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ABSTRACT.-Examples are presented of plants with folkloric reputations that have re- 
cently afforded constituents with great potential for use as drugs or pharmaceutical excipients. 
Described are the results of laboratory investigations at this institution on the biologically active 
compounds offour plants with reputed medicinal properties and ofsix sweet plants used by local 
populations in various regions of the world. It is concluded that folklore information should be 
considered seriously in programs designed to yield prototype, biologically active molecules 
from plant sources. 

Since the beginning of the 19th century, a large number of biologically active sec- 
ondary metabolites of plant origin have been found to have commercial application as 
drugs, flavors, pesticides, or as other types of speciality chemicals. Natural products 
obtained as plant isolates may be useful directly or may serve as starting materials for 
the synthesis of active agents (1-4). In addition, natural products are suitable as lead 
compounds for the subsequent design of structurally related molecules that are more ac- 
tive or less toxic (1,4,5). 

Recently, there has been an upsurge in interest in the use of plants with folkloric 
reputations or with application in traditional medicine as sources of potentially useful 
compounds (6-9). The term folklore in regard to the discovery of vegetal antitumor 
agents has been put forth as “encompassing all reports implying that a plant produces a 
physiologic effect against any animal organism and includes plants used for medicinal 
purposes, insecticides, fish or arrow poisons, and those suspected to be poisonous to 
man or livestock” (10). The following examples of promising biologically active 
molecules, derived in recent years from plants with histories of folkloric use, show the 
potential value of this type of information. 

The sesquiterpene endoperoxide, qinghaosu (artemisinin) [l], is a constituent of 
the Chinese medicinal herb, Artemisia annua L. (Compositae), that has been employed 
in China for centuries as an anti-infective and for the treatment of malaria. This com- 
pound was first isdated by Chinese investigators in 1972, and has since been used suc- 
cessfully in the treatment of several thousand patients in China where it was revealed to 
have potency as an antimalarial comparable to chloroquine ( 11,12). The drug has been 

1 2 

‘Presented as a plenary lecture at “The Search for New Drugs from Natural Sources” Symposium of 
the 28th Annual Meeting of the American Society of Pharmacognosy at the University of Rhode Island, 
Kingston, Rhode Island, July 19-22, 1987. 



10 10 Journal of Natural Products [Vol. 50, No. 6 

totally synthesized, and several of its derivatives also exhibit potent, drug-resistant, 
plasmodicidal activity ( 11- 13). 

A further terpenoid with outstanding potential for drug use is the labdane diter- 
penoid, forskolin [2], an isolate of Coleusforskohlii Briq. (Labiatae). The use of Coleus 
species for the treatment of ailments including heart diseases, respiratory problems, 
and convulsions was described in ancient Hindu Ayurvedic texts. Forskolin {2] was iso- 
lated by two groups in India and is an antihypertensive agent, with spasmodic, positive 
inotropic, and platelet aggregation inhibitory activities. The compound decreases 
intraocular pressure and, thus, may have use in the therapy of glaucoma and is a power- 
ful activator of adenylate cyclase in various tissues (14- 16). 

Garlic (Allium sativum L., Liliaceae) has been used around the world for many years 
to treat ailments such as heart problems, and for the prevention of strokes, coronary 
thrombosis, and atherosclerosis ( 17). Block and co-workers have isolated several sulfur- 
containing constituents of garlic, including (E,Z)-ajoene 131 which is a potent in- 
hibitor of platelet aggregation. The antithrombotic activity of ajoene has been attri- 
buted to its ability to alter platelet membranes by capturing sulfhydryl groups (18). 
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Extracts of the seeds of Thaumutococcus dzniellii (Bennett) Benth. (Marantaceae) have 
been used by local populations in West Africa for sweetening sour fruits and for making 
over-fermented palm wine more palatable ( 19). Two sweet principles, thaumatins I and 
11, were isolated and characterized from this plant in 1972 and found to be similar pro- 
teins with almost identical molecular weights of 22,000 (20,2 1). Thaumatin I is about 
3,000 times sweeter than sucrose on a weight basis, and its three-dimensional structure 
was recently established (2 1). Talin@ protein, a mixture of the aluminum salts of sev- 
eral thaumatin proteins extracted from T.  ribniellii, is now available as a high-intensity 
sweetening agent in several countries including Australia, Japan, and the United King- 
dom. Talk@' protein has been accorded Generally Regarded as Safe (GUS)  status in 
the United States as a flavor adjunct in chewing gum. In the United Kingdom the Com- 
mittee on the Safety of Medicines has approved Talk@ protein as a safe excipient for 
sweetening and improving the flavor of medicines (22). 

