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Sugars are extensively engaged in nearly all
aspects of life processes, from primary energetics,
through post-translational modification of function-
al proteins, to production of structural elements of
the cell and generating signalling molecules.
Glycosylation is quite common biochemical trans-
formation, performed by more than 80 families of
glycosyl transferases (GT). Considering estimated
gigatonns of UDPG per month used by terrestrial
plants in order to build up cellulose, starch and other
polysaccharides globally, glucose transfer alone
stands out as the largest biotech operation run on the
planet. Plants synthesize well over 100 000 natural
products, and considerable proportion of them are
glycosylated. Glycobiology describes the role of
sugar oligomers (glycans) in variety of intra- and
intermolecular events, which involve molecular
recognition of carbohydrates (1, 2). Unlike
aminoacids and nucleotides ñ the building blocs,

which tend to produce linear biopolimers upon con-
densation, monosaccharides offer much more room
for structural diversity, leading to branched struc-
tures with great variety of shapes, depending on
types of interglycosidic linkages and monomeric
constituents involved. Therefore, from the present
point of view, glycomics perceived as a system of
structural information storage, related to biological
function, looks incomparably more complicated,
that previously defined fields of functional biology:
genomics and proteomics. Although bioinformatics
has not reached the level, at which rational mining
of sugar structural diversity becomes viable, even
superficial knowledge of natural products can offer
useful hints concerning distribution and biological
activity of small molecular weight compounds of
glycosidic structure isolated from bacteria, fungi
and higher plants, which found application as drugs
in traditional medicine. More often than not, these
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natural glycosides rooted in ethnopharmacological
tradition, pawed the way to the next generations of
semisynthetic medicines, used in modern therapy.
Nature provides unsurpassed structural versatility in
many categories of secondary metabolites, which
became valuable lead compounds for drug discovery
and development, often inaccessible by convention-
al chemical synthesis. It is estimated that more than
a half of modern drug substances originated in the
natural products pool (3-5). It is likely, that most of
these valuable compounds will be eventually obtain-
able by biotechnological processes as a result of
advances in functional plant genomics. Meanwhile,
the window of opportunity for chemical synthesis,
applied for rationally designed structural modifica-
tion of the natural lead compounds, seems to remain
wide open. In particular, chemical glycosylation,
although intrinsically difficult when applied to com-
plex and multifunctional natural products, can be
perceived as type of derivatization, which allows for
a fine tune up of various molecular properties (such
as overall size, polarity, local electron density,
lipophilicity, membrane permeability, affinity to
active transport systems, biodegradability, etc.),
within a single glycosylation protocol. This short
survey, focused on selected categories of plant sec-
ondary metabolites, which are known to occur in
glycosylated state, is intended for illustration of the
thesis that a switch from the natural glycoside to a
semisynthetic construct, comprising a structurally
modified glycone, can be very useful for therapeutic
purposes (resulting for example, in lower toxicity
and/or better selectivity of the modified conjugate).
In our opinion, chemical glycosylation can serve as
a technical platform for rational structural modifica-
tion and as an useful tool in medicinal chemistry,
particularly for more effective exploitation of chem-
ical structure diversity offered by Nature.

Biological significance of secondary metabolism

Plant genome is surprisingly large in compari-
son with that of animals. The model organism,
Arabidopsis thaliana (for which reasonable bio-
chemical pathway database exists) has ca. 130 kbp,
while wheat or onion are known to contain almost
two orders of magnitude more base pairs. This can
be interpreted in terms of need for stress adaptation
reaction in form of chemical response, in absence of
the flight option. Plants have encoded during their
evolution a great variety of gene clusters responsible
for synthesis of compounds which are not essential
for survival but offer some environmental advantage
to the host (6). These compounds, collectively clas-
sified as secondary metabolites (SMs), often func-

tion as deterrents to herbivory and although biocom-
patible in general, sometimes exhibit significant tox-
icity against animals, including humans.
Nevertheless, many of these SMs, initially foreign to
human physiology, have been adopted over millenia
by ethnopharmacology for treatment of various
alignments, often because selective toxicity exhibit-
ed by corresponding plant herbal preparations,
helped fighting infective pathogens or parasites. In
general, these non-nutritional constituents of plants
(or microbial organisms) are processed metabolical-
ly after human ingestion as typical xenobiotics,
undergoing standard phase I (e.g. oxidative activa-
tion by CYP) and phase II (conjugation leading to
excretion) processes, which make them sub-optimal
as drug leads or drug candidates, despite of pro-
nounced biological activity in model systems. 

