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Both Chinese and Western medicine have made great contributions to health and disease treatment.  However, each has formed its own fundamental rules, in practice as in theory, making the two quite different, especially in the drugs they design and use.  

· Western medicine uses pure natural or synthetic compounds aimed at a single target.  

· TCM uses processed crude multicomponent natural products – in various combinations and formulations aimed at multiple targets – to treat different symptoms according to a unique theory.  

Herbal botanicals, including TCM, and dietary supplements are being accepted and used increasingly by the general population, and studied rigorously by academicians and industries.  Chronic and age-related diseases and disease prevention and health maintenance are particular targets.  The worldwide potential and market was reflected in a special issue on alternative medicine in the November 11, 1998 issue of the Journal of the American Medical Association, indicating a conservative estimate of $27 billion out-of-pocket expenditures for alternative therapies. 

Chinese medicine is derived from natural products, 80% from plants.  From antiquity, Chinese traditional drugs (Chung Yao) and folk drugs (Min Chien Yao) have been prescribed according to systemic theories and used to relieve and cure many different human diseases and health conditions.  Both ancient and modern Chinese herbal classics document this important legacy.  Several examples are “Shen Nung Pen Tsao Ching” (220-250 A.D.) and “Pen Tsao Kang Mu” (1590-1596 A.D.), and currently "Chung Kuo Pen Tsao Tu Jian -- Illustration of Chinese Materia Medica" (1988) and "Chung Hua Pen Tsao -- Chinese Materia Medica".  

Based on these thousands of years of accumulated human trials, biologically active target crude drugs or prescriptions are a unique, fundamental foundation for discovery and development of modern drugs.  In the pure/single drug discovery process, extracts of the natural plant material, both herbs and prescriptions, are subjected to pharmacological testing and bioactivity-directed isolation and characterization to isolate active fraction and, then, active compounds (lead discovery).  Structural modification studies then lead to synthetic analogs (lead improvement).  In the past, TCM has furnished such drugs as the anti-asthmatic ephedrine from Ephedra sinica (Ma Huang) and its numerous synthetic analogs, the antileukemic indirubin from "Dang Gui Lu Hui Wan" and the antimalarial artemisinin from "Qing Hao" and its synthetic derivatives including artemether. 

In my Natural Products Laboratory, the development of new lead compounds from TCM uses three main approaches: (a) bioactivity- and/or mechanism of action-directed isolation and characterization, (b) rational drug design-based modification and analog synthesis, and (c) mechanism of action studies.  Our initial research efforts focus on the isolation of lead compounds followed by chemical modification using structure-activity relationship, mechanism of action, drug metabolism, molecular modeling, and combinatorial chemistry studies to improve pharmacological profiles by increasing activity, decreasing toxicity, or circumventing metabolic, solubility, or drug-resistance problems.  Examples below will illustrate the diversity, rationale, and power of structural modification using both known agents and those under research and development in my laboratory.

Antitumor Agents

Vinblastine and vincristine are two powerful antitumor alkaloids isolated from Catharanthus roseus (Chang Chung Hua).  They are used widely to treat Hodgkin's disease and acute childhood leukemia, respectively.  A different clinical spectrum, including non-small cell lung and advanced breast cancers, is treated with navelbine (vinorelbine().  This synthetic derivative resulted from an interesting Polonovski type-B fragmentation of anhydrovinblastine to reduce the seven-membered ring to a six-membered ring.  The problem of neurotoxicity of the natural alkaloids was reduced by conversion of the C-3 methyl ester to an amide in another synthetic derivative, vindesine.

Similarly, 9-hydroxy-N-2-methylellipticinium acetate lacks the hematopoietic toxicity of the natural ellipticine and 9-methxoyellipticine (Ochrosia elliptica or acuminata). 

Taxol is a unique mitotic inhibitor from Taxus brevifolia with exciting activity against breast and ovarian cancers.  SAR studies have led to more potent derivatives, including taxotere, and more water-soluble analogs. 

