 1970).  

While isolated as a clinically recorded anti-melanoma 

treatment case report, the belief that NDGA may be a useful 

drug for malignant, metastatic cancer persists and has 

influenced the author’s research focus primarily in this 

area. 

 

While NDGA-focused work dominates the anticancer literature 

in this area of research, interest in creosote extracts 

persists.  For example, rats treated subcutaneously with an 

aqueous extract of Larrea divaricata showed a 75% 

stabilization of m-nitroso-N-methylurea-induced mammary 

gland tumors compared to controls.  In the same model, 

intratumoral injections showed a 58% reduction in tumor 

growth when compared to control tumors (Anesini et al., 

1998). 
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1.2.2 Clinical Experience with NDGA 

Clinical experience with NDGA is limited to topical use for 

warts and actinic kerotoses (AK).  Masoprocol or Actinex is 

the generic and trade names, respectively, for NDGA 

suspended in cream for topical application.  It is produced 

in formulas differing only in concentration of NDGA.  In 

five patients in a clinical trial assessing the usefulness 

of daily, topical NDGA as an anti-wart treatment, 1% NDGA 

was given to five patients for the treatment of warts.  

Three of the five patients had complete clearing of warts 

in 13 to 20 weeks of application.  Sensitization described 

as contact dermatitis was observed 3 to 9 weeks into the 

trial period (Epstein, 1997). 

 

Actinic keratoses are described as precancerous skin 

lesions that have the potential for developing into more 

malignant carcinomas.  Masoprocol (Actinex) (10% NDGA) was 

evaluated for treating actinic keratoses of the head and 

neck.  A study involving 113 AK patients applied topical 

NDGA two times per day for 14 to 28 days.  There was also a 

mean decrease in AK’s from 15.0 to 5.4.  There was a median 

percent reduction from baseline AK count of 71.4% at the 

scheduled 1-month follow-up visit, a “significant 
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difference” from control.  Dermal irritation in the form of 

“erythema flaking” occurred in 61.5% of the topical 

masoprocol-treated patients versus 26.7% of those treated 

with vehicle.  The flaking did not correlate with clinical 

response (Olsen et al., 1991)  

 

5-Fluorouracil (5-FU) cream is a standard treatment for AK 

and therefore a clinical trial comparing the overall 

effectiveness and side-effects of 5-FU and Actinex was 

carried out.  The 5-FU and 10% NDGA topical formulations 

were evaluated in 54 patients.  To summarize, 5-FU was more 

efficacious but poorly tolerated, while NDGA was 

significantly better tolerated, but not as effective at 

removing AK’s (Kulp-Shorten et al., 1993) 

 

1.2.3 Clinical Toxicity with Chaparrel Tea 

Sheikh et al., summarize 13 case reports of chaparrel tea 

related hepatotoxicity.  In these cases, dietary ingestion 

of chaparrel tea was associated with acute to chronic 

irreversible liver damage with fulminant hepatic failure 

(Shiekh et al., 1997). 
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NDGA appears to be nephrotoxic as well.  A patient case 

report in which a 56-year-old woman with an abnormal renal 

ultrasound showed a “complex left renal cyst and multiple 

bilateral simple cysts”.  A further diagnostic procedure 

involved computerized-assisted tomagraphy of the patient’s 

abdomen which confirmed bilateral renal cystic disease with 

2 complex renal cysts in the left kidney.  The patient 

reported consuming 3 to 4 cups of chaparrel tea daily for a 

3-month period (Smith et al., 1994)  

 

1.3 NDGA Non-Cancer Pharmacology 

1.3.1 NDGA as a Diabetic Type II Drug 

Oral dosing of NDGA (Masoprocol) showed a potent glucose 

lowering effect in the serum of fat-fed/STZ rats.  In 

addition, there was a triglyceride lowering effect (Reed et 

al., 1999).  This may be the result of enhancement of 

insulin action because db/db insulin resistant mice treated 

with NDGA showed a statistically significant decrease 

(p<0.01) in plasma glucose concentrations.  (Luo et al., 

1998). 

 



 32

1.3.2 NDGA and β-amyloid Protein 

NDGA has been studied for is potential activity in the 

treatment of Alzheimer’s disease (AD).  NSAIDs have been 

tested to evaluate their potential for delaying the onset 

of AD because of the observation that there is a lower 

incidence of AD in rheumatoid arthritis patients.  The 

assay used to evaluate various NSAIDs involved amyloid-β 

protein peptide fragment (25-35) and its ability to 

stimulate phospholipases.  NDGA caused a very specific 

slowing of the amyloid-β protein stimulation of 

phospholipase D, but not phospholipase C.  Interestingly, 

NSAIDs did not have these effects (Singh et al., 1997). 

 

1.3.3 NDGA and ALS (Amyotrophic Lateral Sclerosis) 

NDGA was tested in transgenic mice (G93A-SOD1) that develop 

ALS as the result of expression of a SOD1 (copper, zinc-

superoxide dismutase) mutation which reduces its activity.  

These mice display a neuroinflammatory reaction that is 

characterized by up-regulation of tumor necrosis factor-α 

(TNF-α) and its primary receptor TNF-R1. NDGA was 

administered orally to the G93A-SOD1 mice at (2500 p.p.m.) 

in drinking water.  The life-span of the transgenic mice 
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was extended and ALS symptoms were delayed in the treated 

mice.  NDGA extended the median total life-span of the 

G93A-SOD1 mice by 10% and life expectancy following start 

of treatment was extended by 32%.  In addition, NDGA 

reduced disease-associated biomarkers, for example, gliosis 

and cleaved microtubule-associated tau protein, which are 

indicators of axon damage.  Furthermore, among 355 

compounds screened by an assay that measures TNF-α 

stimulation by detectable NO2- output, NDGA was found to be 

the most potent.  The tetramethylether of NDGA (M4N) and 

the tetra acetyl NDGA analog, later referred to in this 

text as TA-NDGA, were each tested in the in vitro model 

described above.  However, neither compound demonstrated 

the activity of NDGA in this assay. (West et al., 2004). 

 

1.4 NDGA and Cancer-Related, Molecular Pharmacology 

1.4.1 NDGA as an Antioxidant 

NDGA was found to be an efficient scavenger of the hydroxyl 

free radical in a luminol-based photo-emission assay 

(Hirayama et al., 1997). 
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CD-1 mice were treated with variable-dose i.p. injections 

of NDGA prior to injection of phorbol-12-myristate-13-

acetate (PMA), a tumor promoter.  PMA causes dose-

dependent, superoxide anion radical formation in exudate 

cells.  NDGA pretreatment decreased superoxide anion 

radical formation in a dose-dependent fashion in this 

antioxidant ex vivo model.  (Czerniecki et al., 1989) 

 

Goodman et al., studying amyloid β-peptide toxicity in 

hippocampal neurons found that NDGA had a protective 

effect.  The authors suggested that antioxidants like NDGA 

suppress free radical accumulation or perhaps act as 

inhibitors of lipoxygenases in arachadonic acid signaling 

pathways. Both effects may be beneficial in retarding the 

neurodegenerative processes that result in Alzheimer’s 

disease (Goodman et al., 1994) 

 

1.4.2 NDGA and DNA 

In physiochemical assays, NDGA was evaluated to determine 

if it binds DNA.  NDGA was not shown to bind DNA.  However, 

oxidized NDGA did have affinity for DNA, but in a 

hydrophobic nature, probably in the major or minor groove.  
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No covalent binding was observed.  NDGA did not change the 

density of DNA, another indicator that DNA was not 

denatured and that NDGA does not intercalate DNA (Wagner et 

al., 1980). 

 

1.4.3 NDGA and the Endoplasmic Reticulum 

The processing of albumin from the proform to the mature 

form in HepG2 cells was inhibited by NDGA.  This effect 

apparently involved inhibition of the intracellular 

transport of the proform to the location required for 

processing to the mature form.  This effect was not 

reversed by the removal of NDGA (Fujiwara et al., 1998).  

This observation was further studied by the same research 

group and it was shown that NDGA caused a redistribution of 

Golgi proteins in the endoplasmic reticulum (ER).  Thus, 

NDGA seems to cause retrograde movement of ER proteins.  In 

addition, electron microscopy analysis shows that NDGA 

causes protein aggregation in the ER. (Fujiwara et al., 

2003).  Other researchers have noticed that NDGA effects 

the secretion of proteins.  For example, NDGA inhibited 

endocytic uptake of antigens and cytokine secretion via 

fluid phase and receptor-mediated pathways in dendritic 

cells isolated from peripheral blood mononuclear cells.   
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Of the other lipoxygenase inhibitors tested, only NDGA had 

this effect, excluding lipoxygenase activity as a mediator 

of this process (Ramoner et al., 1998) 

 

1.4.4 NDGA and Microtubule Stabilization 

NDGA was found to bind microtubules and to have a 

stabilizing effect which promoted tubulin polymerization.  

Competitive binding assays revealed that NDGA did not 

interfere with the binding affinity of paclitaxel to 

tubulin.  This suggests that the stabilizing effect that 

NDGA has on microtubules must vary from the paclitaxel 

interactions (Nakamura et al., 2003).  

 

1.4.5 NDGA and Enzyme Inhibition 

NDGA was shown to directly inhibit (PMA) phorbol myristate 

acetate-stimulated LLC-PK1 cell proliferation.  PMA 

stimulates protein kinase C (PKC) activity in intact cells 

leading to an increase of urokinase-type plasminogen 

activator (u-PA) at the mRNA and protein expression levels.  

Diacylglyceral (DAG) and phorbol esters compete for the 

same binding site and increase the affinity of PKC for Ca2+ 

leading to activation at resting intracellular Ca2+ levels. 
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Other lipoxygenase inhibitors were tested and were not 

shown to mediate these effects (Rodeau et al., 1990).  

 

NDGA was shown to inhibit rat epidermal and hepatic 

microsome cytochrome P-450 monooxygenases.  The phenolic 

hydroxyl groups in NDGA were believed to be responsible for 

these inhibitory effects.  The NDGA IC50’s (inhibition of 

control 50%) were between 4.1X10-5 and 13.1X10-5 M for aryl 

hydrocarbon hydroxylase and 7-ethoxyresorufin O-deethylase 

activities, respectively.  Thus, NDGA may prevent the 

bioactivation of some carcinogens and may justify use of 

NDGA as a cancer chemopreventative agent (Agarwal et al., 

1991). 

 

1.4.6 NDGA and lipoxygenase 

The potent lipoxygenase activity of NDGA is well described. 

NDGA was shown to reduce the catalytically active ferric 

soybean lipoxygenase to the inactive ferrous form.  In 

addition, formation of the NDGA semiquinone free radical 

was detected by ESR spectroscopy verifying this chemical 

mechanism of inhibition (Van der Zee et al., 1989). 
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1.4.7 NDGA and Estrogen-Related Activity 

NDGA was tested in a microsomal aromatase enzyme system 

isolated from human placentas.  Aromatase catalytic 

activity is necessary for the human placental estrogen 

synthetase.  Several isoflavonoid phytoestrogens and 

lignans were tested in this assay and NDGA was the most 

potent.  The enzyme activity detection method used was 

androstenedione aromatization (Adlercreutz et al., 1993). 

 

Expression of pS2, an estrogen-response gene, was monitored 

in MCF-7 cells by Northern blot analysis.  NDGA was shown 

to cause a concentration-dependent estrogenic response. In 

this study, 10-6M NDGA gave an estrogenic response by pS2 

expression analysis comparable to that of 10-10M estrogen 

response.  Tamoxifen inhibited the NDGA estrogenic effect 

suggesting that NDGA was stimulating pS2 expression via an 

estrogen-dependent mechanism (Sathyamoorthy et al., 1994). 

 

NDGA also showed estrogenic activity in NIH3T3 cells 

transfected with an estrogen response element-luciferase 

reporter (ERE-luc) construct.  The NDGA agonistic 

estrogenic activity response was “weak”, but preferred the 
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ERα receptor compared to the ERβ receptor (Fujimoto et al., 

2004). 

 

1.4.8 NDGA and Calcium Dysregulation 

NDGA has been shown to have cellular calcium dysregulatory 

activity independent of its established lipoxygenase 

inhibitory activity.  Korn and Horn (Korn and Horn, 1990) 

demonstrated in pituitary gland cell lines, atT-20 and GH3, 

that voltage-activated Ca2+ entry into the cell was 

inhibited independent of arachidonic acid metabolism.  NDGA 

did not compete with the Ca2+ binding site directly.  

Despite the similarity in structure of NDGA and the calcium 

channel blocker verapamil, they seemed to affect Ca2+ in 

different ways.  The tetramethyl ether (M4N) analog of NDGA 

was devoid of Ca2+ channel blocking ability suggesting the 

free phenolic hydroxyl groups were critical for activity.  

The authors concluded that NDGA inhibited Ca2+ channel 

activity by a mechanism that did not require either 

cytoplasmic molecules or Ca2+-dependent biochemical 

reactions.  Importantly, the authors further concluded that 

research evaluating NDGA as an inhibitor of lipooxygenases 
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must consider the additional Ca2+ channel blocking effects 

(Korn and Horn, 1990). 

 

Barata et al., extensively studied NDGA and its effect on 

the sarco/endoplasmic reticulum Ca2+ ATPase, (SERCA).  This 

enzyme maintains cellular homeostasis of ER Ca2+ stores.  It 

is a membrane-bound enzyme which pumps Ca2+ into the 

sarco/endoplasmic reticulum at the expense of ATP 

hydrolysis.  Conversely, the SERCA can also release Ca2+ 

into the cytoplasm, an effect coupled to the synthesis of 

ATP from ADP and Pi.  The SERCA enzyme has two forms; E1 and 

E2.  The E1 form has a high Ca2+-binding affinity and is on 

the exterior of the sarco/endoplasmic vesicle and is 

phosphorylated by ATP.  Conversely, the E2 form has a low 

Ca2+-binding affinity and is located on the luminal surface 

of the sarco/endoplasmic reticulum.  It is phosphorylated 

by inorganic phosphate (Pi).   

 

The NDGA studies are focused on the observation that NDGA 

has its effect partly on the SERCA enzyme.  NDGA has shown 

potent inhibition of the different sarco/endoplasmic 

reticulum Ca2+-ATPase isoforms found in skeletal muscle and 
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in blood platelets.  NDGA was also found to stabilize the 

dephosphoenzyme form of the SERCA.  NDGA inhibited the 

SERCA’s forward and reverse reactions of ATP synthesis and 

hydrolysis.  The blood platelet isoform of the SERCA was 

more sensitive to the pharmacologic effect than the 

isoforms found in muscle and therefore displayed 

specificity for the SERCA 2a and SERCA 3 gene products 

found in non-muscle tissue cells (Barata et al, 1999).  

These observations may partly explain the ATP synthesis 

inhibition shown by Fujiwara et al., in 1998 and Pardini et 

al., in 1973 as discussed in section 1.5. 

 

Several studies have been done evaluating calcium 

dysregulatory activity in arterial smooth muscle cells.   

Carotid body cells are responsible for chemosensing and 

responding to changes in blood O2, CO2, and pH.  In rat-

isolated type I carotid body cells, 20-50μM NDGA inhibited 

both Ca2+ channels and voltage-gated K+ channels, but 

however, caused a potent 10-fold activation of Ca2+- 

dependent K+ channels (Hatton and Peers, 1997).   
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NDGA (1μM) is a potent opener of large conductance, Ca2+-

dependent K+ channels (BK channels) in porcine coronary 

arterial smooth muscle cells. The BK channel openers are 

useful as vaso and/or broncho-dilators.  The authors 

believe that NDGA may be a lead compound for the 

development of a more potent and selective BK channel 

opener.  (Nagano et al., 1996).  Later data reveals that 

NDGA is a selective activator of BK channels.  NDGA blocked 

voltage-dependent Ca2+ and delayed rectifier type K+ 

channels.  The NDGA-enhanced BK activity is mediated by at 

least two mechanisms; direct activation of BK channels and 

release of Ca2+ from the caffeine/ryanodine-sensitive 

storage sites (Yamamura et al., 1999). 

 

NDGA-induced calcium dysregulation was studied as a 

possible mechanism of toxicity in kidney and liver cells. 

NDGA (25-100 μM) caused an extracelluar Ca2+ influx and 

release from the endoplasmic reticulum which was 

independent of lipoxygenase activity in Madin Darby canine 

kidney (MDCK) cells.  The effect was also independent of 

the phospholipase C-1,4,5 inositol triphosphate pathway 

(Jan and Tseng, 2000).  NDGA has been shown to release Ca2+ 
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from the endoplasmic reticulum in HA22/VGH human hepatoma 

cells.  Ca2+ influx and release from the endoplasmic 

reticulum both contributed equally to the increased 

cytoplasmic Ca2+ concentration. This effect was also 

independent of lipoxygenase activity and the phospholipase 

C-1,4,5 inositol triphosphate pathway (Cheng and Jan, 

2002).  The above effects were later duplicated in PC3 

human prostate cells.  Several other lipoxygenase and 

cycloxygenase inhibitors were tested and only NDGA showed 

the calcium effects (Huang et al., 2004). 