A very recent addition to the drug market in the United States is dronabinol 
(Marinol@), which is the synthetic form of A9-tetrahydrocannabinol [4] ,  the principal, 
psychoactive constituent of marihuana (Cannabis sativa L., Cannabinaceae) (23). This 
compound is available for its antiemetic effects during cancer chemotherapy that has 
not responded to conventional drugs used to suppress emesis. Although the antiemetic 
effect of marijuana has been known since the 19th century (24,25), the introduction of 
4 into current drug therapy may be directly attributed to more recent anecdotal reports 
suggesting that smoking marijuana decreases the nausea and vomiting experienced 
during cancer chemotherapy (25,26). 

Etoposide (VePesid@') 151 is an example ofa synthetic compound modeled on a nat- 
ural product, podophyllotoxin [6] ,  a constituent of Podophyllum peltaturn L. (Ber- 
beridaceae), a plant with folkloric reputation in the treatment of cancer (27,28). 
Etoposide is now clinically available in the United States for the treatment of testicular 
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cancer and small-cell lung carcinoma (23). Compound 5 is a less toxic and more potent 
antineoplastic agent than 6 and was developed in the Basel laboratories of Sandoz, Ltd. 
(28). 

PROPERTIES.-The seed of Croton tiglzum L. (Euphorbiaceae), the source of croton oil, 
is used in traditional Chinese medicine as a purgative, revulsive in colds and for apo- 
plexy, paralysis, scabies, throat infections, toothache, and schistosomiasis (29). Croton 
oil produces severe symptoms of toxicity when taken internally or applied externally to 
the skin (30). However, croton oil is perhaps of greatest interest to the scientific com- 
munity as a result of the discovery of its tumor-promoting activity for mouse skin in 
1941 (3 I), after which the pure biologically active constituents were demonstrated in 
the 1960s to be esters of the diterpene, phorbol(32). Hecker and colleagues eventually 
isolated eleven phorbol 12,13-diesters from croton oil that were extractable into hydro- 
philic solvents, as well as a further three such compounds obtained after the partial hy- 
drolysis of a mixture of phorbol 12,13,20-triesters present in a lipophilic extract of the 
seed oil (32). In addition, phorbol esters have been implicated as inducers of the Ep- 
stein-Barr virus with which there is a strong etiological relationship in some human 
tumors such as nasopharyngeal carcinoma. Hirayama and Ito have correlated the geo- 
graphical areas with the highest incidence of nasopharyngeal cancer in the People's Re- 
public of China with a correspondingly high usage ofC. tiglzun and other euphorbiace- 
ous herbs that are employed for the treatment of gastrointestinal disturbances (33). 

In this laboratory we have shown the use of droplet counter-current chromatog- 
raphy (dccc) for the purification of several diterpene components of both unhydrolyzed 
and hydrolyzed C. tzglium seed oil (34-37). In addition to obtaining several of the phor- 
bo1 diesters previously characterized by Hecker, we were able to isolate by dccc seven 
short-chain esters of phorbol17-131 and four short-chain esters of 4-deoxy-4a-phorbol 
[14-171 that had not been obtained from croton oil previously (35-37). Several of these 
compounds were new, and neither diterpene monoesters such as 1 2 , 1 3 ,  and 17, nor 4- 
deoxy-4a-phorbol esters had been known as croton oil constituents before. These vari- 
ous short-chain phorbol and 4-deoxy-4a-phorbol esters occurred in a combined yield of 
0.258% wlw in croton oil and may have considerable biological significance when cro- 
ton oil is used in two-stage carcinogenesis experiments, inasmuch as they may interfere 
with the tumor-promoting activity of the major phorbol ester constituent ofC. tzglzum, 
12-0-tetradecanoylphorbol- 13-acetate (TPA) 1181. Several synthetic, short-chain, 
phorbol esters, while inactive as mouse skin tumor promoters themselves, have been 
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shown by others to drastically inhibit in a dose-response fashion the activity of TPA 
(38). Dccc is a method usually employed for the separation of polar, plant secondary 
metabolites (39), although its applicability to the resolution of the croton oil, phorbol 
ester toxins suggests that this procedure may be useful for the separation of other fixed 
oil constituents. 

W e  have recently demonstrated the effectiveness of overpressure layer chromatog- 
raphy (oplc) for the preparative purification of TPA 1181 and other phorbol diester con- 
stituents of croton oil (40). The oplc stage was carried out after a single preliminary sep- 
aration step using low-pressure column chromatography, and the homogeneity of the 
eluted TPA was confirmed by chemical ionization ms (40). Oplc offers a much more 
rapid method for the purification of the croton oil, biologically active principles than 
either the multiple liquid-liquid distribution techniques used traditionally (32) or dccc 
(36,37). This procedure should be much more widely applied for the analysis and pur- 
ification of natural products in future years. 