Camptothecin (Han Lien) is a natural alkaloid isolated from the Chinese tree Camptotheca acuminata.  It functions as a topoisomerase (topo) I inhibitor and is used to treat gastric, rectal, colon, and bladder cancers.  Several natural and synthetic derivatives including 9-amino and 10-hydroxy camptotecin, topotecan, and irinotecan also are potent antitumor and DNA topo I inhibitory agents.  However, to combat poor water solubility of the parent compound, we synthesized a series of water-soluble 7-(acylhydrozono)-formyl camptothecins.   One compound containing a 7-(L-tyrosylhydrazono) group was more potent than camptothecin in causing protein-linked DNA breaks and in inhibiting DNA topo I; however, it was less toxic in several cancer cell lines.  

A major continuing focus of my laboratory is the synthesis and biological evaluation of etoposide derivatives.  Many facets of the power of structural modification of known active agents are illustrated in this research.  Etoposide itself is a semi-synthetic derivative of podophyllotoxin, a natural product isolated from Podophyllum emodi (Xi Zhang Guei Chiu).  Etoposide targets the enzyme DNA topoisomerase II, and it and the related thiophene analog teniposide, are widely used to treat various cancers. However, problems such as myelosuppression, drug resistance, and poor bioavailability limit their use and necessitate further structural modification.  

We have developed many series of active analogs using cytotoxicity and enzyme inhibition assays coupled with computer modeling studies.  Research on novel 4-alkylamino and 4-arylamino epipodophyllotoxin analogs culminated in an excellent drug candidate, GL-331, 4’-demethyl-4(-p-nitroanilino-epipodophyllotoxin.  GL 331 functions as a topo II inhibitor and can cause apoptic cell death.  It has several advantages compared with etoposide: (a) it is more active both in vitro and in vivo, (b) it is synthesized and, therefore, potentially manufactured in fewer steps, and (c) notably, it can overcome multidrug resistance in etoposide-resistant variant cancer cell lines.  Formulated GL-331 is stable and biocompatable; its pharmacokinetic profiles are similar to those of etoposide.  Its Phase I clinical trials were successful, leading to current Phase II clinical trials against gastric carcinoma and other cancers in Taiwan.  In the completed trials, GL-331 showed marked antitumor efficacy in 4 tumor types (non-small and small cell lung, colon, and head/neck cancers), few side effects, and a MTD of 300 mg/m2. Overall, GL-331 is an exciting new chemotherapeutic candidate with a novel mechanism of action, predictable and tolerable toxicity, and evidence of activity in refractory tumors.
The lactone ring of etoposide is a key metabolic target; it is both hydrolyzed and epimerized to inactive compounds, cis- and trans-hydroxy acids and cis-picro-lactone.  To circumvent this problem, we replaced the lactone carbonyl with a methylene group, generating new (-lactone ring-modified 4-amino epipodophyllotoxins.  In initial studies, unsubstituted- and p-fluoro- anilino compounds showed topo II inhibition (ID50 = 50 (M) and DNA breakage (125 and 139%, respectively, at 20 (M) equal to and greater than those of etoposide (50 (M and 100%, respectively).

In MacDonald's composite pharmacophore model for etoposide-like topo II inhibitory analogs,an intercalation or “intercalation-like” domain includes the methylenedioxy ring.  CoMFA steric contour plots of DNA-etoposide complexes also show an active and sterically favorable area of interaction in this same region.  Accordingly, we synthesized and evaluated podophenazine derivatives of our 4(-amino substituted etoposide-analogs.  With a larger quinoxaline heteroaromatic ring system replacing the methylenedioxy ring, the planar aromatic area extends further into the “intercalation” domain of MacDonald’s model.  Compared with etoposide, the unsubstituted and a di-chlorinated podophenazine showed comparable and greater cytotoxicity against KB and etoposide-resistant KB-7D cells, respectively.  However, unlike etoposide, these podophenazines  did not stimulate DNA breakage and, thus, must not inhibit topo II as does etoposide.