 

1.4.9 NDGA and Multi-Drug Resistance 

Simultaneous exposure of NDGA and vinblastine increased the 

toxicity of vinblastine.  It did not appear to be a result 

of a direct effect on p-glycoprotein function even though 

there appeared to be a cellular accumulation of 

vinblastine.  This work was done in a multidrug-resistant 

KB-GRC1 cell line which is derived from a parental, drug-

sensitive human cervical carcinoma, DB-3-1 cell line.  The 

resistant cell line was created by stable transfection of 

the MDR1 gene. (Caffrey et al., 1995).  An independent 

effect of increased NDGA cytotoxicity could possibly be 
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explained by the observation that NDGA has been shown to 

stabilize microtubules.  Since vinblastine works by 

inhibiting microtubule polymerization, perhaps NDGA and 

vinblastine are simply showing additive effects in this 

system. 

 

1.4.10 NDGA Anticancer Promotion Investigation 

In HaCat cells (transformed human keratinocytes), NDGA 

inhibited c-fos transcription, c-fos protein levels, AP-1 

transactivation and AP-1 binding.  NDGA prevented UVB-

induced AP-1 transactivation by inhibition of c-fos 

expression.  Other lipoxygenase inhibitors and antioxidants 

did not have this activity and therefore the effect was 

probably not the result of lipoxygenase inhibition or 

antioxidant activity (Gonzales et al., 2002). 

 

NDGA inhibited methanesulfonate, benzo[α]pyrene, 2-

aminofluorene and aflatoxin B1-induced mutagenicity in 

Salmonella typhimurium strains in the absence and in the 

presence of rat hepatic, oxidative, enzymatic microsomal 

activation system.  In addition, methylurea-induced 

mutagenicity was similarly inhibited by NDGA.  NDGA showed 
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a significant protective effect in a skin tumorigenicity 

assay involving topical pretreatment with NDGA followed by 

7,12-dimethylbenz[a]anthracene (DMBA) initiation and 12-O-

tetradecanoylphorbol-13-acetate (TPA) promotion.  There was 

a 72% decrease in the total number of tumors compared to 

untreated controls (Wang et al., 1991). 

 

Ornithine decarboxylase activity is increased in cells that 

have been signaled to proliferate.  Mouse skin was 

pretreated with NDGA followed by treatment with TPA.  NDGA 

was shown to inhibit TPA-induced ornithine decarboxylase 

expression in a dose-dependent fashion (Nakdate et al., 

1982). 

 

NDGA was found to inhibit TPA-induced vascular permeability 

and neutrophil infiltration in a chemical mouse skin 

carcinogenesis promotion assay.  The authors suggest 

lipoxygenase inhibition as a mechanism for the anti-

promotion effects (Nakadate et al., 1985). 
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1.4.11 NDGA Anticancer Investigation 

Methyl methanesulfonate alkylates DNA and is therefore a 

cancer initiator.  The degree of initiation can be 

determined by counting the formation of micronuclei, an 

indicator of DNA binding.  NDGA inhibited methyl 

methanesulfonate-induced erythrocyte micronuclei formation 

in two of the three in vivo doses tested. At the 11 and 17 

mg/kg doses, clastogenic damage was found to be 62.2% and 

66.7% of control, respectively (Barriga et al., 1999). 

 

NDGA inhibited anchorage-independent growth of human 

pancreatic and cervical cancer cells in serum and inhibited 

growth of xenograft tumors established in mice (Seufferlein 

et al., 2002).  NDGA did not act as a general inhibitor of 

kinases, but did selectively inhibit constitutive cyclin D 

1 expression in these cell lines suggesting a mechanism of 

growth inhibition.  In addition, this research group showed 

NDGA was active in disrupting the filamentous actin 

cytoskeleton of human pancreatic (SW850) and cervical 

cancer (C4-1) cells, a process called anoikis.  Anoikis has 

been shown to be induced by activation of protein kinases 

and by cellular stress(Seufferlein et al., 2002).  
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NDGA-induced, in vitro, anticancer effects were 

investigated in human and rat glioma cells.  NDGA did 

inhibit the proliferation of these cells but had no effect 

on cell viability.  This effect was reversible in 24 hrs in 

the continuous presence of NDGA (Wilson et al., 1989). 

 

1.4.12 NDGA Anti-tumor Investigation 

Not all NDGA data gives a positive anticancer result.  NDGA 

was shown to stimulate tumor growth in the B16, mouse 

melanoma tumor regression model.  NDGA suppressed 

cytotoxity of B16 cells in the presence of ex vivo 

peritoneal macrophages.  This observation was supported by 

data showing that NDGA administration significantly 

increased PGE2 release by ex vivo macrophages (Suzuki et 

al., 1994) This suggests that the cytotoxic effect of NDGA 

in vivo may be indirect, involving the activation of 

macrophages. 

 

Several phenols have been shown to uncouple the redox 

reactions that drive ADP phosphorylation in the mammalian 

mitochondria.  While NDGA was shown to inhibit reoxidation 

of NADH by the mitochondrial respiratory chain in TA3 and 

786A ascites tumor cells, it did not have a direct effect 
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on the phosphorylation mechanism, the cytochrome oxidase 

reaction, electron flow through the cytochrome b-c1 complex 

or inhibit the oxidation of ubiquinone.  NDGA did favor 

NADP+ (oxidized) to NADPH (reduced) which suggests that it 

may exert this effect on the NADH dehydrogenase (Pavani et 

al., 1994). 

 

NDGA was shown to inhibit DNA synthesis by [3H]-thymidine 

incorporation in K562 chronic myelogenous leukemia blast 

cells.  The IC50 was estimated by this method of analysis 

and was found to be 230 μM (Snyder et al., 1989).  In a 

later study, NDGA inhibited DNA synthesis by 90% in a [3H]-

thymidine uptake analysis.  Bone marrow blast cells were 

harvested from 14 Acute Myeloid Leukemia and one Acute 

Lymphocytic Leukemia patient.  The analysis was also 

performed in the presence of MD886, a 5-lipoxygenase 

inhibitor.  The mechanism of DNA synthesis inhibition 

caused by NDGA appeared to be lipoxygenase independent and 

unrelated to leukotriene biosynthesis (Khan et al., 1993).  

 

Oral dose administration of NDGA (100 p.p.m. and 200 

p.p.m.) in drinking water has shown a non-statistically 
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significant, dose-dependent reduction in tumor incidence in 

an in vivo esophageal adenocarcinoma mouse model (Chen et 

al., 2002).  Esophageal adenocarcinoma has been shown to be 

an inflammatory-mediated carcinogenic model and leads some 

credence to the idea that NDGA may inhibit this type of 

cancer promotion by lipoxygenase inhibition. 

 

1.4.13 NDGA Cancer Chemoprevention Investigation 

NDGA inhibited non-small cell lung cancer (NSCLC) cells 

with an IC50 of 3 μM.  Additionally, NDGA inhibited NSCLC 

colony formation at an IC50 of 3-5 μM.  In vivo, NSCLC NCI-

H1264 cell xenograft formation growth was inhibited by oral 

dose (0.1% in drinking water).  After 3 weeks of treatment, 

tumor volumes were 37% of control.  In addition, tumors 

harvested from the NDGA-treated mice had a seven-fold 

increase in the number of cells with apoptotic DNA compared 

to control tumors.  NDGA was also tested in a lung cancer 

model in which tumor formation was induced by urethane in 

A/J mice.  NDGA produced a 30% reduction in tumor 

multiplicity which suggested that it may be useful as a 

chemopreventative compound for induced lung adenomas.  The 

authors showed that NDGA potently inhibited 5-HETE 
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production by 5-lipoxygenase in NSCLC and associated the 

observed antitumor preventative effects with 5-lipoxygenase 

inhibition (Moody et al., 1998). 

 

The product of 5-lipoxygenase (5-LOX), 5(S)-hydrooxyeicona-

6E,8Z,11Z,14Z-tetraenoic acid (5-SHETE), has been shown to 

stimulate lung cancer cell growth.  Conversely, inhibition 

of 5-LOX resulted in growth reduction in lung cancer cell 

lines.  Therefore, NDGA inhibition of 5-LOX was 

investigated by Avis et al., 1996 as a potential lung 

cancer chemopreventative agent.  The proliferation of lung 

cancer cells H209, N417 and A549 was decreased by NDGA in a 

concentration range of 05-10 μM.  NDGA reduced 5-HETE, LTD4 

and AA production in vitro with correlating reduction in 

cell proliferation of NCI-H209 small cell lung cancer (Avis 

et al., 1996). 

 

NDGA was found to be a selective inhibitor of platelet-

derived growth factor (PDGF) receptor phosphorylation in 

Swiss 3T3 cells and PDGF receptor tyrosine kinase.  NDGA 

increased c-fos mRNA (Schultze-Masgau et al., 1998). 
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NDGA also selectively inhibited PDGF-stimulated DNA 

synthesis in Swiss 3T3 fibroblasts in a [3H]-thymidine 

incorporation assay.  NDGA selectively inhibited PDGF 

receptor tyrosine phosphorylation in a dose-dependent 

fashion.  It was also found to act directly on the PDGF 

receptor kinase domain in the presence of PDGF simulation 

in a cell-free system.  To further support this finding, 

this inhibition was found in vitro in the presence of anti-

PDGF receptor antibody.  PDGF-stimulated Swiss 3T3 cells 

greatly mobilize arachadonic acid to PGE2. Surprisingly, 

NDGA inhibited this effect far below lipoxygenase inhibitor 

concentrations, suggesting that this mechanism is 

independent of the lipoxygenase pathway. (Domin et al., 

1994). 

 

Dietary NDGA was evaluated as a chemopreventative agent.  

Methyl-N-nitrosourea (MNU) was used to induce mammary gland 

tumors in rats.  Dietary NDGA (1000mg/kg diet) showed a 

significant reduction of mammary tumors with no noticeable 

toxicity (McCormick et al., 1987). 
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NDGA was tested to evaluate its usefulness as a colon 

cancer chemopreventative agent, but it was shown to have a 

tumor-promoting effect in the aberrant crypt foci assay in 

rats (Wargovich et al., 1996). 

 

NDGA was shown to reduce the number of tumors in a 

methylazoxymethanol (MAM) carcinogen-induced colon cancer 

rat model.  The data was analyzed by the aberrant crypt 

foci assay (Birkenfeld et al., 1987). 

 

1.4.14 NDGA and NF-κB Inhibition 

NF-κB is a transcriptional activator that is intensely 

studied for its stimulated expression of genes involved in 

the inflammatory response.  NDGA was shown to inhibit 

degradation of IκBα in tumor necrosis factor-α activated- 

Jurkat T lymphoma cells and interleukin 1-activated 

EL4.NOB-1 thymoma cells.  Data was collected by the 

electrophoretic mobility shift assay.  NDGA was shown to 

interact with p50 in the NFκB complex. (Brennan et al., 

1998). 
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1.4.15 NDGA, TGF-β and the Smad Signaling Pathway 

NDGA abolished TGF-β stimulated jun-B expression.  Alkaline 

phosphatase (ALP) was used as a reporter gene.  At a 10μM 

NDGA concentration, ALP activity was inhibited by 90%.  At 

all higher concentrations, the ALP activity was abolished.  

Further, NDGA inhibited TGF-β stimulated expression of the 

plasminogen activator inhibitor-type 1 (PAI) gene.  It is 

believed that TGF-β regulates PA-1 expression and Smad is 

considered as a main regulator of the PA-1 promoter.  NDGA 

specifically inhibited phosphorylation of Smad2.  Oxidation 

of the phenolic groups of NDGA completely eliminated the 

aforementioned affect; however, other phenolic compounds 

lacked the activity, suggesting other structural features 

of NDGA must be necessary for the inhibition (Lee et al., 

2003). 

 

1.5 NDGA Molecular Toxicology and Metabolism 

Toxicity parameters of NDGA were investigated by Lambert 

et. al., 2002.  The NDGA, 4-hr exposure, IC50 in primary 

mouse hepatocytes was 65 μM.  The lethal dose-50% (LD50) of 

NDGA in BALB/c mice was found to be 75 mg/kg.  The 100 and 
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500 mg/kg doses caused 100% mortality within 30 hrs.  2 hrs 

post i.p. injection of NDGA caused a 15-fold increase in 

serum (alanine-amino transferase) ALT levels.  At the 100 

mg/kg dose, a 50-fold increase in ALT was observed in 24 

hrs.  The mono- and di-glucuronidated NDGA metabolites were 

the most prevalent-detected in mice.  The mono-

glucuronidated NDGA was the only detected metabolite 

identified from human hepatic microsomes (Lambert et al., 

2002).  

 

Intravenous pharmacokinetics of NDGA has been described in 

CD1 mice at varying concentrations.  The determined Cmax 

was 14.7 μg/ml, area under the curve (AUC) was 247.7 

μg/ml).min, clearance (CL) was 201.9 ml/min.kg) volume of 

distribution (Vd) was 3.4 l/kg, half-life α was 30.0 min 

and the half-lifeβ was 135.0 min.  NDGA was found to be 

highly protein bound, approximately 97%. (Lambert et al, 

2001) 

 

NDGA (10 μM) induced apoptosis in the FL5.12 murine 

hematopoietic cell line by activation of Caspase-3 and 

Annexin V FITC flow cytometry analysis.  Bcl-xL protein 
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levels were unaffected by NDGA.  Interestingly, this cell 

line was shown to lack any detectable LOX protein by 

Western blot analysis.  Oxidized glutathione levels 

increase significantly in NDGA-exposed FL5.12 cells, 

however, total glutathione levels did not change.  An 

associated loss of membrane potential was observed and 

addition of N-acetyl cysteine blocked this effect.  No 

reactive O2 species were detected  (Biswal, et al., 2000). 

 

NDGA was shown to increase the frequency of sister-

chromatid exchange in mouse bone marrow cells in vivo.  

This effect was also validated in human lymphocytes 

cultured in vitro.  This effect was shown by two different 

methods of analysis (Madrigal-Bujaidar et al., 1998). 

 

Early NDGA investigations showed inhibition of oxidative 

biochemical processes.  For example, NDGA was shown to 

inhibit mitochondrial energy-transfer reactions associated 

with Site 1 phosphorylation (Pardini et al., 1973).  More 

recent findings support these observations.  NDGA decreased 

cellular ATP levels to 40% of control in HepG2 cells and 

recovered when NDGA was removed.  The ATP reduction and 

observed ER-related effects described in section 1.3.7 were 
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believed to be unrelated to one another (Fujiwara et al., 

1998). 

 

1.6 NDGA and Neprotoxicity 

Detailed, dietary NDGA nephrotoxic effects have been 

described in rats.  It has been shown to cause tubular cell 

injury, local and focal dilation to tubules (cystic 

formation), tubular cell necrosis, focal proliferation of 

tubular epithelium, focal infiltration of interstitium and 

tubular lumens by PMN, LYMPHs, macrophage round cells, and 

interstitial fibrosis was observed.  This study however, 

showed that dietary NDGA alone did not cause these effects.  

Dietary dose NDGA was shown to result in a high degree of 

kidney leukocytosis only when NDGA was given in combination 

with endotoxin.  The exact mechanism of endotoxin-dependent 

NDGA toxicity shown in this study was not resolved (Gardner 

et al., 1987). 

 

1.7 NDGA Analog Investigation 

1.7.1 NDGA Analog Antiviral Activity 

The mono-methylether of NDGA was shown to inhibit basal 

transcription and Tat-regulated transactivation in vitro.  
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It was found to directly interfere with binding to Sp1, the 

HIV long terminal repeat.  The binding was shown to 

correlate directly with suppression of HIV replication 

(Gnabre et al., 1995). 