Euphorbia hermentiana Lem. (syn. E .  trigona Haw.) (Euphorbiaceae) has folk use as a 
medicinal plant in southern Asia and is used for the treatment of earache and boils (4 1). 
Our group encountered E .  hermantiana as a houseplant sold in the United States and de- 
cided to perform a controlled human dermatological experiment on the latex of this 
species. Small (5-kI) portions of the undiluted latex placed on flexor forearms of volun- 
teer subjects in open (non-occluded) patch tests resulted in the generation of irritant fol- 
licular dermatitis with residual hyperpigmentation persisting for over a week following 
application. Closed (occluded) testing to the upper surfaces of the forearm produced 
bullae and severe vesiculation. These results indicate that E .  hwmentiana represents a 
potential health hazard if purchased as a houseplant, and great care should be exercised 
when moving or pruning this plant (42). 

The skin-irritant latex of E .  hwmentiana proved to contain a complex mixture of di- 
terpene esters that was painstakingly separated using dccc as the primary isolation tech- 
nique. The compounds obtained were the 17-hydroxyingenol esters 119-211, the in- 
genol ester 1221, the 20-deoxy- 17-hydroxyingenol ester f231, the 8-methoxyingol es- 
ters [24-261, the 19-hydroxyingolester 1271, and the ingol esters [28-301(43-45). A 
number of these diterpenoids had not been purified or characterized previously. The 
positions of ester substitution of these isolates were established by stepwise, hydrolysis 
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experiments. The skin-irritant activity of the latex of E .  hwmentiana is due primarily to 
the 17-hydroxyingenol and ingenol derivatives 119-22); the 20-deoxy- 17-hydroxy- 
ingenol derivative 123) would not be expected to be active in this regard (44,45). 
While compounds 19-21 were originally assigned as esters of 16-hydroxyingenol(44), 
the subsequent availability of high-field nmr instrumentation permitted the running of 
an nOe difference experiment on their common diterpene product, 17-hydroxyingenol- 
3,5,17,20-tetraacetate 1311, obtained in each case on the hydrolysis of 19-21. There- 
fore, it was concluded that the C- 16 methyl group of 31 has the same configuration as 
the C- 13 and C- 14 protons and that the C- 17 acyloxymethyl group is P-oriented (45). 
A similar nOe difference experiment was performed on the hydrolyzed, acetylated 
product of compound 23 in which the presence of 20-deoxy- 17-hydroxyingenol- 
3,5,17-triacetate 132) was confirmed (45). 

It has been proposed that diterpenes of the phorbol ester and biogenetically related 
types (daphnane, ingenane, lathyrane) are plant irritant, defense substances (37). Be- 
cause no previous work showing the effects of these toxins on insects had apparently 
been performed, we tested compounds of this type against a number of insect pests. 
Twenty diterpene esters were assayed for growth-inhibitory and insecticidal effects 
against newly hatched larvae of the lepidopterous organism, Pectinophwa gossypieIIa 
Saunders (pink bollworm). The most potent compound tested was 12-0-tetradecanoyl- 
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phorbol- 13-acetate (TPA) 1181 which also is the most potent tumor-promoting princi- 
ple of croton oil (32). TPA was found to cause 100% mortality on second-stadium lar- 
vae of Culexpipiens L. (house mosquito) at a dose of 0.6 ppm, but either negligible or no 
effects occurred when TPA was tested at 25-32 pg/insect on the milkweed bug (Oncopel- 
tus fasciatus Dallas; second-stadium nymph) and the confused flour beetle (Tribolium con- 
fusum Jacquelin du Val; adults). Only the phorbol esters with long-chain, acyl sub- 
stituents and the daphnane esters tested were active as growth-inhibitory compounds 
against P .  gossypiella; the ingenane and ingol (lathyrane) derivatives evaluated showed 
no effects in this regard at the maximum dose tested (50 ppm) (37). A close correlation 
was observed between results obtained in this P .  gossypiella growth inhibition bioassay 
and cytotoxicity data determined for the same test compounds against P-388 lym- 
phocytic leukemia cells in culture (37,45). Therefore, this insect bioassay might well 
be of future use as an inexpensive and convenient prescreen for cytotoxic phorbol and 
daphnane esters. 