The CoMFA study mentioned above also revealed that the steric and electronic fields of the 4-O'-demethylepipodophyllotoxins are compatible with the stereochemical properties of the DNA backbone.  Thus, we aimed to increase topo II inhibition by increasing the minor groove binding ability of our 4-amino-epipodophyllotoxin analogs.  Accordingly, we linked two known minor groove binding functional groups, which are structural components of the cytotoxic polypeptide netropsin, to a p-aminoanilino epipodophyllotoxin through an amide bond.  The new compound with a 1-methyl-4-nitro-2-pyrrolecarboxyl group showed potent cytotoxicity with log GI50 values less than -8 in MOLT-4 leukemia and MCF-7 breast cancer cell lines; the corresponding values of etoposide were -5.99 and -5.36, respectively.  Increased cytotoxicity was also found in KB cells with a lower-fold increase in etoposide-resistant KB-7D cells.  Inhibitory activity against topo II was also greater with a lower IC100 for toposiomerase II inhibitory activity (12.5 (M vs 100 (M) and greater percent inhibition of protein-linked DNA breaks (225% vs 100%) at 12.5 (M.

In another unique structural modification, we synthesized and evaluated two compounds that are conjugates of a topo I inhibitor (4-formyl camptothecin) and a topo II inhibitor (a p-aminoanilino and an o-aminoanilino substituted epipodophyllotoxin) linked by an imine bond.  Such a bimolecular compound might simultaneously inhibit both enzymes and, thus, circumvent topoisomerase-mediated drug-resistance mechanisms.  The growth inhibitory properties of these new compounds did closely resemble the behaviors of both the topo I- and topo II-inhibitory components as the conjugates stimulated DNA cleavable complex formation with both topo I and topo II.  Compared with etopsoide and GL331, both conjugates were more cytotoxic in several cancer cell lines including HOP-62 leukemia, SW-620 colon cancer, MCF/ADR adriamycin-resistant breast cancer, and A-498 renal cancer.  In drug-resistant KB-variants, both compounds were more active than camptothecin in camptothecin-resistant cells and than etoposide in etoposide-resistant cells.  One compound was more active than either etoposide or camptothecin when given i.p. to nude mice.  These results prompt further investigation of such bimolecular models in anticancer drug development. 

Bioactivity-directed fractionation and isolation of Chinese medicinal herbs has also led to many cytotoxic lead compounds, which we have subsequently modified to yield potent derivatives.  Examples are given below.

The sesquiterpene lactones, helenalin and microlenin showed promising in vitro cytotoxicity after isolation from Helenium microcephalum.  We found that the (,( -unsaturated enone was crucial for activity.  In addition, helenalin and its bis-glutarate ester showed similar T/C values (162% and 195% at 8 mg/kg) in P388 leukemia-infected mice, while the latter compounds, but not helenin or its malonate or succinate, inhibit DNA topo II.  Thus, the number of carbons in the ester linkage is important to topo II inhibition.

The bruceosides are a group of natural cytotoxic quassinoids isolated from Brucea javanica and antidysenterica.  Bruceoside C shows excellent activity (ED50 < 0.1 (g/mL) in KB and RPMI-7951 cell lines, and bruceantin was tested in phase II clinical trials, but has not progressed to drug development.  We have studied many point of modification in this compound class; including the C-15 side chain.  Oxidation of this chain may cause deactivation and limit efficacy.  Adding fluorine in the side chain might circumvent this oxidation.  In the fluorinated analogs, he most potent compound contained a 4,4,4-trifluoro-3-methylbutanoyl ester at C-15 and was approximately as active as bruceantin in eight human cancer cell lines.  

Bioisosteric synthesis of cytotoxic natural product models has continued to be a promising research area.  For example, the antileukemic natural flavonoids tricin and kaempferol-3-O-(-D-glucopyranoside have %T/C values of 174 and 130 %T/C, respectively, at 12.5 mg/kg in P388-infected mice.  Our synthetic target compounds contain a ring nitrogen instead of the oxygen found in the natural compounds, and constitute a new class of synthetic cytotoxic antimitotic agents, the 2-phenyl-4-quinolones.  In a series of 3',6,7-substituted compounds, several compounds showed impressive differential cytotoxicity against human tumor cell lines and were potent inhibitors of tubulin polymerization with activity nearly comparable to that of colchicine.  The most potent compound 3'-methoxy-6-pyrrolinyl-2-phenyl-4-quinolone had GI50 values in the nanomolar or subnanomolar range (average log GI50 = -8.73).  One compound (NSC 656158) demonstrated a 130% increase in life span when tested by NCI in the xenograft ovarian OVCAR-3 model.  Compounds with a reduced double bond ( tetrahydrophenylquinolones, (THPQ) also were quite active with ED50 values as low as 0.008 (g/ml.  The antitubulin effects of the (-)-isomers were stronger than of the (+)-isomer.