 

M4N, tetra-methylated NDGA, and tetra-O-acetyl NDGA (TA-

NDGA later in this document) were tested for antiviral 

activity.  Viral promoters and reporter genes were inserted 

into the genomes of C33A, cervical carcinoma cells.  Viral 

promoter-reporter constructs used were pPV16P97-luc, 

pSV40Enh-luc, pSV40-luc, pHIVLTR-luc, pAdMLP-luc, pCMV-β-

gal.  Previous work by the same researchers showed 

antiviral activity of NDGA in HIV, HSV and SV40.  The 

mechanism of NDGA was shown to be inhibition of expression 

of cellular Sp1 transactivator protein and Sp1 DNA binding 

sites on the viral promoters.  It appears as though NDGA 

actually binds DNA in these promoters and effect gene 

transcription.  NDGA analogs had a specific inhibition of 

HPV early gene expression.  Tetra acetyl NDGA inhibited 

promoter activity 20-fold.  Mono-methyl NDGA inhibited HIV 

LTR promoter function 10-fold and repressed expression of 

SV40 promoter (Craigo et al., 2000).  Trimethylether NDGA 
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(M3N) suppresses HIV by inhibiting transcription of HIV 

long terminal repeat (LTR) promoter.  It prevents Sp1, 

eukaryotic transcription factor from binding its cognate 

site (GGGCGG).  Vero cells were transfected with HSV ICP4 

gene promoter.  Interestingly, M4N was 3 times more active 

than M3N in anti-HIV assays.  M4N was used below cytotoxic 

concentration and was active in acyclovir-resistant mutant 

cells (Chen, et al., 1998).  Tetraglycine ester NDGA (G4N) 

also was shown to inhibit Sp-1 regulated proviral 

transcripton and possesses antiviral activities against 

HIV-1 and SIV in in vivo mouse studies.  Metabolites of 

this compound were found to be mono, di, tri and tetra 

glycinated NDGA molecules suggesting that this is prodrug 

(Huang et al., 2003). 

 

1.7.2 NDGA Analog Anticancer Activity 

NDGA inhibits soybean lipoxygenase, 5 and 15-human 

lipoxygenases.  The primary mechanism of action involves 

the reduction of the enzyme’s active ferric iron to the 

inactive ferrous form.  NDGA is subsequently oxidized from 

the catechol to the semiquinone form of the molecule.  

Whitman et al., 2002 investigated the lipoxygenase 
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inhibitory activity of NDGA analogs which have altered 

reduction potential and steric differences for a comparison 

of structure-activity relationships to NDGA.  The analogs 

were screened by an assay that measures fluorescent 

emission in the presence of lipoxygenase oxidative 

biochemistry.  NDGA analogs that had masked phenolic 

oxygens did not inhibit any of the lipoxygenases tested.  

In contrast, the compounds that were potent inhibitors of 

all the lipoxygenases had free phenolic oxygens suggesting 

that these structures were needed for activity.  Compounds 

with phenyl ring substitution showed decreasing activity 

proportionally to the electron-withdrawing properties of 

the substitution.  Analogs with partially masked phenolic 

groups showed a reduction in lipoxygenase activity 

proportional to the size of the substitution adjacent to a 

free phenol group (Whitman et. al., 2002). 

 

In another study, four analogs of NDGA were synthesized: 

NDGA tetramethyl ether, dibromo NDGA tetramethyl ether 

(M4N), hexabromo NDGA tetramethyl ether and hexabromo NDGA 

solubility (Zamora et al., 1992).  The authors did 

cytotoxicity screens in Vero cells (African green monkey 
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kidney cells) and epidermoid carcinoma Hep-2 cells.  

Cancerous and non-cancerous cell lines were tested to see 

if there was differential cell killing.  There was little 

difference between the cell lines.  The authors observed a 

significant loss of cytotoxicity in the methylated 

compounds and concluded that the free catechol groups must 

be responsible for activity.  Bromination of NDGA increased 

cytotoxicity but reduced solubility (Zamora et al., 1992). 

 

In support of the idea that NDGA retains anticancer 

activity despite modification of the phenolic hydroxyl 

groups, Lambert et al., 2001 report that M4N, the 

tetramethyl ether of NDGA, maintained antitumor properties.  

M4N was shown, in vitro, to cause apoptosis in a non-

schedule dependent manner, inhibit DNA synthesis and cause 

cell cycle arrest in the G0/G1 and G2/M phases of the cell 

cycle.  In vivo studies showed that M4N was active in the 

B16, mouse melanoma tumor growth inhibition model and 

inhibited tumor growth in human melamona and colon cancer 

growth in the SCID mouse model.  Importantly, in vivo M4N 

was well tolerated and did not show any renal or liver 

damage common to NDGA exposure (Lambert et al., 2001).   
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In cell cycle analysis studies, M4N was shown to arrest 

tumor cells in G2-M and reduced mRNA and protein levels of 

cyclin-dependent kinase 2 (CDC2) at 40 μM following a 72 hr 

incubation period (Heller et al., 2001). 

 

1.8 Hypothesis: 

Analogs of NDGA with minimal substitutions on the phenolic 

hydroxyl groups will retain anticancer activity, but will 

show reduced in vivo systemic toxicity. 

 

The analogs synthesized and purified for the following 

study were designed based on data collected by our research 

group and the work of others.  This project assumes that 

the internal carbon chain length of NDGA does not need to 

be altered and that the phenyl ring structure should remain 

unchanged.  It is also assumed that the molecule’s two 

internal planes of symmetry are necessary for 

pharmacological activity and should remain intact.  Prior 

investigations have shown that small substitutions on the 

phenolic groups of NDGA both retain activity and reduce 

toxicity for example, M4N.   
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1.9 Specific Aims 

Considering NDGA analog data collected prior to the 

following study, 4 specific aims are proposed. 

 

(1) A novel, semi-synthetic approach to NDGA derivation 

will be developed involving the formation of 5-membered 

heterocyclic rings connecting the ortho-phenolic hydroxyl 

groups of NDGA by one atom.  These compounds are 

abbreviated OCC-NDGA, OCS-NDGA, OCM-MDGA, OCTC-NDGA, DFM-

NDGA, OCSO-NDGA and OCSeO-NDGA and OCP-NDGA.  In addition, 

a tetra acetyl NDGA (TA-NDGA) and tetra-O-methanesulfonyl 

NDGA (TOMS-NDGA) will be synthesized. 

 

(2) Synthesis, purification and chemical characterization 

of the analogs will be executed. 

 

(3) Bioassay screening including cytotoxicity in selected 

human tumor cell lines and DNA, RNA and protein synthesis 

inhibition assays in the A375 human malignant melanoma cell 

line will be evaluated.  Activity of the new analogs will 

be assayed with NDGA and M4N for comparison purposes and to 

evaluate which analogs will be further studied in vivo. 
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(4) In vivo evaluation of selected NDGA analogs in a murine 

tumor growth inhibition model will be performed. 

 

1.10 Synthetic Scheme for NDGA Analogs 

The phenolic hydroxyl groups of NDGA will be treated with a 

base in a hydrophobic solvent to convert them to phenoxy 

anions to increase their nucleophilic potential.  (1) The 

phenolic hydroxyl groups will be tetra-substituted and (2) 

the phenolic hydroxyl groups will be bound together by one 

atom forming a heterocyclic ring as diagramed below in 

figure 1.2. 
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Figure 1.2 Synthetic scheme for NDGA analogs 
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2. SYNTHESIS OF NDGA ANALOGS 

 

2.1 Materials 

NDGA was purchased from Caymen Chemical, Ann Arbor MI. 

1,1’-sulfuryldiimidazole, 1,1’-carbonyldiimidazole, 1,1’-

thiocarbonyldiimidazole, 1,4-dioxane (anhydrous), acetyl 

chloride, bromochloromethane, dimethylsulfate, ethyl 

acetate, methylene chloride (anhydrous), Methane sulfonyl 

chloride, N,N’-dimethylacetamide (anhydrous), N,N’-

dimethylformamide (anhydrous) phosphorus oxychloride 

potassium carbonate, potassium fluoride, pyridine 

(anhydrous), selenium oxychloride, sodium chloride, 

sulfuryl chloride and thionyl chloride were all purchased 

from Sigma-Aldrich, St. Louis, MO, USA.  Acetone and ethyl 

acetate were purchased from Mallinckrodt Laboratory 

Chemicals, Phillipsburg, NJ.  Hydrochloric acid, 

acetonitrile and acetic acid were purchased from Fisher 

Scientific, Pittsburgh, PA.  Isopropyl alcohol was 

purchased from Burdick and Jackson, Muskegon, MI.  

Deuterated dimethyl sulfoxide was purchased from the 

University of Arizona, Department of Chemistry, Tucson, AZ.  

Argon gas was purchased from the University of Arizona 

Stores, Tucson, AZ. 



 66

2.2 Methods 

2.2.1 Synthesis of M4N 

(meso-1,4-bis-(3,4-dimethoxyphenyl)-2,3-dimethylbutane, 

tetra-O-methyl nordihydroguaiaretic acid) 

 

OH

OH

HO

HO
(CH3)2SO2 
KCO3  
Acetone 
Reflux 8hr

OCH3

OCH3

H3CO

H3CO

Figure 2.1 Synthesis of M4N 

 

M4N was synthesized by a modification of a method by Hwu et 

al., 1998) NDGA (1 mmol, 302 mg) and 6 mmol, 594 mg 

potassium carbonate were combined in acetone and stirred at 

room temperature for 10 minutes.  Dimethylsulfate (6 mmol, 

756.78 mg) was then added and the reaction was refluxed for 

8 hours.  The reaction was quenched with HCl (01. N, 6 

equivalents) and the acetone was evaporated under vacuum.  

The resultant solids were extracted 3 times with 100 mL 

ethyl acetate.  The organic phases were combined and washed 

3 times with 100 mL HCl (0.1 N), 3 times with 100 mL NaCl 

(1 M), and dried under vacuum.  The product was then 
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further purified by semi-preparative HPLC described in 

section 2.3. 

 

2.2.2 Synthesis of TOMS-NDGA 

(meso-1,4-bis-(dihydroxyphenyl)-2,3-dimethylbutane 

tetramethanesulfonate, tetra-O-methanesulfonate 

nordihydroguaiaretic acid) 

 

OH

OH

HO

HO

O

O

O

O

S

S

S

O O

O O

O O

S
O O

CH3SO2Cl
anhydrous pyridine
CH2Cl2
RT, 18hr

Figure 2.2 Synthesis of TOMS-NDGA 

 

Anhydrous pyridine (4 mmol, 0.310 mL) was added to 10 mL of 

anhydrous methylene chloride at 0° C.  NDGA (1 mmol, 302 

mg) was then added and allowed to dissolve.  

Methanesulfonyl chloride (1 M in methylene chloride, 5 

mmol) was added to 5 mL anhydrous methylene chloride and 

this was added dropwise over 1 hour to the solution of 

NDGA, pyridine, and methylene chloride.  The reaction was 

allowed to warm to room temperature and react overnight.  
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The mixture was then dried down in a rotary evaporator.  

Pyridine was removed by the addition of isopropyl alcohol.  

The product precipitated as white crystals, which were 

further purified by semi-preparative HPLC. 

 

2.2.3 Synthesis of TA-NDGA  

(meso-1,4-bis-(3,4-dihydroxyphenyl)-2,3-dimethylbutane 

tetraacetate, tetra acetate NDGA) 

 

OH

OH

HO

HO

O

O

O

O

O

O

O

O

CH3COOCl
anhydrous pyridine
CH2Cl2
O°C
2.5 hr

Figure 2.3 Synthesis of TA-NDGA 

 

NDGA (1 mmol, 302 mg) was dissolved in 17 mL of methylene 

chloride.  Pyridine (15 mmol, 1.16 mL) was then added.  

This was done at 0° C.  Acetyl chloride (6 mmol, 0.519 mL) 

was diluted in 22 mL of cold methylene chloride and added 

in a dropwise fashion over 2 hours.  After all of the 

acetyl chloride had been added, the reaction was allowed to 

stir for an additional 30 minutes.  25 mL of cold double-
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distilled water was added to the reaction mixture over 15 

minutes and the mixture was washed 3 times with double-

distilled water.  The organic phase was dried down to neat 

concentrate and dissolved in 50 mL methylene chloride.  It 

was then washed twice with 50 mL of NaCl (1 M), once with 

50 mL of NaCl (0.5 M), once with 50 mL of NaCl (0.1 M), and 

finally with 50 mL double-distilled water.  The product was 

a brown oil, which was allowed to dry down on a watchglass 

overnight.  Amber crystals formed, which were crushed and 

washed with water over vacuum.  The final product was a 

beige-colored powder.  TA-NDGA was further purified by 

semi-preparative HPLC, which when allowed to dry gave large 

white flakes.  TA-NDGA was later found to be more 

efficiently purified by recrystallization described in 

section 2.4. 
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2.2.4 Synthesis of NDGA-Cl2, peaks 1 and 2 

(meso-1,4-bis(6-chloro-3,4-dihydroxyphenyl)-2,3-

dimethylbutane (6,6’-dichloronordihydroguaiaretic acid) 

 

 

OH

OH

HO

HO

OH

OH

HO

HO Cl

Cl

SO2Cl2  (1M in CH2Cl2)
anhydrous 1,4-paradioxane
anhydrous pyridine
OoC 1hr, overnight RT

Figure 2.4 Synthesis of NDGA-Cl2 peaks 1 and 2 

 

Ten mL of solvent was prepared by combining anhydrous 

pyridine and anhydrous 1,4-dioxane in a ratio of 2 to 1.  

This mixture was cooled to 0° C.  NDGA (1 mmol, 302 mg) was 

mixed with anhydrous pyridine (4 mmol, 0.347 mL) and added 

to the solvent system.  Sulfuryl chloride (1 M in methylene 

chloride, 2 mmol) was diluted in 5 mL of anhydrous pyridine 

and 1,4-dioxane in the same ratio as above.  This mixture 

was then added dropwise to the solution of NDGA, pyridine, 

and 1,4-dioxane over the course of 1 hour.  The reaction 

was allowed to warm to room temperature and react 

overnight.  The mixture was dried down in a rotary 
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evaporator and further purified by semi-preparative HPLC 

which gave two peaks. 

 

2.2.5 Synthesis of OCS-NDGA  

(meso-1,4-bis-(3,4-dihydroxyphenyl)-2,3-dimethylbutane bis-

cyclic sulfate, di-ortho-cylcosulfate nordihydroguaiaretic 

acid)  

 

OH

OH

HO

HO

O

O

O

O
S

S

O

O O

O
N,N'-disulfuryldiimidazole
anhydrous N,N'-dimethylacetamide
70°C, 1hr

Figure 2.5 Synthesis of OCS-NDGA 

 

This compound was prepared by a modification of the method 

of Tickner et. al., 1994.   1,1’-sulfuryldiimidazole (4 

mmol, 792.84 mg) in 5 mL of anhydrous N,N’-

dimethylacetamide was added to two equivalents (116 mg) of 

dry KF.  NDGA (2 mmol, 604 mg) in 5 mL of anhydrous N,N’-

dimethylacetamide was added dropwise to the slurry over 30 

minutes at 70° C.  Reaction progress was monitored by HPLC.  

The appearance of a large hydrophobic peak signaled the 

completion of the reaction, which was then cooled to room 
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temperature.  17 mL of acetic acid (0.5 M) was added, and 

under vacuum, the N,N’-dimethylacetamide was evaporated.  

The remaining aqueous phase was extracted with methylene 

chloride.  The organic phase was dried down completely and 

the product was solubilized in acetonitrile.  The product 

was further purified by semi-preparative HPLC.  It was 

later found that this compound could be purified by 

recystallization, described in section 2.4. 

 

2.2.6 Synthesis of OCC-NDGA 

(meso-1,4-bis-(3,4-dihydroxyphenyl)-2,3-dimethylbutane bis-

cyclic carbonate, di-ortho-cylcocarbonyl 

nordihydroguaiaretic)  

 

O

O

O

O

O

OOH

OH

HO

HO

N,N'-dicarbonyldiimidazole
anhydrous N,N'-dimethylacetamide
O°C, 30 min

Figure 2.6 Synthesis of OCC-NDGA 

 
OCC-NDGA was prepared using a variation on the method of 

Tickner et. al., 1994.  N,N’-carbonyldiimidazole (4 mmol, 

648.6 mg) in 5 mL of anhydrous N,N’-dimethylacetamide was 
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added to two equivalents (116 mg) of dry KF.  NDGA (2 mmol, 

604 mg) in 5 mL of anhydrous N,N’-dimethylacetamide was 

added dropwise over 30 minutes.  The reaction was kept at 

0° C while NDGA was added.  The reaction was removed from 

ice after all of the NDGA had been added and a sample was 

monitored by HPLC.  It appeared that the reaction was 

nearly 100% complete at this point.  The reaction was 

allowed to warm to room temperature, but little if any 

additional product formation was observed by HPLC.  To 

purify the product and remove the excess imidazole, 15 mL 

of 0.5 M glacial acetic acid was added to the reaction 

mixture and a precipitate formed.  The precipitate was 

further washed with excess 0.5 M acetic acid over a vacuum 

filtration apparatus followed by washing with excess 

deionized H2O.  The precipitate was again analyzed by HPLC 

and found to be greater than 95% pure by UV scan.  OCC-NDGA 

could be further purified by recrystallization from 

isopropanol. 
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2.2.7 Synthesis of OCSO-NDGA 

(meso-1,4-bis-(3,4-dihydroxyphenyl)-2,3-dimethylbutane bis-

cyclic sulfite (di-ortho-cylcosulfoxide 

nordihydroguaiaretic acid)  

 

 

O

O

O

O
S

S O

OOH

OH

HO

HO

SOCl2
anhydrous 1,4-paradioxane
RT, 24hr

Figure 2.7 Synthesis of OCSO-NDGA 

 

OCSO-NDGA was synthesized by the method of Adejare et al., 

1986.  Ten mmoles of thionyl chloride (1.63 mL) was 

dissolved into 10 ml of anhydrous 1,4-dioxane.  1 mmole 

NDGA (302.37 mg) was dissolved into 5 ml of anhydrous 1,4-

dioxane.  NDGA dissolved in 1,4-dioxane was added dropwise 

with constant stirring over 20 min. at room temperature.  