The bark of Acosmium panamense (Bentham) Yakovlev (syn. Sweetia panamensis 
Mohlenbtock) (Leguminosae) was formerly official in the “National Formulary” of the 
United States as Cascara Amarga, Bitter Bark, or Honduras Bark, during the period 
1926- 1942 (46,47). In the form a fluidextract, Cascara Amarga was used as an altera- 
tive for the treatment of chronic cases of syphilitic tubercles and eruptions, as well as 
gummy tumors, chronic eczema, and chronic nephritis (48). In Mexico and certain 
Central American countries the bark itself or a decoction of the bark has been used 
folklorically as an anticatarrhal, antimalarial, antipyretic, antitussive, bitter tonic, and 
a remedy for diabetes and scrofula (48). The bitter nature of the bark of A .  panamense can 
be attributed to the abundant and varied quinolizidine alkaloids that accumulate to the 
extent of about 1.5% w/w. These compounds were found to be of three types, namely, 
quinolizidines of the lupine, Ormosia, and of a new type, which we have called Acosmium 
alkaloids. Among the lupine-type alkaloids was the new compound, (-)-4a-hydroxy- 
sparteine 1331, whose structure was proven by ms after derivatization (49). The Ormosia 
alkaloid, sweetinine, originally obtained from this plant source by Beal and co-workers 
(47), was reisolated and assigned the structure (*)-6-epi-podopetaline 1341 (50). A 
close derivative of compound 34, (?)-homo-6-epi-podopetaline [351, was also isolated 
from A .  panamense bark and characterized as a new natural product (48,5 1). However, 
the major alkaloids proved to be based on a new C,, skeleton and have been named acos- 
minine {361 and acosmine (4-deoxyacosminine) 137. The structure ofacosminine E361 
was established by spectroscopic studies, incorporating uv, ir, ms, and one- and two- 
dimensional nmr ( 5  2). 

33 34 

35 36 R=OH 
37 R = H  
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The genus Acosmium is the most primitive taxon of the legume subfamily 
Papilionoideae known to biosynthesize quinolizidine alkaloids, and, thus far, the Acos- 
mium alkaloids 36 and 37 have not been found in any other legume species ( 4 8 , 5  1 ,52 ) .  
Notably absent from the bark of A .  panamense were a-pyridone quinolizidine bases, 
which are considered the most biogenetically advanced members of the lupine al- 
kaloids, and it may be suggested that oxidative pathways leading to the pyridones must 
have occurred subsequent to the evolution of the primitive, rain forest trees that consti- 
tute the genus Acosmium ( 4 8 , 5  1 ,52 ) .  Pyridone quinolizidine bases are also known to be 
more acutely toxic than saturated lupine quinolizidines (5 l ) ,  and the absence of these 
compounds from the bark of A .  panclmense is consistent with the fact that no cases of 
acute toxicity were reported during the former wide use of Cascara Amarga in the 
United States (48). 

A final example of a medicinal plant we have encountered with a folklore use is Ot- 
tonia frutescens (C. DC.) Trel. (Piperaceae). This was obtained from northeastern 
Paraguay, where it is known locally as “Anestesia,” and is used to relieve toothache 
pains and to treat sore throats. When the fresh or dried stems or roots are chewed, a pro- 
longed numbness of the tongue results. Activity-guided fractionation revealed that the 
tongue-numbing principle of 0. frutescens was the known N-isobutylamide, 
piperovatine 1381 ( 5 3 ) .  The local anesthetic activity of piperovatine has long been ap- 
preciated, and a solution of this compound in almond oil was once used in the United 
Kingdom to afford temporary relief from painful, superficial oral lesions. The rather 
short-term nature of its effect, however, coupled with its tendency to cause excess sali- 
vation, prevented its successful application in minor dental operations ( 5 3 , 5 4 ) .  

38 

THE SEARCH FOR HIGH-INTENSITY SWEETENERS FROM PLANTS WITH 
FOLKLORIC uSE.-Among sweet substances, sucrose is paramount in that it produces 
sweetness that is unmasked by any other taste sensation. However, when this caloric 
substance is used as a bulk sweetener, relatively large amounts need to be incorporated 
into foods, beverages, and medicines. In addition, sucrose is now recognized as the 
major dietary component tending to produce dental caries in developed societies. 
Therefore, much effort has been spent in research laboratories to discover compounds of 
either natural or synthetic origin that may serve as non-caloric and/or non-cariogenic 
sucrose substitutes. The search for natural, high-intensity sweeteners, which are com- 
pounds hundreds or even thousands of times sweeter than sucrose, has been stimulated 
by perceived problems with the safety, chemical instability, unpleasant taste character- 
istics, or the high cost of production of existing sucrose substitutes (55). 