Secondary metabolites have evolved biogeneti-
cally on various enzymatic pathways, utilizing such
principal metabolic constituents as fatty acids,
aminoacids, shikimate or mevalonate units, iso-
prenoids, etc., to produce a great variety of struc-
tures, traditionally categorized as: alkaloids, antibi-
otics, flavonoids, terpenoids, etc. (7-9). Many of
them undergo glycosylation, by action of glycosyl-
transferases, in order to facilitate their cellular trans-
port and compartmentalization, but stability of gly-
cosides in biological material is often quite limited,
sometime leading to a false impression that agly-
cones are primary constituents of a biological matrix.
While glycosylated SMs are mobilized as a local or
systemic chemical defense system of a host organ-
ism, their rationally designed synthetic analogs can,
in principle, serve a variety of functions, in human
medicine. Sugar moiety of such glycosides is an
ideal target for structural manipulations, because its
multifunctionality offers wide opportunities for
changes in both: topology and charge/electron densi-
ty distribution. In some cases intact natural glycoside
structure constitute a proper substrate for desired
chemical derivatization. However, quite often de-
conjugation of such SMs (either enzymatic or chem-
ical) leads to inactive aglycone and inactive sugar.
Such cases (anthracycline antibiotics, digitalis gly-
cosides, antiviral nucleosides, etc.) are particularly
interesting for study of the sugar moiety role and
function (10-12). Often, disconnection and reassem-
bly of the glycosidic bond is the simplest way to a
lab scale derivatization. However, such cases can
pose a serious operational challenge, particularly for
scale up and process development. Therefore, a
comment on glycosylation as a limiting step, sup-
plemented by examples from contemporary litera-
ture, is enclosed (13).
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Scope of chemical glycosylations as applied to

natural products

There are great many synthetic protocols for
conjugating sugars with alcohols and phenols by
chemical means (14-19), but unlike enzymatic cou-
plings, which are high yielding, stereo- and
regiospecific one step transformations, they require
protection of sugar donor hydroxyl groups, careful
choice of anomeric leaving group and design of a
compatible activation system. The glycosidic bond
is most commonly formed by a nucleophilic dis-
placement of the leaving group (LG) of the glycosyl
donor with the hydroxyl or thiol moiety of the nucle-
ophile (glycosyl acceptor). These reactions are usu-
ally performed in the presence of activator, promot-
er or catalyst. The glycosidic linkage adds a chiral
ring element and the two diastereofacial isomers, α-
and β-glycosides, can be formed. The stereochemi-
cal outcome of the reaction is influenced by a range
of factors, including steric effect, character of pro-
tecting group, promoter, leaving group, and reaction
conditions. For many years in the past, anomeric
bromides, chlorides (20) hemiacetals and acetates
(21) were used as glycosyl donors for the synthesis
of oligosaccharides and complex glycosides. During
last 30 years of the past century, new classes of
donors were developed (19). Nowadays,

trichloroacetimidates (16), thioglycosides (17), fluo-
rides (20), glycosyl xanthates and thioimidates (22)
n-pentenyl glycosides (23) and glycals (24, 25) have
also become common glycosyl donors. 

In most glycosidation reactions, the resulting
anomeric stereochemistry is controlled by the nature
of the C-2 substituent in the sugar moiety. Thus 1,2-
trans glycosidic linkage can be stereoselectively
formed with the use of participating group at C-2
such as O-acetyl (Ac), O-benzoyl ( Bz), N-phthal-
imido (Phth) (14). 

There are a number of papers on influence of
protecting and leaving group on the 1,2-cis stereose-
lectivity (19). When the C-2 oxygen is protected with
an alkyl or benzyl group, the anomeric effect domi-
nates and the α-anomer is preferentially formed (19).
Milder reaction conditions are beneficial for 1,2-cis
glycosylation. Thus, halide ion catalyzed reaction of
glycosyl halides is superior for the synthesis of 1,2-
cis glucosides, galactosides, and fucosides (26).
Thioglycosides are favorably activated with iodo-
nium dicollidine perchlorate (IDCP) (27). When gly-
cosylation proceeds via bimolecular SN2 mechanism,
glycosyl donors with 1,2-trans orientation form 1,2-
cis glycosides. For example, α-mannosyl chlorides
with insoluble catalyst (28), or α-mannosyl triflates
(29, 30) are used for β-mannosylation. Since in most