The reaction flask was filled with argon gas and allowed to 

react for 24 hours at room temp.  1,4-dioxane was 

evaporated under vacuum leaving a neat product.  Further 

purification was attempted by semi-preparative HPLC, but 

hydrolysis of the cyclic sulfite groups gave a mixture of 
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products as a clear gel.  The material was stored in the -

70°C freezer until immediately prior to the bioassays. 

 

2.2.8 Synthesis of PO4MX-NDGA 

(meso-1,4-bis-(3,4-dihydroxyphenyl)-2,3-dimethylbutane bis-

cyclic phosphate, di-ortho cyclic phosphate)  

The products of this synthesis were confirmed by mass 

spectrometry (MS) to be atmospheric, water hydrolysis 

products.  Because of the mixture of compounds present, NMR 

validation of these compounds could not be confirmed.  

Therefore, the mixture is only hypothesized to contain 

possibly all of the following analogs of NDGA (MS confirmed 

only mono and di phosphate analogs). 

ortho and para-monophosphate nordihydroguaiaretic acid, 

para-para,ortho-para and ortho,ortho-diphosphate 

nordihydroguaiaretic acid (abbreviated PO4MX for phosphate 

mixture). 

Monophospates: 

meso-1-(4-hydroxy-3-phosphophenyl)-2,3-dimethyl-4-(3’4’-

hydroxyphenyl)butane 
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meso-1-(3-hydroxyphenyl,4-phosphophenyl)-2,3-dimethyl-4-

(3’,4’-hydroxyphenyl)butane 

 

meso-1-(3,4-hydroxyphenyl)-2,3-dimethyl-4-(4’-hydroxy,3’-

phosphophenyl)butane 

 

meso-1-(3,4-hydroxyphenyl)-2,3-dimethyl-4-(3’-hydroxy,4’-

phosphophenyl)butane 

 

Diphosphates: Because NDGA is meso, and has two planes of 

symmetry, only three diphosphates are actually 

distinguishable from one another.  

 

meso-1,4-bis-(4-hydroxy,3-phosphophenyl)-2,3-dimethylbutane 

 

meso-1-(4-hydroxy,3-phosphophenyl)-2,3-dimethyl-4-(3’-

hydroxy,4’-phosphophenyl)butane 

 

meso-1,4-bis-(3-hydroxy,4-phosphophenyl)-2,3-dimethylbutane 
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Figure 2.8 Synthesis of PO4MX-NDGA 
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PO4MX-NDGA was synthesized by a modification of a synthesis 

published by Leppänen et al., 2000 and Groβ et al, 1966.  

Ten mmoles, (2.5 mL) of phosphorus oxychloride was added to 

10 ml of anhydrous 1,4-dioxane at room temperature with 

stirring.  1 mmole of NDGA (302.37 mg) was dissolved into 5 

ml of anhydrous 1,4-dioxane.  The NDGA was added dropwise 

over 20 min at room temp.  The reaction flask was filled 

with argon and warmed to 50° C and allowed to react for 4 

hr.  The reaction was allowed to cool and acetic acid was 

added in molar excess to the chloride present in the 

original phosphorous oxychloride added.  A white 

precipitate formed which had the consistency of gum.  The 

solvent was decanted and the white precipitate began to 

immediately turn a transparent brownish-red color.  MS 

later identified this precipitate as a mixture of mono and 

diphosphates of NDGA.  Atmospheric water hydrolysis of 

ortho-cyclic phosphates were similarly observed by Groβ et. 

al, 1966. 

 

A low yield/high speed synthesis of the phosphate mixture 

was performed by a modification of a procedure of 

Cherbuliez et. al, 1951.  The modification in this case was 
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the use of a microwave oven.  Anhydrous phosphoric acid 

crystals were heated in the microwave oven in the presence 

of powdered NDGA under argon gas.  Five, 20-sec intervals 

of heating on the highest setting followed by removal of 

the reaction flask and slow hand swirling produced the 

phosphate products in approximately 10% yield by HPLC and 

UV detection.  Because of the low yield and the fact that 

the reaction caught fire in the microwave, this synthetic 

approach was abandoned.  It may be possible to increase the 

yield and make the reaction safe by using a microwave oven 

manufactured for industrial applications.  The formation of 

the products was validated by MS (data not shown). 
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2.2.9 Synthesis of OCM-NDGA 

(meso-1,4-bis-(3,4-methylenedioxyphenyl)-2,3-

dimethylbutane, di-ortho-cylcomethylene 

nordihydroguaiaretic acid) 

 

OH

OH

HO

HO

O

O

O

OCH2BrCl
CsCO3
anhydrous DMF
Argon (g)
70°C, 3hr

Figure 2.9 Synthesis of OCM-NDGA 

The following synthesis was performed by a modification of 

a published synthesis by Grazia et. al, 2003.  1.5 mmol of 

bromochloromethane (300 μl) was added to 10 ml of anhydrous 

N,N’ dimethylformamide (DMF).  1.5 mmol (1 g) of cesium 

carbonate was added to the reaction flask.  1 mmol (302.37 

mg) of NDGA was dissolved into 5 ml of DMF.  The NDGA 

mixture was added dropwise over 20 min.  The reaction flask 

and condensing chamber was filled with argon gas and 

allowed to stir for 15 min.  The reaction was then heated 

to 70-80° C for 3 hr.  The products were extracted 3 times 

with 30 ml of methylene chloride.  The methylene chloride 
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was allowed to evaporate leaving behind a orange-brown 

precipitate.  The precipitate was dissolved in acetonitrile 

and purified by semi-preparative HPLC. 

 

2.2.10 Attempted synthesis of OCSeO-NDGA 

(meso-1,4-bis-(3,4-dihydroxyphenyl)-2,3-dimethylbutane bis-

cyclic selenite, di-ortho-cylcoselenite 

nordihydroguaiaretic acid)  

 

O

O

O

O
Se

Se O

OOH

OH

HO

HO

SeOCl2
anhydrous 1,4-paradioxane
RT, 24hr

Figure 2.10 Synthesis of OCSeO-NDGA 

 

A modification of a method by Adejare et. al, 1986 was 

employed.  Ten mmoles (4 mL) of selenium oxychloride was 

dissolved into 10 ml of anhydrous 1,4-dioxane.  1 mmole 

NDGA (302.37 mg) was dissolved into 5 ml of anhydrous 1,4-

dioxane.  NDGA in 1,4-dioxane was added dropwise with 

constant stirring over 20 min. at room temperature.  The 

reaction flask was filled with argon gas and allowed to 
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react for 24 hours at room temperature.  The reaction 

favored the formation of HPLC peaks with identical 

retention times as the aforementioned chlorinated products 

instead of the proposed product.  Selenoxides are reported 

to be thermally unstable (Smith, 1994). 

 

2.2.11 Synthesis of OCTC-NDGA 

(meso-1,4-bis-(3,4-dihydroxyphenyl)-2,3-dimethylbutane bis-

cyclic thiocarbonate, di-ortho-cyclothiocarbonyl 

nordihydroguaiaretic acid)  

 

O

O

O

O

S

SOH

OH

HO

HO

N,N'-dithiocarbonyldiimidazole
anhydrous pyridine
anhydrous N,N'-dimethylacetamide
RT, 12 hr  

Figure 2.11 Synthesis of OCTC-NDGA 

 

OCTC-NDGA was prepared using a variation on the method of 

Tickner et. al, 1994.  5 mmol, (891 mg) of 1,1’-

thiocarbonyldiimidazole was dissolved in 20 mL of anhydrous 

1,4-dioxane with constant stirring.  4 mmol, (0.310 mL) of 

anhydrous pyridine was added to this mixture.  2 mmol, 604 
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mg of NDGA was dissolved in 5 mL 1,4-dioxane and added 

dropwise to the reaction flask over 30 min at RT.  The 

reaction was allowed to react for 12 hr at which point a 

white precipitate had formed.  The volume of the reaction 

was tripled with isopropyl alcohol and the entire contents 

were vacuum filtered leaving an off-white precipitate.  The 

precipitate was analyzed by HPLC and found to be greater 

than 95% pure by UV scan. 

 

2.2.12 Synthesis of DFM-NDGA 

(meso-1,4-bis-(difluoromethylenedioxyphenyl)-2,3-

dimethylbutane) 

O

O

O

OOH

OH

HO

HO

N,N'-dithiocarbonyldiimidazole
KF
anhydrous N,N'-dimethylacetamide
RT, overnight

F

F

F

F

 

Figure 2.12 Synthesis of DFM-NDGA 

 

DFM-NDGA was prepared using a variation on the method of 

Tickner et. al 1994.  5 mmol (891 mg) of 1,1’-
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thiocarbonyldiimidazole were dissolved in 20 mL of 

anhydrous N,N’-dimethylacetamide containing 2 mmol (116 mg) 

of dry KF with constant stirring.   NDGA (2mmol, 604 mg) 

was dissolved in 5 mL anhydrous N,N’-dimethylacetamide and 

added dropwise to the reaction flask over 30 min at RT.  

The reaction was allowed to continue for 24 hr at which 

point a white precipitate had formed.  The volume of the 

reaction was tripled with isopropyl alcohol and the entire 

contents were vacuum filtered leaving a stark-white 

precipitate.  The precipitate was analyzed by HPLC and 

found to be greater than 95% pure by UV scan. 

 

2.3 HPLC Analysis and Purification  

All high performance liquid chromatography was performed on 

a Hewlett-Packard Series 1050 liquid chromatography system.  

Data was analyzed using HP ChemStation version 6.0.  An 

Alltech (Alltech, Associates, Deerfield, IL) Adsorbosphere 

250mm x 4.6mm C18, 5μ analytical column was employed.  A 3-

dimensional, UV diode array detection spectral analysis was 

performed for each compound in order to determine purity 

and characteristic absorbance maximums. 

 



 85

All compounds were analyzed by a reverse-phase gradient 

method of analysis.  Solvent A was 100% H2O and solvent B 

was 100% acetonitrile.  The gradient was changed in a 

linear fashion from 90% A: 10% B to 10% A: 90%B over 20 min 

with a 10 min 10% A: 90% B isocratic washout.  Solvent was 

delivered at 1.5 ml/min. 

 

OCM and OCS were purified by semi-preparative HPLC before 

recrystallization from isopropanol was discovered as a 

superior and faster method of purification.  The HPLC 

method was a reverse-phase method of separation.  20% of 

solvent A and solvent B described above were changed to 0% 

A and 100% B over 10 min with a 5 min 100% B phase.  The 

peaks were collected by hand, identifying them by retention 

time and absorbance maximums.  An Alltech Econosil, 250 X 

10mm, semi-preparative C18, 10 μ pore size column was used.  

The solvents were delivered at a flow rate of 2.5 ml/min. 

 

2.4 Purification by Recrystallization 

TA-NDGA, TOMS-NDGA, OCM-NDGA, OCS-NDGA, OCC-NDGA, OCTC-NDGA 

and DFM-NDGA could all be purified to above 95% purity 

(HPLC UV scan) by recrystallization from isopropyl alcohol.  
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The solvents used to synthesize these compounds were 

allowed to evaporate in open air in the fume hood and then 

were suspended in approximately 100 mL of 100% isopropanol.  

This mixture was allowed to warm to 70°C with stirring.  The 

mixture was then allowed to sit overnight in the 

refrigerator at 4°C.  The following day the compounds of 

interest had precipitated.  TA-NDGA could be purified to 

greater than 95% by repeating this process a second time. 

 

2.5 Mass Spectrometry  

Mass spectrometric analysis of the compounds was performed 

on a JEOL HX110A Sector instrument.  Each sample was mixed 

with a liquid matrix of m-nitrobenzyl alcohol or glycerol, 

layered onto a probe tip, and placed into the vacuum 

chamber of the instrument.  The sample was then ionized by 

Fast Atom Bombardment (FAB) with Xe atoms used to bombard 

the liquid sample/matrix, producing ionized sample and 

matrix material that can be observed in the resulting 

spectra.  Analysis of these ions was then accomplished in 

the instrument’s magnetic-electric (BE) sector analysis 

region.  The resolution of the instrument is controlled by 

physically opening or closing slits in the ion pathway.  In 
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the case of high resolution analysis, a resolution of 

10,000 was used, and the analysis was performed with an 

internal calibrant of known mass/charge added to the 

sample.  This combination of internal calibrant with high 

resolution resulted in confirmation of the atomic 

composition of those compounds. 

 

The OCTC and DFM analogs did not ionize well and in order 

validate the masses, the compounds were analyzed by MALDI-

TOF (Matrix-Assisted Laser Desorption Ionization-Time of 

Flight) mass spectrometry.  The instrument used was a 

Bruker Reflex III MALDI-TOF mass spectrometer which was run 

in the reflex mode.  Dithranol (Sigma-Aldrich, St. Louis, 

MO) was used as a matrix. 
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2.6 Nuclear Magnetic Resonance 

NMR spectra were recorded on a Bruker DRX-300 spectrometer.  

[1H] and [13C] chemical shifts were referenced to the 

solvent peak (DMSO-d6)δ 2.49 and 39.5 respectively.  

Standard parameters were used for 1H and 13C spectra 

obtained.  The OCTC and DFM analogs were very insoluble and 

only proton spectra could be attained in (CD2Cl2)    

Assignments are as Lambert, 2001 page 66 and are diagramed 

in figure 2.13. 
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Figure 2.13 NDGA NMR assignments 
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3. BIOASSAYS 

3.1 Materials 

Doxorubicin, Actinomycin D, cyclohexamide, dimethyl 

sulfoxide, trichloroacetic acid and Triton X-100 were 

purchased from Sigma-Aldrich, St Louis, Mo. 3H-thymidine, 

doubly-labeled 3H-5,6-Uridine and 14C-valine were purchased 

from Amersham (San Francisco, Ca). Ecolite scintillation 

cocktail was purchased from ICN Biomedicals, Aurora, Ohio.  

 

3.2 Cells and Culture Conditions 

HaCat, human keratinocytes were developed at the Arizona 

Cancer Center.  A375, human malignant melanoma cells, HT-

29, human colorectal adenocarcinoma cells, MCF-7, human 

mammary gland adenocarcinoma cells and HepG2 human hepatoma 

cells were obtained from the American Type Culture 

Collection.  All cells were cultured in RPMI 1640 growth 

medium, which was enhanced with 10% (v/v) heat inactivated 

bovine calf serum, 2 mM L-glutamine, penicillin (100 U/mL) 

and streptomycin (100 μg/mL). Cells were maintained in a 

humidified incubator containing 5% CO2 at 37° C. 
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3.3 Cytotoxicity Studies 

Thirty-three, 96-well plates were seeded with cells in 100 

μL growth medium per well in the last eleven rows of each 

plate.  The first column of each plate was filled with 100 

μL of growth medium containing no cells to be used as a 

blank.  After a 24-hour incubation period the cells were 

adhered and the cells in the last ten columns were drugged 

with 100 μL of growth medium containing NDGA or a NDGA 

analog in concentrations ranging from 1 to 1000 μM.  The 

second column of each plate was filled with 100 μL growth 

medium and used as a control with uninhibited cell growth.  

Five days after drugging the cells, the plates were 

analyzed by the MTT assay by the method of (Mayr et al., 

1997).  Cytotoxicity assays were evaluated by one, 5-day 

assay because of limited amount of analogs. 

 

Thirty-three, 96-well plates were seeded with 2,500 HaCat 

cells/well and were treated identically to the method 

described above. 
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Thirty-three, 96-well plates were seeded with 500 HT-29 

cells/well and were treated identically to the method 

described above. 

 

Thirty-three, 96-well plates were seeded with 500 MCF-7 

cells/well and were treated identically to the method 

described above.  

 

Thirty-three, 96-well plates were seeded with 500 HepG2 

cells/well and were treated identically to the method 

described above. 