In another structurally related series, a second nitrogen was incorporated in the aromatic A ring.  2-Aryl-1,8-naphthyridin-4-ones with meta-substituted phenyls (methoxy-, chloro-, or fluoro) or (-naphthyl groups at the C-2 position were quite potent in NCI's 60 humor tumor cell line panel with GI50 values in the low micromolar to nanomolar range.  2-(3'-Methoxyphenyl)-naphthyridinone was significantly more cytotoxic in several cancer cell lines than the corresponding 2-(3'-methoxyphenyl)-quinolone.  Inhibition of tubulin polymerization was significant.  When thienyl or benzothienyl moieties replaced the 2-phenyl group, antitubulin activity was strongest with the 2-(3'-benzothienyl) substituent.

Colchicine is an ancient drug, which is still used to treat gout and familial Mediterranean fever.  This alkaloid was isolated from Colchicum autumnale and has potent antitumor activity and powerful antimitotic effects.  It binds to and inhibits the polymerization of tubulin, which plays an essential role in cellular division.  The synthetic analogue thiocolchicine is more potent and more toxic than colchicine, the corresponding IC50 values for inhibition of tubulin polymerization (ITP) are 0.65 and 1.5 (M, respectively.  However, the high toxicity of the natural alkaloids limit their medicinal value, and we have made many structural modifications to decrease toxicity and increase selectivity.  In thise analogs, ketone (thiocolchicone), hydroxy, and ester groups replace the C-7 acetamido group of colchicine.  Both enantiomeric alcohols and esters were prepared, but only the (-)-aS,7S optically pure enantiomers [the C-7 alcohol and its acetate and isonicotinoate esters] showed activity (ITP IC50 values ranging from 0.56 to 0.75 (M) equivalent to or greater than that of (-)-thiocolchicine.  Thiocolchicone and a ring-contracted analog, the allo-ketone deaminodeoxy-colchinol-7-one thiomethyl ether, had comparable antimitotic activity.  However, in an interesting development, a simple structural modification profoundly affected the mechanism of action.  When all three A-ring methoxy groups were demethylated, the resulting trihydroxy compound no longer functioned as tubulin inhibitor, but instead, inhibited topo II.  This development demonstrates the versatility of the structural modification approach.

Many naturally occurring substituted anthraquinones [including morindaparvin-A and -B] and naphthoquinones (including psychorubin and related compounds) possess cytotoxic antileukemic activities.  Accordingly, we have synthesized and studied related structures including naphth[2,3-d]imidzole-4,9-diones and dithiophene-4,8-diones.  Both compound classes were cytotoxic, and selected compounds in the latter class were extremely potent against melanoma, leukemia, and non-small cell lung, ovarian, and breast cancers (logGI50 < -8.00).
ANTI-HIV AGENTS:

We also are strongly involved in the preclinical development of anti-AIDS drugs.  AIDS remains an enormous health threat, although chemotherapeutic agents have increased in number and effectiveness.  Both nucleoside (AZT, DDI, DDC, D4T, 3TC) and non-nucleoside (nevirapine, delavirdine) HIV reverse transcriptase (RT) inhibitors and HIV protease (saquinavir, indinavir, ritonavir, nelfinavir) inhibitors have been licensed by the US FDA.  Also, combination therapy of a protease inhibitor, DDC, and 3TC results in undetectable levels of HIV in the blood of infected patients.  However, despite this success, toxicity and, especially, drug resistance still present severe problems.  We have found that anti-infective or immunomodulating Chinese herbal medicines and subsequent structural modification of discovered leads can provide new, effective, and less toxic drug candidates.  