A summary of the known classes of high-intensity plant-derived sweeteners is given 
in Table 1. Analysis of the table shows the chemical diversity of these sweet substances. 
These compounds are not restricted to a few taxonomic groups, and many have been re- 
ported only very recently ( 5 6 ) .  Several of the compounds mentioned in Table 1 have 
commercial value in one or more countries of the world ( 2 2 , 5 5 , 5 6 ) .  Given that at the 
moment there is a lack of convenient bioassay systems to screen for potential sweeten- 
ers, and given that there is insufficient knowledge to rationally design sweeteners not 
related structurally to existing compounds, work on plant-derived sweet substances has 
been very useful in elucidating information about the relationship ofsweetness to struc- 
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TABLE 1. Sweetness Relative to Sucrose of Various Plant-Derived Intense Sweetening Agentsasb 

Compound Class 

Monoterpenoid . . . . . . . . 
Sesquiterpenoid . . . . . . . . 
DiterpeneGlycosides . . . . . 

Triterpene Glycosides 

Steroidal Saponin . . . . . . . 
Aromatic Aldehyde . . . . . . 
Dihydroiuxournarin . . . . . . 
Dihydrochalcones . . . . . . . 

Proteins . . . . . . . . . . . 

Compound Name 

Perillartined 
Hernandulcin 1391 
Stevioside 1441. 
Steviolbioside‘ [45] 
Rebaudioside A 1461 
Rebaudioside B‘ [47 
Rebaudioside C [48] 
Rebaudioside D [49] 
Rebaudioside E [50] 
Dulcoside A 151 J 
Rubusoside 1521 
Baiyunoside 
Glycyrrhizin 
Ammonium glycyrrhizind 
Periandrin I 
Periandrin I1 
Periandrin I11 
Periandrin IV 
Mogroside V 1581 
Osladin 
Cinnamaldehyde 
Phyllodulcind 
Naringin dihydrochalconed 
Neohesperidin dihydrochalconed 
Thaumatin 
Monellin 

Approximate Sweetnessc 
Relative to Sucrose 

370 
1500 
2 10 
90 

242 
150 
30 

22 1 
174 
30 

114 
500 
93 

50- 100 
90 
95 
92 
85 

256 
300 
50 

400 
300 

2000 
3000 
3000 

‘Relative intensity data taken from Kinghorn and Soejano (56) and Hussain etaf. (57). 
should be noted that not all of these quantitative data have been obtained using the same sensory 

techniques and that sweetness intensity may vary with several factors including sweetener concentration. 
cSucrose= 1.0; figures are expressed on a weight comparison basis. 
dDerivative of natural product. 
‘Sodium salt. 

ture (55). Folkloric information on the use ofsweet plants, whether obtained in the field 
or via literature reports, has been extremely valuable in leading to the discovery of addi- 
tional examples of natural sweeteners (56). Work performed at this institution on sev- 
eral plants with a history of use for sweetening and other purposes by native populations 
will be reviewed in the following paragraphs. 

The intensely sweet, bisabolane sesquiterpene, hernandulcin [39], was isolated and 
characterized from Lippia dulcis Trev. (Verbenaceae), a plant native to tropical America. 
In his monograph entitled “Natural History of New Spain,” written between 1570 and 
1576, the Spanish physician Francisco Hernindez described and illustrated a sweet 
plant that was known to the Aztec people by the Nahuatl name “Tzonpelic xihuitl” 
(58). Based on this monograph and on other literature sources, “Ttonpelic xihuitl” was 
identified as L.  dulcis (58,59). Samples of this plant were collected in central Mexico, 
and the plant was, indeed, found to be sweet and sold in market-places under the name 
“Hierba duke.” The sweet constituent of this plant was found to be a volatile oil com- 
ponent and, therefore, soluble in nonpolar solvents. Its structure was established as 39 
after the application of various spectroscopic techniques and synthesis from two ketone 
precursors by a directed-aldol condensation (58-60). Compound 39 was named hernan- 
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dulcin in honor of Hernandez. The synthetic (?)-hernandulcin was not mutagenic 
when examined in a forward mutation assay utilizing Salmonella typhimurium strain 
TM677 and was not acutely toxic for mice at doses up to 2 g/kg body weight. Prelimi- 
nary studies with a human taste panel indicated that natural (+)-hernandulcin was 
about three orders of magnitude sweeter than 0.25 M sucrose on a molar basis or about 
1,500 times sweeter on a weight basis. Unfortunately, this isolate proved to exhibit 
perceptible off- and after-tastes and was somewhat bitter (58). 