 

3.4 DNA Synthesis Inhibition Assay 

The DNA synthesis inhibition assay was performed by a 

modification of a method by Mayr et al., 1997.  A375 human 

melanoma cells were plated at 1 X 106 cells/well in 6-well 

plates.  The cells were allowed to adhere to the plates 

overnight.  The media was aspirated and was replaced with 2 

ml of media containing 50 μM, which is an optimized 

concentration for activity comparing M4N to the new 

analogs.  10 μg/ml (17 μM) Doxorubicin was used as a 

positive control.  One plate was untreated as a DMSO 
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control, one was treated with Doxorubicin as a positive 

control.  Each of the other drugs was treated in 6 wells or 

one plate.  After a 2.0 hr incubation of drug, 0.5 μCi of 

[3H]-thymidine was added to each well and allowed to 

incubate for 1 hr longer.  The media was then aspirated and 

the following procedure was followed: 

(1) 3 X PBS wash with 0.5 ml/well followed by aspiration 

(2) 3 X TCA (5% trichloroacetic acid) wash with 0.5  

ml/well followed by aspiration 

(3) 4th TCA (0.5 ml) cooked at 80° C for 30 min 

(4) Aspirate 

(5) Rinse with 0.5 ml PBS, aspirate 

(6) Add 0.5 ml NaOH/triton solution (0.1 N NaOH/0.1%) 

(7) Allow to sit 5 min 

(8) Remove with a Pasteur pipette and put in vials 

(9) Wash with 0.5 ml PBS and transfer to vials 

(10) Add scintillation cocktail 

(11) Count vials 

(12) Radiation wipe procedure 
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3.5 RNA Synthesis Inhibition Assay 

A375 human melanoma cells were plated at 1 X 106 cells/well 

in 6-well plates.  The cells were allowed to adhere to the 

plate overnight.  The media was aspirated and was replaced 

with 1 ml of media containing 50 μM of each analog. One 

plate was untreated as a DMSO control, one was treated with 

50 μg/mL Actinomycin D as a positive control. The analogs 

were allowed to incubate for 2 hrs at which time, 2 μCi/mL 

of doubly-labeled [3H]-5,6-uridine was added to the wells 

and allow to incubate for three additional hours.  The 

media was aspirated and the remainder of the assay was 

identical as described above in the DNA synthesis 

inhibition assay. 

 

3.6 Protein Synthesis Inhibition Assay 

A375 human melanoma cells were plated at 1 X 106 cells/well 

in 6-well plates.  The cells were allowed to adhere to the 

plate overnight. The media was aspirated and was replaced 

with 1 ml of media containing 50 μM of each analog.  One 

plate was untreated as a DMSO control, one was treated with 

10 μg/mL cyclohexamide as a positive control. The analogs 

were allowed to incubate for 2 hrs at which time, 0.5 μCi/mL 
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of [14C]-valine was added to the wells and allow to incubate 

for three additional hours.  The media was aspirated and 

the remainder of the assay was identical as described above 

in the DNA synthesis inhibition assay.  All of the means 

and standard deviations that make of the graphic results  

are calculated from n=6 wells.  DNA, RNA and protein 

synthesis inhibition assay were carried out once because of 

limited quantities of NDGA analogs. 
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4. TUMOR GROWTH INHIBITION MODEL 

 

4.1 Animals 

Female severe combined immune deficient (SCID) mice (6-7 

weeks old) were raised in and obtained from the University 

of Arizona Experimental Mouse Shared Service.  Mice were 

housed according to guidelines of the American Association 

for Laboratory Animal Care under protocols approved by the 

University of Arizona Institutional Animal Care and Use 

Committee.  Mice were housed in standard microisolator 

caging on wood chip bedding and provided with Isoblox® 

(Harlan/Teklab, Madison, WI).  Mice received standard 

rodent chow (Harlan/Teklab, Madison, WI) and water ad 

libitum.  Mice were maintained on a 12 hour light/12 hour 

dark schedule.  Mice were cared for according to the 

Principles of Laboratory Animal Care (NIH publication #85-

23, 1985 revision).  All protocols were approved by the 

Institutional Animal Care and Use Committee for the 

University of Arizona.  At the termination of the 

experiment, mice were euthanized according to procedures 

outlined by the 2000 Report of the American Veterinary 

Medical Association Panel on Euthanasia. 
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4.2 Methods 

In the first tumor growth inhibition model, 3 compounds 

were tested: TA-NDGA, OCC-NDGA and OCS-NDGA.  Mice were 

implanted with 10 X 106 A375 human melanoma cells in 100 μl 

phosphate buffer saline in the rear right flank.  Nine 

groups were analyzed in the first set of experiments with 

four mice per group: 1. Untreated controls, 2. Vehicle 

controls 3. 100 mg/kg dose TA-NDGA 4. 200 mg/kg dose TA-

NDGA 5. 100 mg/kg dose OCC-NDGA 6. 200 mg/kg dose OCC-NDGA 

7. 100 mg/kg dose OCS-NDGA 8. 200 mg/kg dose OCS-NDGA 9. 

300 mg/kg dose OCS-NDGA.  The drugs were suspended in 100% 

Tween 80 (Sigma-Aldrich, St. Louis, MO.).  The drugs were 

formulated so that a 20g mouse would receive a tolerable 

intraperitoneal (i.p.) Tween 80 dose, 100 μl.  The mice were 

implanted on day 0 and were dosed with drugs on days 1, 5 

and 9. 

 

In the second tumor growth inhibition model, 3 compounds 

were tested: TA-NDGA, OCC-NDGA and DFM-NDGA.  Mice were 

implanted exactly as described above.  Five groups were 

analyzed in the second set of experiments with 4 mice per 

each control group, 8 mice per group for TA-NDGA and OCC-
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NDGA and 6 mice per group for DFM-NDGA: 1. Untreated 

control, 2. Vehicle control, 3. 300 mg/kg TA-NDGA, 4. 300 

mg/kg OCC-NDGA 5. 300 mg/kg DFM-NDGA.  The drugs were 

suspended in 100% PEG 300 (Sigma-Aldrich, St. Louis, MO) 

because Tween 80 had a tumor growth inhibitory effect in 

the first study.  The drugs were made up so that a 20 g 

mouse would receive a tolerable i.p. PEG 300 dose, 50 μl.  

The mice were implanted on day 0 and were dosed with drugs 

on days 1, 5, and 9. Tumor volumes were determined based on 

the following formula: V(mm3)= length X (width)2 /2. The in 

vivo tumor growth inhibition model data was analyzed by the 

following parameters established by Bissery et. al., and 

are summarized in tables 5.3 and 5.4.  T/C value = median 

tumor volume of the treated/median tumor volume of the 

control X 100.  Tumor growth delay (T-C value) was 

calculated by comparing the median time in days for the 

treated and control group tumors to reach a predetermined 

volume.  Tumor doubling time (Td) was calculated from the 

line of best fit from a log(y or tumor volume) vs linear (x 

or time) plot when the control tumors were in exponential 

growth between 100 and 1,000 mm3.  The calculations of tumor 

cell kill were approximated by the following formula:  
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Log10 cell kill= T-C value in days/3.32 X Td 
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5.1 RESULTS (Chemistry) 

 
5.1.1 Characterization of NDGA 
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Figure 5.1 Structure of NDGA (C18H22O4) 
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Figure 5.2 HPLC chromatogram of NDGA 
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A retention time of 10.9 min by the method described in 

section 2.3 is observed.  Some contaminates are present. 

 

Figure 5.3 UV spectral scan of NDGA 

A characteristic 280-283ηm wavelength absorbance maximum is 

observed for NDGA. 
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Figure 5.4 Low resolution FAB+ MS of NDGA  

A mass/charge ratio of 302.15 consistent with the 

calculated mass of NDGA (302.15) based on molecular 

formula. 
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Figure 5.5 Low resolution FAB+ MS survey of NDGA 

A mass/charge (m/z) ratio of 302.15 consistent  

with the calculated mass of NDGA (302.15) based on 

molecular formula. 
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Figure 5.6 [1H] NMR of NDGA 
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Figure 5.7 [13C] NMR of NDGA 



 105

NMR data summary for NDGA: 

[1H]NMR (300 MHz, DMSO-d6)δ(ppm): 0.74 (6H, d, J=6.6 Hz, 

H9,9’), 1.60 (2H, m, H8,8’), 2.09 (2H, dd, J=4.8, 13.3 Hz 

H7α,7’α), 2.56 (2H, dd, J=9.3, 13.2 Hz, H7β,7’β), 6.38 (2H, 

dd, J=1.8, 7.8 Hz, H6,6’), 6.52a (2H, d, J=1.8 Hz, H2,2’), 

6.61a (2H, d, J-7.8 Hz, H5,5’), 8.58b (2H,  s, o,p Ar-OH), 

8.65b (2H, s, o,p Ar-OH)   

 

a interchangeable 

b interchangeable 

 

[13C]NMR (75 MHz, DMSO-d6)δ(ppm): 16.1 (C9,9’), 37.9 (C7,7’), 

38.8 (C8,8’), 115.3a (C6,6’), 116.3a (C5,5’), 119.6a 

(C2,2’), 132.3 (C1,1’), 143.0b (C-OH), 144.9b (C-OH) 

 

a interchangeable 

b interchangeable 
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5.1.2 Characterization of M4N 

OCH3

OCH3

H3CO

H3CO

 

Figure 5.8. Structure of M4N (C22H30O4) 
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Figure 5.9 HPLC chromatogram of M4N 

A retention time of 18.7 min. is observed by the method 

described in section 2.3. 
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Figure 5.10 UV spectral scan of M4N chromatogram 

A characteristic 293ηm wavelength absorbance maximum is 

observed. 
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Figure 5.11 Low resolution FAB+ MS of M4N 

A m/z ratio of 358.57 is observed, consistent with the 

calculated exact mass of M4N (358.21) based on molecular 

formula. 
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Figure 5.12 Low resolution FAB+ MS survey of M4N 

A m/z ratio of 358.57 is observed, consistent with the 

calculated exact mass of M4N (358.21) based on molecular 

formula. 
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Figure 5.13 [1H] NMR of M4N 
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Figure 5.14 [13C] NMR of M4N 
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NMR Data Summary for M4N: 

[1H]NMR (300 MHz, DMSO-d6)δ(ppm): 0.77 (6H, d, J=6.6 Hz, 

H9,9’), 1.69 (2H, m, H8,8’), 2.24 (2H, dd, J=9.3, 13.3 Hz, 

H7α,H7α’), 2.70 (2H, dd, J=4.8, 13,2 Hz, H7β,H7β’), 3.70 

(12H, s, o,p -OCH3), 6.66 (2H, dd, J=1.5, 8.1 Hz, H6,6’), 

6.70 (2H, d, J=1.8 Hz, H2,2’), 6.83 (2H, d, J=8.1 Hz, 

H5,5’)  

 

The absence of aromatic –OH and the presence of –OCH3 are 

consistent with the structure of M4N.  

 

[13C]NMR (75 MHz, DMSO-d6)δ(ppm): 16.0 (C9,9’), 38.0 (C8,8’), 

38.5 (C7,7’), 55.3a (C3,3’-OCH3), 55.4a (C4,4’-OCH3), 111.6b 

(C6,6’), 112.6b (C5,5’), 120.7b (C2,2’), 134.0 (C1,1’), 

146.8c (C4,4’), 148.5c (C3,3’) 

 

a interchangeable 

b interchangeable 

c interchangeable 

 

The presence of C3,C3’ and C4,4’ –OCH3 is consistent with 

the structure of M4N. 
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5.1.3 Characterization of TOMS-NDGA 
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Figure 5.15 Structure of TOMS-NDGA (C22H30O12S4) 
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Figure 5.16 HPLC chromatogram of TOMS-NDGA. 
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A retention time of 15.1 min. is observed by the method 

described in section 2.3. 

 

Figure 5.17 UV spectral scan of the TOMS-NDGA chromatogram 
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A characteristic 260ηm wavelength absorbance maximum is 

observed. 

 

Figure 5.18 Low resolution FAB+ MS of TOMS-NDGA 
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A m/z ratio of 615.6 is observed, consistent with the 

calculated mass of TOMS-NDGA (614.06) based on molecular 

formula. 

 

Figure 5.19 Low resolution FAB+ MS survey of TOMS-NDGA 
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A m/z ratio of 613.33 is observed, consistent with the 

calculated mass of TOMS-NDGA (614.06) based on molecular 

formula. 
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Figure 5.20 [1H] NMR of TOMS-NDGA 
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Figure 5.21 [13C] NMR of TOMS-NDGA 
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NMR Data summary for TOMS-NDGA: 

[1H]NMR(300 MHz, DMSO-d6)δ(ppm): 0.80 (6H, d, J=6.6 Hz, 

H9,9’), 1.75 (2H, m, H8,8’), 2.41 (2H, dd, J=9.6, 13.2 Hz, 

H7α,7’α), 2.85 (2H, dd, J=4.2, 13.2 Hz, 7Hβ,7’β), 3.47a, 

(6H, o,p –OSO2CH3), 3.48a, (6H, o,p –OSO2CH3) 7.25, (2H, dd, 

J=1.8, 8.4 Hz, H6,6’), 7.37, (2H, d, J=2.1 Hz, H2,2’), 

7.44, (2H, d, J=8.4 Hz, H5,5’) 

a interchangeble 

 

The absence of –OH and the presence of –OSO2CH3 are 

consistent with the structure of TOMS-NDGA. 

 

[13C]NMR (75 MHz, DMSO-d6)δ(ppm): 15.7 (9,9’), 37.5 (8,8’), 

38.5a (o,p S-CH3), 38.6a (o,p S-CH3), 38.8 (7,7’), 124.0c 

(6,6’), 124.6c (5,5’), 128.7c (2,2), 138.8 (1,1’), 140.6b 

(4,4’), 142.6b (3,3’) 

a interchangeable 

b interchangeable 

c interchangeable 

 

The presence of S-CH3 is consistent with the structure of 

TOMS-NDGA. 
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5.1.4 Characterization of TA-NDGA 
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Figure 5.22 Structure of TA-NDGA (C26H30O8) 
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Figure 5.23 HPLC chromatogram of TA-NDGA 
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A retention time of 16.9 min. is observed by the method 

described in section 2.3. 

 

Figure 5.24 UV spectral scan of TA-NDGA chromatogram 

A characteristic 260ηm wavelength absorbance maximum is 

observed. 
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 Figure 5.25 Low resolution FAB+ MS of TA-NDGA 
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A m/z ratio of 471.7 is observed, consistent with the 

calculated exact mass of TA-NDGA (470.51) based on 

molecular formula. 

 

Figure 5.26 Low resolution FAB+ MS survey of TA-NDGA 
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A m/z ratio of 471.21 is observed, consistent with the 

calculated mass of TA-NDGA (470.51) based on molecular 

formula. 
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Figure 5.27 [1H] NMR of TA-NDGA 
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Figure 5.28 [13C] NMR of TA-NDGA 
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NMR data summary for TA-NDGA 

[1H]NMR(300 MHz, DMSO-d6)δ(ppm): 0.79 (6H, d, J=6.6 Hz, 

H9,9’), 1.71 (2H, m, H8,8’), 2.33 (2H, dd, J=9.6, 13.4 Hz, 

H7α,7’α), 2.25a (o,p C(O)-CH3), 2.24a (o,p C(O)-CH3) 2.77 

(2H, dd, J=4.5, 13.5 Hz, H7β,7’β), 7.05 (2H, dd, J=1.8, 5.1 

Hz, H6,6’), 7.08 (2H, d, J=1.8 Hz, H2,2’), 7.13 (2H, dd, 

J=8.5 Hz, H5,5’) 

a interchangeable 

 

The absence of –OH and the presence of –C(O)-CH3 is 

consistent with the structure of TA-NDGA 

 

[13C]NMR(75 MHz, DMSO-d6)δ(ppm): 15.8 (C9,9’), 20.3 (o,p 

C(O)-CH3), 37.6 (C8,8’), 38.6 (C7,7’), 123.1b (C2,2’), 

123.8b (C5,5’), 126.9b (C6,6’), 139.9a (C1,1’), 140.3a 

(C3,3’), 141.6a (C4,4’), 168.2, 168.3 (C=O) 

a interchangeable 

b interchangeable 

 

The presence of C=O and C(O)-CH3 consistent with the 

structure of TA-NDGA. 
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5.1.5 Characterization of NDGA-Cl2, peak 1 and 2 
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Figure 5.29 Structure of NDGA-Cl2, peak 1 (C18H21ClO4) 
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Figure 5.30 HPLC chromatogram of NDGA-Cl2, peak 1 
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A characteristic retention time of 12.5 min. is observed by 

the method described in section 2.3. NDGA-Cl2, peak 2 is 

present as a shoulder peak. 

 

 

Figure 5.31 UV spectral scan of the NDGA-Cl2, peak 1  

            chromatogram 
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A characteristic 275ηm wavelength absorbance maximum is 

observed. 
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Figure 5.32 Low resolution FAB+ MS of NDGA-Cl2, peak1 

A m/z ratio of 370.5 is observed, consistent with the 

calculated mass of NDGA-Cl2 (370.07) based on molecular 

formula. 
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Figure 5.33 Low resolution FAB+ MS survey of NDGA-Cl2, peak  

  1 

A m/z ratio of 371.5 is observed, consistent with the 

calculated mass of NDGA-Cl2 (370.07) based on molecular 

formula.  The m/z ratio of 336.12 is observed consistent 
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with the calculated mass of NDGA-Cl (336.11) based on 

molecular formula. 