Two series of compounds show exciting potential: the triterpene derivatives DSB and DSD, developed from betulinic acid, isolated from Syzigium claviflorum and the coumarin derivative DCK, developed from suksdorfin, isolated from Lomatium suksdorfii (Bei Mei Chian Hu) and Angelica morii (Shan Du Huo).  Patents for these compound classes have been awarded or are being reviewed.  
Esterification is a common method for creating new derivatives from lead compounds containing hydroxy groups.  Accordingly, we applied this technique to betulinic acid, which was active against HIV replication in H9 lymphocytes with an EC50 = 1.4 (M and a therapeutic index, TI = 9.3.  Among the derived analogs, 3-O-(3’,3’-dimethylsuccinyl)-betulinic acid (DSB) and -dihydrobetulinic acid (DSD) were obtained from betulinic acid and its dihydro derivative.  DSB and DSD exhibited more potent anti-HIV activity (EC50 < 3.5 x 10-4 (M) with better therapeutic indexes (> 20,000 and >14,000, respectively) than those of AZT (EC50 = 0.15 (M, TI = 12,500).  We applied this same methodology to betulin, which contains two modifiable hydroxy groups and is less expensive than betulinic acid.  The 3',3'-dimethylglutaryl diesterified betulin was almost as active as DSB (EC50 6.6 x 10-4 (M) and had a similar TI (21,615).  The stereochemistry and linkage of the C-3 acyl group was crucial; the 3( ester and the 3( amide had  TI values of only 3.4 and 36.6, respectively.  In preliminary mechanism of action studies, results in fusion and MAGI assays indicate that certain betulin derivatives do not inhibit viral fusion, but may inhibit HIV in a late stage of its life cycle.  Further structural modification and mechanism of action studies among compounds related to DSB and DSD are in progress.  

The pyranocoumarin suksdorfin [(3'R,4'R)-3'-acetoxy-4'-(isovaleryloxy)-3',4'-dihydroseselin] inhibited HIV replication in H9 lymphocytes with an EC50 of 1.3 (M and a TI >40.  In early studies of this and related coumarins, changing the type and stereochemistry of the 3' and 4' acyl groups led to an extremely potent compound, 3',4'-di-O-(-)-camphonyl-(+)-cis-khellactone (DCK), with potent inhibitory activity (EC50 = 0.0004 (M) and a remarkable TI = 136,719.  DCK is 366-fold more potent and 11-fold more selective than AZT.  Stereoselective synthesis furnished all four 3',4'-diastereoisomers and the activity was found to be highly stereospecific as the three (-)-cis, (+)-trans, and (-)-trans diastereisomers were at least ten thousand times less active than DCK.  Accordingly, a highly selective (93%) asymmetric synthesis of DCK was developed using catalytic asymmetric dihyroxylation of seselin with potassium osmate dihydrate and the enantioselective ligand: hydroquinine 2,5-diphenyl-4,6-pyrimidinediyl diether, (DHQ)2-Pyr.  This synthetic route was applied to give the isomeric methoxy and methyl substituted DCK analogs.  In the former series, 5-methoxy-DCK was the most potent compound, with EC50 and TI values of 0.00038 (M and >402,632.  In the latter series, the 3-, 4-, and 5-methyl derivatives were extremely potent with EC50 values less than 4.2 ( 10-7 (M and TI values greater than 3.72 ( 108.  In both series, substitution of the 6-position was unfavorable.   In additional SAR studies, the carbonyl oxygen of DCK was replaced with a sulfur atom.  This bioisostere was less potent (EC50 = 0.029 (M) than DCK but was also less cytotoxic.  The 4-methyl, -propyl, and -benzyl analogs were also prepared; the order of activity was methyl > H > propyl > benzyl.  4-Methyl-3', 4'-di-O-(-)-camphonyl-(+)-cis-khelthiolactone exhibited extremely potent anti-HIV activity with EC50 and TI values of 0.00718 (M and >21,000, respectively.

CONCLUSION

In this paper, I have demonstrated the rationale, versatility, and successes, both past and present, in drug development from TCM.  Structural modification is a powerful tool to increase the potential of bioactive active principles.  By applying scientific expertise and modern scientific technology, new single compounds and active fractions from TCM will assuredly be developed as clinical candidates for world-class new drug development in the 21st century.
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