Molecular mechanics calculations performed on hernandulcin E397 have shown that 
the C-  1 ’ hydroxyl and the C- 1 carbonyl groups are arranged about 2.6 A apart in its 
preferred conformation (shown beneath the structure of 39). Therefore, 39 closely fits 
the model of Shallenberger et al. (6 1) for sweet-tasting compounds. The C- 1’ epimer of 
39, epihernandulcin 1401, obtained during our synthesis of hernandulcin, also fits the 
AH,B model proposed by Shallenberger et al. (61) for sweet compounds but is not 
sweet. In the case of 40, the preferred conformation, as determined by molecular 
mechanics calculations (shown beneath the structure of 40), shows a lack of linearity 
when compared to 39, and it may be concluded that the bulky hydrophobic group pre- 
vents the correct receptor fit in order to elicit sweetness (60). Mori and Kat0 (62) have 
recently synthesized both the (S f ,S f ) -  and ( R X , R f ) -  forms of hernandulcin E391 and 
found that only the naturally occurring (+) - (S+,S*)-  form is intensely sweet. It has been 
found at this institution that alterations in the basic structure of hernandulcin 1391 lead 
to either bitter or neutral tasting compounds (60,63). 

While hernandulcin 1391 continues to be evaluated for its potentiality for commer- 
cialization, it seems unlikely that crude or partially purified extracts of the plant could 
be used for sweetening purposes for two reasons. First, there was a very low natural 
abundance of (+)-hernandulcin 1391 in the L. dulcis samples we examined. Second, this 
sweet constituent would need to be separated from camphor, the main component of 
the volatile oil of L. dulcis. Camphor is regarded as a very toxic compound with a re- 
ported lethal dose as low as 50 mg/kg. Field work carried out by members of our group 
indicated that L.  dulcis is now sold in Mexico for a reputed abortifacient effect rather 
than for sweetening purposes. The high levels of camphor in the plant are consistent 
with its present folk use as an abortifacient, because this compound crosses the placenta 
and has been associated with neonatal death (59). 

Another sweet plant sold in a marketplace under the name “Hierba duke” is Tes- 
saria hhneifolza (Hook. & Am.) Cabrera (Compositae) which was purchased in Asun- 
cion, Paraguay. In this case, the plant is used by the local population as an em- 



1018 Journal of Natural Products [Vol. 50, No. 6 

menagogue. The plant was grown from seed at the University of Illinois Pharmacog- 
nosy Field Station, and it was found that only the young, growing shoots of the plant 
were sweet. After a standard extraction scheme and preliminary toxicity and 
mutagenicity assessment, the sweetness of this acquisition was found to concentrate 
into EtOAc. The sweet principle was found to be the known compound dihydroquerce- 
tin-3-acetate 1417, which represents the first example of a new class of intensely sweet 
compounds, the dihydroflavonol sweeteners. Compound 41 was obtained originally 
from T.  dodoneifolia, although it was not recognized as being sweet at the time of its first 
isolation (64). The absolute stereochemistry of the sweet principle of this plant was es- 
tablished in our laboratory as (2R+, 3RX)-, by conversion to (+)-pentaacetoxydihydro- 
quercetin 1421 and comparison with an authentic sample (65). While compound 41 
was rated as about 50 times sweeter than sucrose by a human taste panel, a simple syn- 
thetic modification of this isolate, the novel 5,7,3'-trihydroxy-4'-methoxydihydro- 
flavonol-3-acetate [431, was assessed as possessing about 400 times the sweetness inten- 
sity of a 2% sucrose solution (65). Thus far, the mixtures of diastereoisomers of 43 pro- 
duced by synthesis have not been resolved, and due to the strict stereospecificity of the 
sweetness receptors in the papillae of the tongue, it may be expected that the active 
(2Rf,3Rf)- form of 43 is some 800 times sweeter than sucrose. Neither compound 41 
nor 43 was found to be mutagenic or acutely toxic for mice. Assessment of the dihydro- 
flavonol sweeteners in regard to their sensory, stability, and solubility parameters, as 
well as their cost of production, is still at an early stage. However, these sweet com- 
pounds represent a further class of intensely sweet, natural products that have been 
elucidated as a result of following up a folklore lead on a sweet plant. 

OR 0 

41 R=H 
42 R=Ac 

43 

W e  have found that laboratory studies on plants with a folk reputation for sweeten- 
ing purposes do not always result in the isolation of intense sweeteners. For example, 
the bark of Boscia salicifoolia Oliv. (Capparidaceae) is pounded and used as a sweetening 
agent for soup in Nigeria (66). Work-up of a sample of B. saolicifolia bark showed the 
presence of large amounts of sucrose (10.09% w/w) as the sole sweet compound present 
(67). In this case, the folklore use of this plant part as a nutritive sweetener is, indeed, 
vindicated, and B .  salic#olia bark contains sucrose at only slightly lower levels than 
either sugar cane (15-20%) or sugar beet (10- 17%) (68). 