 

Figure 5.34 [1H] NMR of NDGA-Cl2, peak 1 
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Figure 5.35 [13C] NMR of NDGA-Cl2, peak 1 
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 Figure 5.36 Structure of NDGA-Cl2, peak 2 (C18H20Cl2O4) 
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Figure 5.37 HPLC chromatogram of NDGA-Cl2, peak 2 
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A characteristic retention time of 12.9 min. is observed by 

the method described in section 2.3. 

 

Figure 5.38 UV spectral scan of the NDGA-Cl2, peak 2 
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A characteristic 275ηm wavelength absorbance maximum is 

observed. 

 

Figure 5.39 Low resolution FAB+ MS of NDGA-Cl2, peak 2 
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A m/z ratio of 370.5 is observed, consistent with the 

calculated exact mass of NDGA-Cl2 (370.07) based on 

molecular formula.  The m/z was identical to that found for 

NDGA-Cl2, peak 1. 
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Figure 5.40 Low resolution FAB+ MS survey of NDGA-Cl2, peak  

  2 

A m/z ratio of 371.5 is observed, consistent with the 

calculated mass of NDGA-Cl2 (370.07) based on molecular 
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formula.  The m/z was identical to that found for NDGA-Cl2, 

peak 1. 

 

Figure 5.41 [1H] NMR of NDGA-Cl2 peak 2 
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Figure 5.42 [13C] NMR of NDGA-Cl2, peak 2 
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NMR Data Summary for NDGA-Cl2, Peaks 1 and 2: 

[1H]NMR(300 MHz, DMSO-d6)δ(ppm): 0.77 (6H, d, J=6.6 Hz, 

C9,9’), 1.73 (2H, m, C8,8’), 2.27 (2H, dd, J=9.9, 13.2 Hz, 

H7α,7’α), 2.71 (2H, dd, J=3.6, 13.2, Hz, H7β,7’β), 6.62a 

(2H, s, H5,5’), 6.71a (2H, s, H2,2’), 9.00b (o,p s, Ar-OH), 

9.16b (o,p s, Ar-OH) 

a interchangeable 

b interchangeable 

The two aromatic protons at 6.71 and 6.62 are singlets.  If 

Cl was at position 5 rather than 6, the protons would be at 

position 2 and 6, and show a small coupling (ω or m 

coupling) of 1-2 Hz.  If Cl was a position 2, the protons 

would be at position 5 and 6 and the presence of a large 

8Hz coupling would be seen. 

[13C]NMR(75 MHz, DMSO-d6)δ(ppm): 15.5 (C9,9’), 35.5 (C8,8’), 

38.2 (C7,7’), 115.9b (C6,6’), 117.9b (C5,5’), 121.9b 

(C2,2’), 128.8b (C1,1’), 144.2a (C4,4’), 144.3a (C3,3’) 

a interchangeable 

b interchangeable 

 

NMR data for peaks 1 and 2 were indistinguishable, and 

therefore, have the same structure. 
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5.1.6 Characterization of OCS-NDGA 
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Figure 5.43 Structure of OCS-NDGA (C18H18O8S2) 
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Figure 5.44 HPLC chromatogram of OCS-NDGA 
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A retention time of 20.9 min. is observed by the method 

described in section 2.3. 

 

Figure 5.45 UV spectral scan of OCS-NDGA chromatogram 
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A characteristic 265ηm wavelength absorbance maximum is 

observed. 

 

Figure 5.46 Low resolution FAB+ MS of OCS-NDGA 
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A m/z ratio of 426.4 is observed, consistent with the 

calculated mass of OSC-NDGA (426.04) based on molecular 

formula. 

 

Figure 5.47 Low resolution FAB+ MS survey of OCS-NDGA 
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A m/z ratio of 426.0 is observed, consistent with the 

calculated mass of OSC-NDGA (426.04) based on molecular 

formula. 
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Figure 5.48 [1H] NMR of OCS-NDGA 
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Figure 5.49 [13C] NMR of OCS-NDGA 
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NMR data summary for OCS-NDGA: 

[1H]NMR (300 MHz, DMSO-d6)δ(ppm): 0.77 (6H, d, J=6.6 Hz, 

C9,9’), 1.73 (2H, m, H8,8’), 2.39 (2H, dd, J=9.9,13.0 Hz, 

H7α,7’α), 2.84 (2H, dd, J=4.2, 13.2 Hz, H7β,7’β), 7.18 (2H, 

dd, J=1.5, 8.4 Hz, H6,6’), 7.47 (2H, d, J=1.5 H2,2’), 7.52 

(2H, d, J=8.4 Hz, H5,5’) 

 

The absence of –OH is consistent with the structure of OCS-

NDGA. 

 

[13C]NMR (75 MHz, DMSO-d6)δ(ppm): 15.6 (C9,9’), 38.1 (C8,8’), 

38.9 (C7,7’), 112.0a (C5,5’), 112.6a (C2,2’), 126.4 (C6,6’), 

140.0b (C1,1’), 140.6b (C3,3’), 141.8b (C4,4’) 

 

a interchangeable 

b interchangeable 
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5.1.7 Characterization of OCC-NDGA: 
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Figure 5.50 Structure of OCC-NDGA (C20H18O6) 
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Figure 5.51 HPLC chromatogram of OCC-NDGA 

A retention time of 18.0 min. is observed by the method 

described in section 2.3. 
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Figure 5.52 UV spectral scan of OCC-NDGA chromatogram 

A characteristic 262ηm wavelength absorbance maximum is 

observed. 
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Figure 5.53 Low resolution FAB+ MS of OCC-NDGA 

A m/z ratio of 355.4 is observed, consistent with the 

calculated mass of OCC-NDGA (354.35) based on molecular 

formula. 
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Figure 5.54 Low resolution FAB+ MS survey of OCC-NDGA 

A m/z ratio of 355.12 is observed, consistent with the 

calculated mass of OCC-NDGA (354.11) based on molecular 

formula. 
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Figure 5.55 [1H] NMR of OCC-NDGA 
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Figure 5.56 [13C] NMR of OCC-NDGA 
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Data for OCC-NDGA 

[1H]NMR (300 MHz, DMSO-d6)δ(ppm): 0.77 (6H, d, J=6.6 Hz, 

H9,9’), 2.39 (2H, dd, J=9.6, 13.2 Hz, H7α,7’α) 2.85 (2H, 

dd, J=4.5, 13,2 Hz, H7β,7’β), 1.72 (2H, m, H8,8’), 7.08 (2H, 

dd, J=1.1, 8.4 Hz, H6,6’), 7.33 (2H, d, J=1.2 Hz, H2,2’), 

7.38 (2H, d, J=8.4 Hz, H5,5’) 

 

The absence of –OH is consistent with the structure of OCC-

NDGA. 

 

[13C]NMR (75 MHz, DMSO-d6)δ(ppm): 15.8 (C9,9’), 38.1 (C8,8’), 

38.8 (C7,7’), 109.9b (C2,2’), 110.6b (C5,5’), 125.0 (C6,6’), 

138.8 (C1,1’), 141.1a (C4,4’), 143.0a (C3,3), 151.2 (C=O) 

 

a interchangeable 

b interchangeable 

 

The presence of C=O is consistent with the structure of 

OCC-NDGA. 
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5.1.8 Characterization of OCSO-NDGA 
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Figure 5.57 Structure of OCSO-NDGA (C18H18O6S2) 
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Figure 5.58 HPLC chromatogram of OCSO-NDGA 
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A retention time of 20.5 min. is observed for OCSO-NDGA, 

15.7 min is observed for the H2O-hydrolyzed, mono-

substituted OCSO-NDGA.  A retention time of 10.9 min. is 

observed for OCSO-NDGA H2O-hydrolyzed back to NDGA by the 

method described in section 2.3. 
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Figure 5.59 UV spectral scan of OCSO-NDGA chromatogram 

A characteristic 265ηm wavelength absorbance maximum is 

observed.  
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Figure 5.60 Low resolution FAB+ MS of OCSO-NDGA 
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A m/z ratio of 394.3 is observed, consistent with the 

calculated mass of OCSO-NDGA (394.05) based on molecular 

formula.  A m/z ratio of 348.3 is observed, consistent with 

the calculated mass of mono-substituted OCSO-NDGA.  The m/z 

ratio of 371 is also observed consistent with the 

calculated mass of dichlorinated NDGA.  In addition, a m/z 

ratio of 358 is observed consistent with the mass of a 

fragment of OCSO-NDGA-Cl2, not surprising considering the 

wide spread use of thionyl chloride as a chlorinating 

reagent. 
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Figure 5.61 A more focused FAB+ MS of OCSO-NDGA 
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The degradation of OCSO-NDGA and chlorinated by-products 

are more clearly seen in this MS.  A m/z ratio of 394.3 is 

observed, consistent with the calculated mass of OCSO-NDGA 

(394.05) based on molecular formula.  A m/z ratio of 348.3 

is observed, consistent with the calculated mass of mono-

substituted OCSO-NDGA.  The m/z ratio of 371 is observed 

consistent with the calculated mass of dichlorinated NDGA.  

In addition, a m/z ratio of 358 is observed consistent with 

the mass of a fragment of OCSO-NDGA-Cl2. 

 

Because of the rapid degradation of OCSO-NDGA in DMSO at 

room temperature, NMR structure validation of this compound 

was not attempted. 
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5.1.9 Characterization of PO4MX-NDGA 
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Figure 5.62 Structures of PO4MX-NDGA (C18H23O7P and  

  C18H24O10P2) 
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Figure 5.63 HPLC chromatogram of PO4MX-NDGA 
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Retention times of 3.5 min. and approximately 5.0 min. are 

observed by the method described in section 2.3.  The 

greatly increased water solubility disallows PO4MX-NDGA to 

retain a reverse-phase method of separation and the 

material exits the column in the void volume.  A small 

amount of unreacted NDGA is present at a characteristic 

10.9 min. 
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Figure 5.64 UV spectral scan of PO4MX-NDGA chromatogram 

A 270ηm wavelength absorbance maximum is observed. 
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Figure 5.65 Low resolution FAB+ MS of PO4MX-NDGA 
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Ratios (m/z) of 382 and 463 are observed, consistent with 

the calculated exact masses of PO4MX-NDGA (382.12 and 

462.08) based on molecular formula. 

 

As expected, NMR structure validation of PO4MX-NDGA gave 

inconclusive data (not shown). 
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5.1.11 Characterization of OCM-NDGA 
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Figure 5.66 Structure of OCM-NDGA (C20H22O2) 
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Figure 5.67 HPLC chromatogram of OCM-NDGA 

A retention time of 20.8 min. is observed by the method 

described in section 2.3. 
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Figure 5.68 UV spectral scan of OCM-NDGA chromatogram 

Characteristic 235ηm and 275ηm wavelength absorbance 

maximums are observed. 
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Figure 5.69 Low resolution FAB+ MS of OCM-NDGA 

A m/z ratio of 326 is observed, consistent with the 

calculated mass of OCM-NDGA (326.15) based on molecular 

formula. 
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Figure 5.70 [1H] NMR of OCM-NDGA 
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Figure 5.71 [13C] NMR for OCM-NDGA 
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Data for OCM-NDGA: [1H]NMR(300 MHz, DMSO-d6)δ(ppm): 0.75 

(6H, d, J=6.6 Hz, H9,9’), 1.64 (2H, m, H8,8’), 2.21 (2H, 

dd, J=9.3, 13.2 Hz, H7α,7’α), 2.67 (2H, dd, J=5.1, 13.2 Hz, 

H7β,7’β), 5.95 (4H, s, O-CH2-O), 6.60 (2H, dd, J=1.5, 7.8 

Hz, H6,6’), 6.70 (2H, d, J=1.5 Hz, H2,2’), 6.79 (2H, d, 

J=7.8 Hz, H5,5’) 

 

The absence of –OH and the presence of O-CH2-O are 

consistent with the structure of OCM-NDGA. 

 

Data for OCM-NDGA: [13C]NMR(75 MHz, DMSO-d6)δ(ppm): 15.9 

(C9,9’), 38.1 (C8,8’), 38.8 (C7,7’), 100.5 (O-C-O) 107.9a 

(C5,5’), 109.1a (C2,2’), 121.7 (C6,6’), 135.3 (C1,1’), 

145.1b (C4,4’), 147.1b (C3,3’) 

a interchangeable 

b interchangeable 

 

The presence of O-C-O is consistent with the structure of 

OCM-NDGA. 
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5.1.12 Characterization of DFM-NDGA 
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Figure 5.72 Structure of DFM-NDGA (C20H18F4O4) 
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Figure 5.73 HPLC chromatogram of DFM-NDGA 

A retention time of 21.9 min. is observed by the method 

described in section 2.3. 
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Figure 5.74 UV spectral scan of DFM-NDGA 

Characteristic 256ηm and 288-292ηm peaks absorbance 

maximums are observed. 
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Figure 5.75 MALDI-TOF MS of DFM-NDGA 
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DFM-NDGA did not ionize well.  The mass of DFM-NDGA 

(398.3103) is present and consistent with the calculated 

mass of DFM-NDGA (398.1141).  The major peak is (379.2443) 

which is the mass of DFM-NDGA minus the mass of fluorine. 
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Figure 5.76 [1H] NMR of DFM-NDGA 
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Data for DFM-NDGA: [1H]NMR(300 MHz, CD2Cl2)δ(ppm): 0.85 (6H, 

d, J=6.7 Hz, H9,9’), 1.76 (2H, m, H8,8’), 2.45 (2H, dd, 

J=9.9, 13.8 Hz, H7α,7’α), 2.89 (2H, dd, J=5.14.4, 13.4 Hz, 

H7β,7’β), 7.13 (2H, dd, J=1.4, 8.3 Hz, H6,6’), 7.13 (2H, d, 

J=1.4 Hz, H2,2’), 7.27 (2H, d, J=8.3 Hz, H5,5’) 

 

The absence of –OH and is consistent with the structure of 

DFM-NDGA. 

 

DFM-NDGA was rather insoluble in several deuterated 

solvents and as result carbon NMR was not achieved. 
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5.1.13 Characterization of OCTC-NDGA 
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Figure 5.77 Structure of OCTC-NDGA (C20H18O4S2) 
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Figure 5.78 HPLC chromatogram of OCTC-NDGA 
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Figure 5.79 UV spectral scan of OCTC-NDGA 

Characteristic 255ηm and 290ηm peaks absorbance maximums 

are observed. 
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Figure 5.80 MALDI-TOF MS of OCTC-NDGA 
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OCTC-NDGA did not ionize well.  The mass of OCTC-NDGA 

(387.3225) consistent with the calculated mass of OCTC-

NDGA, 386.49.  The major peak is 355.3277 consistent with 

the mass of OCTC-NDGA minus the mass of sulfur.  In 

addition, the mass 375.4087 is consistent with the mass of 

OCTC-NDGA minus the mass of carbon which is better 

illustrated in figure 5.81 below. 
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Figure 5.81 Focused MALDI-TOF MS of OCTC-NDGA 
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Figure 5.82 [1H] NMR of OCTC-NDGA 
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Data for OCTC-NDGA: [1H]NMR(300 MHz, CD2Cl2)δ(ppm): 0.85 (6H, 

d, J=6.7 Hz, H9,9’), 1.78 (2H, m, H8,8’), 2.45 (2H, dd, 

J=9.9, 13.8 Hz, H7α,7’α), 2.89 (2H, dd, J=5.14.4, 13.4 Hz, 

H7β,7’β), 7.12 (2H, dd, J=1.4, 8.3 Hz, H6,6’), 7.12 (2H, d, 

J=1.4 Hz, H2,2’), 7.27 (2H, d, J=8.3 Hz, H5,5’) 

 

The absence of –OH and is consistent with the structure of 

OCTC-NDGA. 