Scheme 1. Synthesis of quercetin 3-O-β-D-glucuronide.
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Scheme 2. Synthesis of glucoglycerolipid.

cases the reaction proceeds according to SN1 mecha-
nism (intermediate carbooxonic cation is formed) the
orientation of the leaving group is of lesser impor-
tance (31, 32). Although variation of reaction condi-
tions and structure of glycosyl donor or glycosyl
acceptor may occasionally lead to high 1,2-cis stere-
oselectivity, no efficient general method for 1,2-cis
glycosylation has been elaborated yet.

Abundance of natural glycosides inspired con-
siderable synthetic efforts towards complex glyco-
sides and their analogs (33, 34). Some selected
examples are presented below, to illustrate typical
approaches by which various glyconjugates can be
obtained, even from complex, multifunctional agly-
cones. A number of natural products have been pre-
pared by the use of the O-glycosylation reaction
with glycosyl halides. The earliest known glycosy-
lation method is that of Koenigs and Knorr. This
reaction involves the coupling of a glycosyl bromide
or chloride with a hydroxyl component upon activa-
tion of the former with a heavy metal ion, typically
silver or mercury (35). Extensions of the
KoenigsñKnorr conditions include the use of Lewis
acids and phase-transfer catalysis (26) to activate the
anomeric halides. Several authors have reported the
glycosylation of flavonoid derivatives, since
flavonoid glycosides play a variety of essential roles
in the growth and development of plants (36). A gly-
cosyl derivative of the secondary plant metabolite ñ

quercetin, a very efficient antioxidant, was prepared
by Rolando (37) via standard glycosylation, fol-
lowed by selective catalytic oxidation, providing the
desired glucuronide, as depicted in Scheme 1.

In order to investigate alterations of the glyco-
lipid composition due to HTLV-I virus (human T-
lymphotropic virus type I) infections, a new gluco-
syl glycerolipid with a 6-O-phosphocholine group
was isolated from the culture of HTLV-I-infected
human helper T-cells, and synthesized by coupling a
glucopyranosyl bromide with (S)-glycidol (Scheme
2) (38). The mild glycosylation was carried out
according to Lemieux halide methodology, as
shown below (26).

Trichloroimidate-mediated glycosylation was
designed and developed by Schmidt (16) as an alter-
native useful method to Koenigs-Knorr glycosyla-
tion. Some advantages of this method include mild
reaction conditions, thermal stability and ease of
preparation of the trichloroacetimidate, usually good
chemical yield, good stereocontrol and lack of effect
on other glycosidic bonds. Therefore, synthesis of
numerous disaccharides, key subunits of biological-
ly potent oligosaccharides such as antigens, antibi-
otics, glycoproteins, and glycolipids has been per-
formed using glycosyl imidates, as exemplified by
preparation of biologically potent α-1,2-linked di-
saccharide derivatives via regioselective one-pot
protectionñglycosylation (39) .
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Scheme 3. Synthesis of docetaxel 7-α-D-glucopyranoside.

Paclitaxel (taxol) is considered an exceptional-
ly effctive anticancer drug of natural origin. One of
the major drawbacks of this drug is its extremely
low aqueous solubility. In order to prepare taxane
glycoconjugates, similar to those found in nature,
which would be more soluble in water than pacli-
taxel, Zamir et al. (40) performed the semisynthesis
of an O-glycosylated docetaxel analogue by reaction
of the natural taxane with protected imidate ester
derivative according to Scheme 3.

Thioglycosides are amongst the most widely
used glycosyl donors (17). Their popularity is partly
due to their facile synthesis, stability and their easy
conversion into glycosides. A number of glycosyla-
tions with thioglycosides have constituted key steps
in the syntheses of various glycolipids. The thiogly-
coside methodology was applied by van Boom (41)
to the synthesis of naturally occurring biologically
interesting disaccharide rhamnolipids as shown in
Scheme 4.

1,2-Unsaturated sugars (glycals) are versatile
synthetic intermediates, often used for preparation
of 2-deoxyglycosides (42). The most direct route to
2-deoxyglycosides is by acid-promoted addition of
alcohols to a glycal, although care must be taken to
prevent acid-catalyzed Ferrier-rearrangement. The
stereochemical outcome of the reaction is influenced
by a range of factors including the conformation of

glycal, steric factors in both the glycal and nucle-
ophile, the nature of electrophilic species, the sol-
vent and the temperature.