Steyia rebaudiana (Bertoni) Bertoni (Compositae) has been used for centuries in 
Paraguay, its country of origin, to sweeten beverages such as mat6 (Ilex paragnayensis 
St.-Hil.). Stevioside 1441 is the major sweet ent-kaurene glycoside constituent ofS. re- 
baudiana, and this compound and extracts of the leaves of its plant of origin are accepted 
for general use as sucrose substitutes in a wide variety of foods and beverages in Japan. 
In addition to being intensely sweet, stevioside [&} offers several other advantages in 
being stable to heat and acids and nonfermentive. S. rebaudiana is cultivated commer- 
cially for the Japanese market not only in Paraguay and Japan but in several other Asian 
countries (69). In Paraguay teas made from S .  rebaudiana are currently prescribed by 
physicians for the treatment of hyperglycemia (69,70). 

Nearly 60 years elapsed between the initial isolation ofstevioside {M} and its final 
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structural determination at the National Institute of Arthritis and Metabolic Diseases, 
NIH (69,7 1). Seven additional sweet ent-kaurene glycosides C45-513 were also iden- 
tified as S. rebaudiana constituents in the 1970s (72,73). Certain of these compounds 
occur in remarkably high concentrations in the plant. For example, a sample of dried S .  
rebaudiana leaves cultivated in the People’s Republic of China that we recently 
examined contained stevioside C441, rebaudioside A 1461, rebaudioside C 1481, and 
dulcosideA[51) inrespectiveyieldsof6.6,3.7,2.1, and0.53% w/w(74). Despiteoc- 
curring in such high abundance in S .  rebaudiana, these compounds appear to be very 
rare in the genus Stevia, which is composed of about 200 species. When 110 Stevia leaf 
herbarium specimens were examined phytochemically, ent-kaurene glycosides were de- 
tected in only two species, namely, s. rebaudiana collected in Paraguay in 1919, and 
Stevia phiebophyiia A. Gray collected in Mexico in 1889. Only trace amounts of this 
compound were found in the latter species which may now be extinct (75). Considera- 
ble efforts have been expended in attempts by several groups to produce semi-synthetic 
analogues of stevioside 1441 that do not have the bitterness characteristic of the natural 
compound (56,69). 

A plant used as a sweet, caffeine-free tea by local populations of the Guangxi Au- 
tonomous Region in the People’s Republic of China has been found to biosynthesite an 
intensely sweet compound, rubusoside [521, which is structurally related to the sweet 
ent-kaurenoid glycosides ofS. rebaudiana (76). The leaves of this plant, Rubus suavissimus 
S .  Lee (formerly R. chingii Hu,  Rosaceae), contain over 5% w/w rubusoside [52} 
(76,77). Compound 52 is based on the same diterpene aglycone as the S. rebaudiana 
sweet glycosides, namely, steviol 1531. As was the case with the sweet steviol 
glycosides ofS. rebaudiana, rubusoside E521 is rare in the genus Rubus and was found to 
occur in only one of 39 species examined (77). 

There is now an extensive, though by no means exhaustive, literature on safety 
studies concerning stevioside 1441 and extracts ofS. rebaudiana, although little or noth- 
ing appears to have been published in the primary literature in this regard on 
rubusoside {53]. Crude and purified S .  rebaudiana extracts, as well as crystalline 
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stevioside 1441, have been tested on rodents for acute and subacute toxicity with no evi- 
dence of adverse effects. Also, no toxicological evidence has been published indicating 
that extracts or constituents ofS. rebaudiana produce teratogenic effects in experimental 
animals (69). However, despite reports of negative results on S. rebaudiana extracts and 
several of its sweet constituents in a variety of mutagenicity assay systems (69,78), 
steviol 1531 (mt- 13-hydroxykaur- 16-en- 19-01), the aglycone of sweet compounds 44- 
52, was found to be mutagenic toward S. typhimurium strain TM677, when metaboli- 
cally activated (78). Using appropriately substituted derivatives, i t  has been shown that 
the C-13 hydroxy group of steviol is required for the exhibition of mutagenicity, as is 
the C 16-C 17 exomethylene group functionality (78,79). Interestingly, these very same 
structural features must be present for glycosides of steviol f531 to produce a sweet ef- 
fect (69). Steviol1531 can be activated to mutagenic substances by human liver micro- 
somes (80). After incubation in the presence of a rat liver preparation, under conditions 
similar to those found to cause a mutagenic response, three in-vitro metabolites of 
steviol 1531 have been identified by gclms, namely, compounds 54-56 (81). The most 
abundant metabolite detected under these conditions was 15a-hydroxysteviol{54}, in- 
dicating that the major pathway of steviol 1531 in mammalian metabolism is allylic 
oxidation. Although compound 54 was not mutagenic, the closely related derivative, 
15-oxosteviol 1571 was a direct-acting mutagen (80-8 1). Additionally, it was found 
that this compound was highly toxic to bacteria used in the mutagenicity assay (80,8 1). 
While compound 57 was not detected among the products of steviol1531 metabolism, 
it is possible that his compound is indeed formed during the incubation, and, due to its 
high reactivity, it could be trapped by a component of the mixture such as a cysteine of 
the activating proteins (8 1). 