 

OCTC-NDGA was rather insoluble in several deuterated 

solvents and as result carbon NMR was not achieved. 
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5.2 RESULTS (Bioassays) 

 

5.2.1 Cytotoxicity Assays 

In the following discussion of the data, many of the 

compounds, for convenience, will be referred to by a 3-

letter abbreviation. For example, OCC for OCC-NDGA was used 

to eliminate the redundancy of the heretofore-mentioned 

names, which all included NDGA. 
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Table 5.1 Summary of NDGA and NDGA analog cytotoxicity 

comparisons in 5-day MTT cytotoxicity assays 

 

 

Name 

 

 

Mass 

 

Retention

Time 

(min) 

IC50 

A375 

(μM) 

IC50 

HT-29

(μM) 

IC50 

MCF-7 

(μM) 

IC50 

HaCat 

(μM) 

IC50 

HepG2

(μM) 

PO4MX 422* 4.6 241.6 109.2 70.5 273.7 ND 

NDGA 302 10.9 54.3 51.3 8.5 109.9 54.1 

NDGA-

Cl2,p1 

 

370 

 

12.51 

 

25.9 

 

4.6 

 

5.0 

 

35.5 

 

ND 

NDGA-

Cl2,p2 

 

370 

 

12.9 

 

26.6 

 

5.4 

 

5.5 

 

32.0 

 

ND 

TOMS 615 15.1 >1000 343 103.4 714.9 542.2

TA 470 16.9 79.4 25.6 24.0 120.9 51.3 

OCC 354 18.0 150.3 72.3 41.1 191.8 164.5

M4N 358 18.7 16.6 61.5 42.4 85.0 44.5 

OCSO 394 20.5 113.5 26.8 26.0 67.6 ND 

OCM 326 20.9 235.5 89.9 102.7 146.9 175.3

OCS 426 20.9 124.5 105.4 51.4 82.6 98.5 

OCTC 386 21.2 >1000 >1000 >1000 157.0 ND 

DFM 398 21.9 >1000 >1000 >1000 61.0 ND 
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Masses above were used to determine concentration in the 

cytotoxicity assays.  *The mean of the two masses 463 and 

382 is given for PO4MX (422) and was used to determine 

concentration.  Retention times are given to show the 

relative hydrophilicity of the compounds.  In general, 

later retention times are the least hydrophilic/most 

hydrophobic.  NDGA-Cl2, peaks 1 and 2 were found, by NMR, to 

be the same analog and will be discussed as one compound. 
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5.2.2 Structure-Activity (MTT cytotoxicity assays) 

The analogs can be categorized into four groups in terms of 

structure: (1) unmodified phenolic hydroxyl group analog 

and NDGA, (2) partially modified phenolic hydroxyl group 

analog, (3), tetra-substituted phenolic hydroxyl analogs, 

(4) and heterocyclic ring modified phenolic hydroxyl 

analogs. 

 

Group 1 Group 2 Group 3 Group 4 

NDGA  PO4MX M4N  OCC 

NDGA-Cl2   TOMS  OCSO 

    TA  OCM 

      OCS 

      OCTC 

      DFM 

 

Group 1: The NDGA-Cl2 was, in general, the most cytotoxic in 

vitro analog across the cell lines evaluated.  NDGA was 

consistently around 50 μM in A375, HT-29 and HepG2 cell 

lines.  It was somewhat specific to MCF-7 cells. 
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Group 2: Adding phosphate groups to NDGA decreased the in 

vitro cytotoxicity.  The charged phosphate groups likely 

prevented PO4MX from crossing the cell membrane. 

 

Group 3: In this screen M4N was notably specific to A375 

cells, but was cytotoxic within a range of concentrations 

that maintain it solubility in the HT-29, MCF-7, HepG2 and 

HaCat cell lines.  TOMS lost in vitro solubility between 

100 and 250 μM suggesting that it may be selectively 

cytotoxic to MCF-7 cells.  TA was the most cytotoxic in HT-

29 and MCF-7 cells and was similar in cytotoxicity to NDGA 

in the HepG2 cells, suggesting that this liver cancer cell 

line may have esterases that hydrolyze TA back to NDGA in 

vitro.  TA was nearly five times less potent than M4N and 

1.5 times less potent than NDGA in A375 cells.  

Cytotoxicity of TA was similar to NDGA in the HaCat cell 

line. 

 

Group 4: OCTC and DFM were rather insoluble in vitro above 

50 μM and did not show cytotoxicity in the screened cancer 

cell lines.  However, these compounds were specific to the 

non-cancerous HaCat cell line.  Cytotoxicity of OCC was 
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similar to M4N in the HT-29 and MCF-7 cell lines.  Notably, 

OCC was nine times less cytotoxic than M4N in the A375 cell 

line and four times less cytotoxic in the HepG2 cell line.  

OCC was approximately 2 times less cytotoxic that M4N and 

NDGA in the HaCat cell line.  Compared to NDGA, OCC was 

three times less potent in the A375 cell line.  The OCSO 

was found to be unstable during the purification process.  

However, it was less potent than NDGA in terms of 

cytotoxity when compared to NDGA in vitro.  OCSO two times 

more potent than NDGA in the HT-29 cell line.  OCM was 

notably less toxic than M4N and NDGA across all the cell 

lines tested.  OCS was also less cytotoxic than M4N and 

NDGA in general, but was similar to M4N in the MCF-7 cell 

line.  In addition, OCS was similar to M4N and NDGA when 

compared to the HaCat cell line. 
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5.2.3 DNA Synthesis Inhibition Assay 

M4N and NDGA were previously found to cause rapid DNA 

synthesis inhibition in ACC375 human melanoma cells in a 

rather short time-period (1 hr) at 50 μM, which was 

interpreted to be an important indicator of NDGA analog 

anti-melanoma activity (Lambert et. al., 2001).  This assay 

was carried out in the better-characterized A375 human 

melanoma cell line to further evaluate the cytotoxicity of 

the new analogs compared to M4N.  The assay was optimized 

to the activity of M4N in the DNA synthesis inhibition 

assay which was a 3 hour incubation at 50 μM.  Doxorubicin 

was used as a positive control. 
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Figure 5.83 DNA synthesis inhibition assay 
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Table 5.2. DNA synthesis inhibition assay data summary 

Analog % of 

control 

S.D. p<0.05 p<0.005 P<0.0005 P<0.0001

NDGA 75 18 +    

Cl-I 55 15  +   

Cl-II 79 15 +    

PO4MX 110 12     

M4N 23 8    + 

TOMS 43 12   +  

TA 77 18 +    

OCM 89 33     

OCC 184 54  +   

OCSO 100 26     

OCS 102 31     

OCTC 85 6     

DFM 96 18     

Dox 34 7    + 

 

Statistic is a 2-tailed t-test compared to control.  OCC is 

statistically significantly higher than control. 
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5.2.4 Structure-Activity Relationships (DNA synthesis 

inhibition assay) 

 

The grouping of NDGA and the analogs are as described in 

the cytotoxicity screens. 

 

Group 1: The NDGA-Cl2 was comparable to NDGA in this assay 

and showed a significant decrease in DNA synthesis. 

 

Group 2: PO4MX was shown to be devoid of activity in this 

assay. 

 

Group 3: M4N-mediated DNA synthesis inhibition activity is 

readily evident in this assay at 23% of control.  TOMS at 

43% of control was similar to M4N in this assay.  TA was 

less activity than M4N, but similar to NDGA. 

 

Group 4: OCM, OCSO, OCS, OCTC and DFM were not 

significantly different from control.  However, OCC (184%) 

showed a significant increase in DNA synthesis. 
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5.2.5 RNA Synthesis Inhibition Assay 

To further evaluate the anti-melanoma cytotoxicity activity 

of the analogs in vitro, an RNA synthesis inhibition assay 

was performed.  Actinomycin D was used as a positive 

control. 
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Figure 5.84 RNA synthesis inhibition assay 
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Table 5.3 RNA synthesis inhibition assay data summary 

Analog % of 

control 

S.D. p<0.05 p<0.001 P<0.0005 

NDGA 72 6 +   

Cl-I 75 23 +   

Cl-II 68 15  +  

PO4MX 119 13    

M4N 31 3   + 

TOMS 23 5   + 

TA 68 16  +  

OCM 98 25    

OCC 115 11 +   

OCSO 119 13    

OCS 75 11 +   

OCTC 100 12    

DFM 104 17    

Act D 0.7 0.2   + 

 

Statistic is a 2-tailed t-test compared to control.  OCC is 

statistically significantly higher than control. 
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5.2.6 Structure-Activity Relationships (RNA synthesis 

inhibition assay) 

 

The grouping of NDGA and the analogs are as described in 

the cytotoxicity screens. 

 

Group 1: The NDGA-Cl2 analog was comparable to NDGA in this 

assay and all were significantly different from control. 

They were, however, considerably less potent than M4N. 

 

Group 2: PO4MX did not show a significant difference from 

control in this assay. 

 

Group 3: M4N (31%) and TOMS (23%) showed a significant 

decrease in RNA synthesis compared to control.  TA showed a 

significant decrease in RNA synthesis at 68% of control, 

but was not as active when compared to M4N and TOMS. 

 

Group 4: OCS showed a significant decrease in RNA synthesis 

compared to control.  OCC, as in the DNA synthesis 

inhibition assay caused an increase in RNA synthesis.   
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OCTC and DFM both were inactive in this assay although at 

50 μM their low in vitro solubility may be a factor. 

 

5.2.7 Protein Synthesis Inhibition Assay 

In vitro anti-melanoma cytotoxicity activity was further 

evaluated by screening the analogs in a protein synthesis 

inhibition assay.  Cyclohexamide was used as a positive 

control. 

 

 

 

 

 

 

 

 

 



 206

cy
cl

oh
ex

N
D

G
A

C
l-I

C
l-I

I
O

C
S

O
P

O
4M

X
M

4N
TO

M
S TA

O
C

M
O

C
C

O
C

S
O

O
C

S
O

C
TC

D
FM

--
0

20

40

60

80

100

120

140

%
 
o
f
 
c
o
n
t
r
o
l
 
[3
H
]
-
l
a
b
e
l
e
d

v
a
l
i
n
e
 
u
p
t
a
k
e

Protein Synthesis Inhibition Assay
in A375 Human Melanoma Cells (5hr exposure)

NDGA & Analogs (50μM)

Control

 

 

Figure 5.85 Protein synthesis inhibition assay 
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Table 5.4 Protein synthesis inhibition assay data summary  

Analog % of 

control 

S.D. p<0.005 p<0.001 P<0.0005 P<0.0

001 

NDGA 74 6   +  

Cl-I 55 4    + 

Cl-II 41 3    + 

PO4MX 100 6     

M4N 70 6   +  

TOMS 81 6  +   

TA 81 7 +    

OCM 84 2    + 

OCC 76 3    + 

OCSO 81 6  +   

OCS 55 3    + 

OCTC 98 28     

DFM 110 22     

cyclohex 3 0.2    + 

 

Statistic is a 2-tailed t-test compared to control. 
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5.2.8 Structure-Activity Relationships (protein synthesis 

inhibition assay) 

 

The grouping of NDGA and the analogs are as described in 

the cytotoxicity screens. 

 

Group 1: NDGA and NDGA-Cl2 both showed a significant 

decrease in protein synthesis compared to control.  

 

Group 2: PO4MX did not show any protein synthesis 

inhibition activity. 

 

Group 3: In this group M4N was the most active.  However, 

TOMS and TA both showed a significant inhibition compared 

to control. 

 

Group 4:  OCS was the most active in this screen and at 55% 

of control was more active than M4N in group 3 above.  OCM 

and OCC both showed a significant decrease in protein 

synthesis.  OCTC and DFM were inactive in this screen which 

may be the result of their low solubility in vitro. 
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5.2.9 Tumor Growth Inhibition Model (Study 1) 

The analogs which were selected for further evaluation in 

the in vivo tumor growth inhibition model is based in the 

following rationale in figure 5.86. 
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 All new analogs

 

Analogs with modified phenolic hydroxyl groups 
that are greater that 95% pure 

(impure analogs are likely to have toxic 
phenolic hydroxyl groups)  

 
TOMS, TA, OCC, OCM, OCS, DFM, OCTC 

 

 

 

 

 
Analogs that are stable in aqueous solutions 
(unstable analogs are likely to hydrolyze to  
compounds with toxic phenolic hydroxyl groups) 

 
TOMS, TA, OCC, OCS, DFM, OCTC

 

 

 

 

 

 

 

Analogs that can be synthesized in high yield per 
synthesis 

(500 mg of analogs was necessary for the in vivo models) 
 

TOMS, TA, OCC, OCS

Analogs that showed in vitro anti-melanoma activity
(in any bioassay screen) 

 
TOMS, TA, OCC, OCS 

 

 

 

Analogs that are soluble in an injectable formulation
 

TA, OCC, OCS

 

 

 

Figure 5.86 Rationale for selection of analogs for the in 

vivo tumor growth inhibition assay 
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Figure 5.87 Tumor growth inhibition model using A375 human 

melanoma cell xenograft comparing untreated control to 

vehicle control: Tumor volume (mm3) vs Time (days) 

 

The in vivo tumor growth inhibition studies showed that the 

vehicle Tween 80 (polysorbate 80) shows tumor growth 

inhibition activity in this model.  Further literature 
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research revealed validation of this finding (ten Tije et. 

al., 2003).  All comparisons described hereafter, are to 

vehicle control.   
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Figure 5.88 Tumor growth inhibition model using A375 human 

melanoma cell xenograft and TA-NDGA treatment: Tumor volume 

(mm3) vs Time (days) 
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Figure 5.89 Tumor growth inhibition model using A375 human 

melanoma cell xenograft and OCC-NDGA treatment: Tumor 

volume (mm3) vs Time (days) 
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Figure 5.90 Tumor growth inhibition model using A375 human 

melanoma cell xenograft and OCS-NDGA treatment: Tumor 

volume (mm3) vs Time (days) 
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5.2.10 Study 1 Data Summary 

The data was analyzed by the parameters established by 

Bissery et. al., 1991 for the evaluation of tumor growth 

inhibition and is summarized in the table 5.6. 

 

Table 5.5 Tumor growth inhibition model parameters(study 1) 

Drug and 

dose in 

mg/kg 

 

N 

 

%T/C 

 

T-C 

 

Td 

 

TCK 

vehicle 4   6.77  

TA 100 4 85 0 7.35 0 

TA 200 3 35 2.5 10.28 7.74 

OCC 100 4 47 2.5 7.83 5.90 

OCC 200 4 45 2.5 7.88 5.93 

 

TA and OCC were very well tolerated at the doses tested.  

Unexpectedly however, OCS was not.  All of the mice in the 

200mg/kg OCS dose died after the day-1 injection.  One 

mouse died after the day-1 injection of the 300mg/kg group 

and these high-dose mice were not re-injected on days 5 and 

9 according to protocol.  The mice in the low-dose 100mg/kg 

group tolerated the day-l injection very well, but two died 
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after the day-5 injection, suggesting a cumulative, 

systemic toxic effect.  The 2 remaining 100mg/kg dose mice 

were removed from the study.  Why the intermediate, 

200mg/kg-dose animals all died after the day-1 injection, 

but three of the high-dose treated mice survived is 

unresolved.  OCS was synthesized in two separate synthesis, 

but both were combined and tested for purity prior to the 

start of the bioassays and tumor growth inhibition models.  

Formulating OCS in Tween 80 at the high dose displayed a 

reduction in solubility and perhaps the drug was not fully 

distributed.  The single-injection, 300mg/kg high-dose 

group did not show tumor growth inhibition in this model. 

 

TA showed a dose-dependent reduction in tumor growth 

compared to control with a percent treated/control equal to 

85% and 35% for the 100 and 200mg/kg doses, respectively.  

OCC also showed a dose-dependent reduction in the tumor 

growth inhibition model with a percent treated/control of 

47% and 45% for the 100mg and 200mg/kg doses, respectively. 

 

 

 

 



 217

5.2.11 Tumor Growth Inhibition Model (Study 2) 

In a separate study, the doses of TA and OCC were escalated 

to 300mg/kg and PEG 300 was used as a vehicle in an attempt 

to avoid any vehicle-related tumor growth inhibition.  

Newly-synthesized DFM was added to this study to replace 

OCS which showed in vivo toxicity similar to NDGA. 
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Figure 5.91 Tumor growth inhibition model using A375 human 

melanoma cell xenograft comparing untreated control vs 

vehicle treatment: Tumor volume (mm3) vs Time (days) 
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Figure 5.92 Tumor growth inhibition model using A375 human 

melanoma cell xenograft and TA-NDGA treatment: Tumor volume 

(mm3) vs Time (days) 
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Figure 5.93 Tumor growth inhibition model using A375 human 

melanoma cell xenograft and OCC-NDGA treatment: Tumor 

volume (mm3) vs Time (days) 
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Figure 5.94 Tumor growth inhibition model using A375 human 

melanoma cell xenograft and DFM-NDGA treatment: Tumor 

volume (mm3) vs Time (days) 
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5.2.12 Study 2 Data Summary 

While not evident in the graphic tumor volume data, the 

tumor growth inhibition was dose-dependent at the higher TA 

dose of 300mg/kg when analyzed by the percent T/C, 33%. 

 

The OCC tumor growth inhibition observation was simply not 

repeated in this second study.  However, there was a 

noticeable reduction in solubility of OCC in PEG 300 

compared to Tween 80.  Not only was the concentration 

higher in this formulation, but the volume of PEG 300 was 

reduced to a murine-tolerable 50 μl, compared to the 100 μl 

tolerable volume of Tween 80 used in the method described 

in study 1.  Perhaps the drug was simply not distributed in 

the PEG 300 formulation compared to the Tween 80 

formulation.  The %T/C was 57% in this study. 