54 55 

COOH 

56 57 

It  may be pointed out that, thus far, there have been no adverse effects reported 
from the human consumption of either S. rebaudiana or R. suavissimus products, despite 
the high levels of steviol [53] glycosides present in each case. The discovery of the 
mutagenicity of steviolE531, however, does suggest that additional safety assessments, 
including in-vivo metabolism studies, should be performed on these natural, sweet 
glycosides before they can be considered safer for human consumption (69,80). 

In a recent study, we have shown that steviolf531 possesses feeding deterrent activ- 
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ity against the aphid pest, Schizaphis graminurn Rondani (greenbug). A total of 16 
analogues of this compound were characterized and tested, and it was found that a loss 
of feeding deterrent activity was observed after the acetylation or glycosylation of the 
C 13-tertiary hydroxy group or on methylation of the C 19-carboxylic acid substituent. 
In contrast to effects on its mutagenicity, the antifeedant activity of steviol[53] was not 
unduly affected by structural modification of the C 16-C 17-exomethylene group (82). 
Stevioside 1441 had a weak but discernible feeding deterrent effect on S. graminum. The 
demonstration of this type of adverse effect on an insect species may provide a clue to the 
reason why such large amounts of steviol glycosides accumulate in both S .  rebaudiana 
and R . suavissimus . 

A final example of a sweet plant with a folkloric reputation is Thladiantha grosvenorii 
(Swingle) C. Jeffrey (syn. Momordica grosvenorii Swingle; Cucurbitaceae). This is an in- 
tensely sweet-tasting plant, known as “lo han kuo” in the south of the People’s Republic 
of China where it occurs, that has been used for centuries as a household remedy for 
colds, sore throats, and minor stomach and intestinal problems (83). T.  grosvenorii was 
unknown to western botanists until the mid 1930s, and chemical work on its con- 
stituents did not begin until the 1970s. Despite apparently not being used for sweeten- 
ing purposes, the fruits of this vine contain an abundant, sweet, triterpene glycoside, 
mogroside V 1581, which was characterized by Takemoto et a/.  (84). Mogroside V 1581 
was found to occur in concentration levels of about 1.0% wlw in dried T .  grosvenorii 
fruits and was determined as nonmutagenic and produced no mortalities in acute toxic- 
i ty  experiments on mice at doses up to 2 g/kg body weight (85). As shown in Table 1, 
the compound is somewhat more intensely sweet than stevioside 1441. Therefore, mog- 
roside V 158) deserves a more thorough assessment as to its feasibility for commercial 
use as a sweetener. In addition, it may be possible to use extracts of T .  grosvenorii di- 
rectly for sweetening purposes, since they seem to have a history of safe use among 
human populations. T.  grosvenorii extracts should, thus, be subjected to more intensive 
laboratory investigation from both the phytochemical and toxicological standpoints. 

glc 
21 6 

0-glc- glc 
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0 @ 
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While the viewpoint has been expressed that all of the possible therapeutic natural 
products have largely been discovered (86), it would seem that greater opportunities 
than ever before exist to discover new prototype, biologically active molecules from the 
plant kingdom, given the development of improved isolation methods and the more 
ready availability of high-resolution spectroscopic techniques for structure determina- 
tion on ever smaller amounts of sample. In addition, bioactivity-guided fractionation is 
now possible with increasingly ingenious and specific types of bioassay. Many of the 
plants mentioned in this review that have demonstrated folkloric reputations as medici- 
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nal or sweetening agents have afforded interesting, biologically active compounds on 
subsequent investigation. Although folkloric claims for a given species may not be sub- 
stantiated when extracts of the plant are subjected to laboratory examination, such in- 
formation should play a prominent role in programs directed towards the isolation and 
characterization of biologically active substances from plants for the judicious selection 
of material for study. A consideration of plants used for sweetening purposes by local 
populations is vital to the success of any project designed to elucidate the structures of 
further examples of intensely sweet compounds that are potentially non-cariogenic andor 
non-caloric. This information may be obtained either from the literature or by field ob- 
servations, and, provided sufficient leads of this type are established, a systematic 
search for sweet molecules may be conducted in this manner. 
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