 

DFM was given at a single dose level.  There was an 

interestingly reduced rate of growth in the treated mice 

compared to controls.  %T/C was calculated to be 33%. 

 

Notably, the toxicity of the OCC, TA and DFM tested in vivo 

was reduced considerably compared to NDGA.  The murine i.p. 

lethal dose-50 (LD50) of NDGA was determined in our lab to 
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be 75 mg/kg (Lambert et al., 2002).  Comparing the doses 

and considering the differences in molecular mass, TA was 

very well-tolerated at a dose 2.56 times the NDGA LD50.  OCC 

was very well-tolerated at a dose 3.40 times the LD50 of 

NDGA and DFM was well-tolerated at a dose 3.12 times the 

LD50 of NDGA.  OCS, however, may be bio-activated to NDGA or 

a more toxic compound than NDGA in vivo, especially 

considering OCS was not exceedingly cytotoxic in vitro 

compared to NDGA. 
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The data was analyzed by the parameters established by 

Bissery et. al., 1991 for the evaluation of tumor growth 

inhibition and is summarized in the following table. 

 

Table 5.6 Tumor growth inhibition model parameters(study 2) 

 

Drug and 

dose in 

mg/kg 

 

N 

 

%T/C 

 

T-C 

 

Td 

 

TCK 

vehicle 4   3.44   

TA 300 8 33 2 3.32 2.00 

OCC 300 8 57 1 2.61 0.79 

DFM 300 6 33 2 2.78 1.67 
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5.2.13 Structure-Activity Relationships (tumor growth 

inhibition model) 

 

The grouping of NDGA and the analogs are as described in 

the cytotoxicity screens. 

 

Group 1: Group 1 is not represented in this model because 

previous studies reveal that unmodified phenolic hydroxyl 

groups are responsible for in vivo toxicity. 

 

Group 2: Group 2 is not represented because of the lack of 

in vitro anti-melanoma activity. 

 

Group 3: In study 1, TA showed dose-dependent tumor growth 

inhibition when analyze by the %T/C in table 5.3 above.  

The low-dose group showed 85% T/C and the high-dose group 

showed 35% T/C, which is considered to be moderate tumor 

growth inhibition in this model.  In study 2, TA showed a 

slight decrease in %T/C compared to study 1.  The 300 mg/kg 

dose group showed a %T/C of 33%, well into the moderate 

tumor growth inhibition range. 
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Group 4: OCC showed a slight tumor growth inhibition 

activity in study 1.  The low-dose group gave a %T/C of 47% 

and the high-dose group showed a %T/C of 45% nearing the 

moderate tumor growth inhibition range of 42% T/C.  OCS 

showed toxicity in vivo similar to NDGA.  In study 2, the 

increased dose level (300 mg/kg) did not show the predicted 

decrease in %T/C, which was 57%.  DFM replace OCS in study 

2.  DFM showed moderate tumor growth inhibition in this 

model with a %T/C of 33%. 
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6. DISCUSSION 

 

M4N, which is being developed as an anticancer and 

antiviral drug, was synthesized and tested for anticancer 

and antitumor activity in our lab.  Additionally, 

biological data collected by others and us concluded 

independently that M4N anticancer and antiviral activity 

was retained and in vivo toxicity was greatly decreased 

compared to the lead compound NDGA.  M4N was shown to have 

antitumor activity against malignant melanoma in vivo.  The 

tetra acetate of NDGA (TA) and the prodrug 

tetraglycinylated-NDGA (G4N) have also shown antiviral 

activity (Craigo et al., 2000, and Huang et al., 2003).  

With these observations in mind, the primary goal of this 

medicinal chemistry research project was to create and 

characterize additional novel analogs of NDGA in order to 

take advantage of the pharmacology previously described in 

the background literature review of this document, while 

reducing the accompanying toxicity. 

 

With this in mind, 11 additional analogs of NDGA, not 

including M4N, were theorized for structure-activity 

relationship comparisons.  The planned OCSeO-NDGA analog 
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synthesis was unsuccessful.  As expected, the attempted 

reaction greatly favored the formation of the chlorinated 

NDGA by-products.  An unexpected product was formed from 

the hypothesized product of the ortho-cyclic phosphate 

(OCP-NDGA) synthesis.  As shown in the results section, the 

proposed product auto-hydrolyzed to a mixture of NDGA 

phosphates (PO4MX). 

 

The logic behind the theoretical structures of the new NDGA 

analogs was to try a minimalist, synthetic approach.  

Mainly, it was hypothesized that NDGA’s native 4-carbon 

chain length and two planes of symmetry were important to 

the biological activity.  Thus, they were left intact.  The 

phenolic groups of NDGA have been shown to be responsible 

for the nephrotoxicity and hepatotoxicity of NDGA, and 

therefore, “masking” the phenolic hydroxyl groups was a 

priority.  Two new tetra-substituted phenolic hydroxyl 

group analogs were synthesized.  In addition, the ortho 

phenols were “bound” together by one atom to make 5-

membered, heterocyclic rings.  The idea behind this 

approach was to create a prodrug that would metabolize 

slowly back to NDGA, thereby reducing potential kidney and 

liver toxicity. 
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The chlorinated NDGA molecules were abundant by-products of 

an unsuccessful attempt to synthesize OCS-NDGA.  This is 

consistent with the findings of Tickner et al., 1994, who 

were also attempting to create cyclic sulfate prodrugs of 

ortho phenols using sulfuryl chloride.  NDGA-Cl2, peak 1, 

was originally believed to be only a mono-chlorinated NDGA.  

Mass spectrometry analysis showed that while some mono-

chlorinated NDGA was present in the first peak, NMR 

revealed that NDGA-Cl2, peaks 1 and 2, were mostly NDGA-Cl2.  

The reason for two adjacent, but separate peaks is yet 

unresolved.  The NDGA-Cl2 analog was found to be highly 

toxic in vivo and further therapeutic testing was abandoned 

despite having a more potent cytotoxicity than NDGA in the 

cell lines tested.  This finding supports the idea that the 

“free” phenolic hydroxyl groups facilitate intolerable in 

vivo toxicity. 

 

This project was heavily weighted in the area of evaluating 

anti-melanoma activity.  This is for 2 reasons: (1) because 

our prior investigations with M4N revealed somewhat 

impressive anti-melanoma activity in vitro and in vivo and 

(2) one of the focuses of The University of Arizona Cancer 

Center is to investigate novel anti-melanoma drugs. This 
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reflects the locally high incidence of this malignant 

disease. 

 

All of the compounds were tested in selected cancer cell 

lines to compare their cytotoxicity to NDGA and to M4N.  

These cytotoxicity assays reveal that M4N remains the most 

potent analog in A375 human melanoma cells and further, 

that this potency may be somewhat specific to melanoma. 

 

The TOMS analog had an IC50 value greater than 1,000 μM in 

the A375 human melanoma cell line, but unexpectedly caused 

a transient inhibition of DNA and RNA synthesis which is 

discussed further below.  In general the analogs were 

overall more cytotoxic in the HT-29 and MCF-7 cell lines 

compared to the A375 cell line.  Notably, DFM was more 

cytotoxic than M4N in the keratinocyte (HaCat) cell line 

and was well tolerated at (300 mg/kg) in vivo following 

i.p. injection and therefore stands out as a possible 

compound that could be used to investigate further as a 

topical treatment for actinic keratoses. 
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NDGA and M4N were previously tested for DNA, RNA and 

protein synthesis inhibitory activity.  They both showed 

significant and rapid reductions in DNA synthesis.  NDGA 

showed 70% of control DNA synthesis and M4N showed 34% of 

control DNA synthesis at 1 hr drug incubations at 50 μM 

(Lambert, J.D., 2001.)  All of the new analogs were tested 

for macromolecular, bio-polymer (DNA, RNA and protein) 

synthesis inhibitory activities as well.  In these assays, 

50 μM of each analog was used to compare the activities with 

the activity of NDGA and M4N in prior investigations 

(Lambert, J.D., 2001).  NDGA and M4N were included in the 

new study for direct comparison within the experiments. 

 

In the DNA synthesis assay, M4N showed an impressive 23% of 

control DNA synthesis and NDGA showed only 75% of control 

DNA synthesis.  This is in keeping with earlier findings by 

Lambert el al., 2001 which indicate that rapid (1-3hr drug 

incubation) DNA synthesis inhibition is an important in 

vitro observation of NDGA analog-mediated anti-melanoma 

activity.  TA showed a 77% of control DNA synthesis, 

comparable to NDGA.  Unexpectedly, TMS induced a 

significant 43% of control DNA synthesis compared to 
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control.  While TOMS did not show cytotoxicity in the 5-day 

MTT cytotoxicity assay, it did however display a transient 

cytostatic effect that can only be observed at a short 

exposure time period (3hr).  The OCC analog showed an 

increase in DNA synthesis (184% of control).  This possibly 

occurred as a result of lipoxygenase pathway inhibition 

with subsequent proliferative signaling or DNA damage, 

followed by induction of DNA repair enzymes.  Regardless of 

mechanism, the 5-day MTT assay showed that OCC is cytotoxic 

and not cancer growth stimulatory. 

 

The RNA synthesis inhibition assay showed that NDGA induced 

a 72% of control RNA synthesis.  An impressive 31% of 

control RNA synthesis was shown for M4N.  The TOMS analog 

showed an unexpected 23% of control.  As above in the DNA 

synthesis inhibition assay, TA and NDGA showed similar RNA 

synthesis inhibitory activities.  OCC showed an increase in 

RNA synthesis at 50μM (115% of control). 

 

NDGA produced a 74% of control protein synthesis comparable 

to M4N.  The TOMS, TA, OCM, OCC, and OCSO analogs all 

showed a slight reduction in protein synthesis compared 
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with control.  OCS showed a somewhat remarkable 54% of 

control protein synthesis activity.   

 

In the in vivo tumor growth inhibition models TA, OCC and 

OCS were evaluated based on 5 criteria: (1) high purity, 

(2) stable in aqueous solvents, (3) synthesis’ and 

purifications yielding abundant products, (4) showed in 

vitro anti-melanoma activity; (5) were soluble in an 

injectable formulation.  High purity was especially 

important because of the postulated role of the phenolic 

hydroxyl groups in mediating in vivo toxicity.  DFM, which 

did not show any in vitro anti-melanoma activity at the 

concentrations tested, was added to the second study to 

replace OCS which displayed in vivo toxicity.  In study 1, 

TA showed dose-dependent tumor growth inhibition activity 

and at the 200 mg/kg dose showed moderate tumor growth 

inhibition.  The OCC analog showed dose-dependent tumor 

growth inhibition although only bordering on the moderate 

tumor growth inhibition criteria at the 100 mg/kg and 200 

mg/kg doses. 

 

In study 2, TA showed moderate tumor growth inhibition at 

the 300 mg/kg dose.  The OCC analog did not show tumor 
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growth inhibition in study 2 at the 300 mg/kg dose.  This 

may be the result of a considerable decrease in solubility 

in the formulation used for injection in study 2. 

 

In prior studies by Lambert et. al., 2001, M4N was shown to 

reduce tumor volumes on day 34 to 35% of control at a 166 

mg/kg dose and 15% of control at a 250 mg/kg dose in a 

model directly comparable to the model presented in the 

present study.  Data in the present study was reanalyze for 

comparison to the prior study.  In study 1, the tumors were 

allowed to grow until day 33.  The TA analog was 86% and 

65% of control tumor volume at the 100 and 200 mg/kg doses 

on day 33, respectively. TA is a larger molecule than M4N 

and M4N was administered at 166 mg/kg and 250 mg/kg dose 

levels.  If one adjusts for the differences in molecular 

weights and doses and assumes a linear, inversely 

proportional dose to tumor volume relationship, TA gives 

approximately 39% of control tumor volume at day 33 at both 

the 100 and 200 mg/kg doses.  The OCC analog was 87% and 

58% of control tumor volume on day 33 at the 100 and 200 

mg/kg doses, respectively.  This analog has a comparable 

molecular weight.  Considering only dose differences and 

assuming a linear, inversely proportional dose to tumor 
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volume relationship, OCC gives 52% and 46% of control at 

the 100 and 200 mg/kg doses on day 33, respectively.   

In study 2, TA showed a 78% of control tumor growth on day 

26.  Adjusting as in the above argument but assuming linear 

tumor growth up to day 33 or 34, TA at the 300 mg/kg dose 

would show 40% of control tumor volume at day 26.  The OCC 

analog would give 57% of control tumor volume at day 26. 

DFM would be 29% of control tumor volume at day 26 at the 

300 mg/kg dose.  M4N is clearly the most active of the NDGA 

analogs in this model and corresponds with the in vitro 

data which also showed superior anti-melanoma activity. 

 

In conclusion, the general hypothesis of this project was 

accepted.  Analogs which featured phenolic hydroxyl group 

substitutions on NDGA showed a considerable increase in in 

vivo dose tolerability and generally show at least some 

conservation of cytotoxicity in vitro.  The OCS analog may 

actually be more toxic in vivo than NDGA, however.  There 

is also data suggesting that moderate, dose-dependent 

antitumor activity in melanoma in vivo was retained.  The 

observed IC50 values of the analogs in colon and breast 

cancer cell lines in vitro, may warrant in vivo testing of 

the compounds in these tumor types which seem to be more 
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sensitive to the drugs than in the A375 human melanoma cell 

lines. 

 

7. CONTINUING STUDIES 

 

Considering the history of NDGA as a treatment for actinic 

keratoses, investigations into the HaCat (human transformed 

keratinocyte) cell line cytotoxicity of the analogs was 

added to the study.  Further studies of the analogs as an 

AK treatment or perhaps as topical, skin cancer 

chemopreventative agents is appropriate and recommended. 

 

TOMS was not cytotoxic, but did sharply, albeit, 

transiently inhibit DNA and RNA synthesis in the A375 human 

melanoma cell line.  This observation combined with the 

fact that TOMS has very low in vivo toxicity (LD50>1 gram/kg 

in mouse, i.p.), may warrant further investigation as a 

melanoma preventative agent. 

 

The structure-activity summaries in the results section 

indicate that unmodified phenolic hydroxyl groups are not 

necessary for anti-melanoma activity and are probably 
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responsible for in vivo toxicity.  The heterocyclic 

compounds (group 4), in general, showed less anti-melanoma 

activity than the tetra-substituted analogs of group 3.  

Therefore, further synthesis of new analogs should be 

focused on the group 3, tetra-substituted phenolic hydroxyl 

group analogs. 

  

Wilson et al., 2002 reported that “masking” of the phenolic 

groups of NDGA removed lipoxygenase inhibitory activity.  

It follows then, that analogs that are biologically active, 

but have masked phenolic hydroxyl groups are active via a 

lipoxygenase independent mechanism. This pathway should be 

considered, but however, de-emphasized in studies involving 

NDGA analogs with masked phenolic hydroxyl groups. 

 

The most remarkable and specific mechanistic NDGA analog 

observations were published by Craigo et al., 2000, This 

mechanism showed that the mono-, di-, tri- and 

tetramethylether (M4N) NDGA analogs inhibited expression of 

HIV viral genes in a promoter-reporter construct.  In 

addition, cervical cancer cells, C33A, were transfected 

with Human Papilloma Virus (HPV) promoter-reporter 

constructs.  M4N and TA were found to inhibit expression of 
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these promoter-reporter constructs.  It appears as though 

NDGA actually binds DNA in these promoters and affect gene 

transcription by inhibiting binding of Sp1 transactivator 

protein to DNA in the viral promoters.  NDGA analogs had a 

specific inhibition of HPV early gene expression (Craigo et 

al., 2000).  For this reason, the author recommends 

continued studies focused in the area of cervical cancer 

chemotherapy and chemoprevention.  Cervical cancer cells 

infected with HPV (ME-180) are available from American Type 

Culture Collection (ATCC designation; HTB-33) (Manassas, 

VA).  This ME-180 cell line is a highly invasive squamous 

cell carcinoma.  Primarily, the M4N, TA, TOMS, OCC, OCTC, 

and DFM analogs’ cytotoxicity should be screened in this 

cell line and evaluated for which of these should be 

further studied in the tumor growth inhibition mouse model.  

Continuing studies in vivo will require a more reliable 

injectable formulation.  Loss of in vivo tumor growth 

inhibition of OCC in the dose escalation study could 

possibly be the result of a decrease in solubility between 

two formulations.  Therefore, consultation with a 

collaborating formulation chemist is recommended.  

Alternatively, there is a precedent for anticancer activity 

of NDGA via oral dose administration (Chen et al., 2002, 
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Moody et al., 1998, and McCormick, et al., 1987) and this 

route of administration should be considered for further 

therapeutic and in particular chemoprevention studies. 
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