Small molecule drugs and drug candidates result-

ing from structural modification of a natural gly-

cone

Alkaloids

Class of alkaloids, as compounds distinctly dif-
ferent from other plant constituents, because of their
alkaline character, gained recognition at the begin-
ning of XIX century with discovery of morphine,
and have grown to ca. 20 thousands member group
today. They are formed predominantly in higher
plants, by multistep transformations involving
amino acids and biogenic amines, and are consid-
ered to function as phytoalexins. This category of
SM is not commonly glycosylated, perhaps because
in order to render them soluble it is enough, in
majority of cases, to combine them with ubiquitous
organic acids, instead of forming energetically
expensive covalent glycosidic bond. Although
reports on glycosylated quinolizidines, ergot deriva-
tives, betalaines and indoles of plant origin can be
found in journals devoted to plant physiology, the
best known group of alkaloids natively combined
with sugars are cholesterol metabolites of
Solanaceae, like solanine 1 and tomatine 2 (Fig. 1),
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Scheme 4. Synthesis of disaccharide rhamnolipid.

similar in origin and character to saponins. They
typically contain branched oligosaccharide com-
posed of D-glucose, D-galactose, D-xylose, and L-
rhamnose units, linked to the alicyclic secondary
alcohol. These compounds are toxic to mammals
and exhibit pronounced antifungal activity. So far,
they did not found medicinal applications, despite of
their occurence in cultivated plants of Lycopersicum
and Solanum families (9).

Staurosporine 3 and rebeccamycin 4 (Fig. 2)
are good examples of bis-indole N-glycosidic natu-
ral products (isolated from Streptomyces, hence clas-
sified also as antibiotics), which evoked more inter-
est in terms of strive for semisynthesis of analogs.
Staurosporine was found to be a potent inhibitor of
protein kinases and therefore, was considered as a
lead compound for anticancer application. Its
analogs were synthesized, among others, from
rebeccamycin, itself a topoisomerase inhibitor (43).

Colchicine can be considered a special case of
an alkaloid without basic nitrogen atom, besides it
contains rather unusual tropolone ring system, but it
should be mentioned here because of interesting
antimitotic action, based on its ability to bind to
tubulin and interfere with microtubule assembly.
While colchicine itself is appliedd in experimental
plant genetics and as veterinary antineoplastic, its
semisynthetic glycoside: thiocolchicoside 5 (Fig. 2),
is used for gout treatment and as a muscle relaxant
(9). In this case, glycosidation is clearly chosen as a
mean for toxicity remediation. In connection with
this motive, it should be pointed out that metabolism
of alkaloids can also provide useful hints for explo-
ration of SM structural diversity. Morphine, for
example, is metabolized to 3-O-glucuronide and/or
6-O-glucuronide in mammals, but only to the sec-
ond of these metabolites in man, which could inspire
research on long acting prodrug conjugates. It
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seems, however, that alkaloids have been relatively
seldom a subject of chemical glycosylation with aim
to study biological activity of resulting conjugate. In
our opinion, it can be expected, that many interest-
ing medicinal chemistry hits could be obtained on
such route by intensified research in the field.

Antibiotics

This category of SM, which bears clear medic-
inal connotation, is often of microbial origin, and
comprises enormous structural variety. Among
antibiotics, which constitutively contain sugar moi-
eties, the following groups can be listed: aver-
mectins, lincomycin derivatives, polyenes (nystatin,
amphotericin), aminoglycosides (streptomycin, gen-
tamycin), glycopeptides (vancomycin, bleomycin),
enediynes (calicheamycin, neocarzinostatin) and
macrolides (erythromycin, azithromycin). In each of
these groups, much effort has been devoted to chem-
ical derivatization and semisynthesis, in order to
obtain more active and more selectively acting
antimicrobial and antifungal agents. In many cases
switch, or structural modification of a glycone,
resulted in a new pharmaceutical active substance
(44, 45). In order to discuss some conceptual ground
for such modification, we will bring up examples

from the field of anthracycline antitumor antibiotics,
in which we share some personal experience.
Daunorubicin 6 and doxorubicin 7 (Fig. 3), toxic
pigments from Streptomyces, are in clinical use for
nearly four decades and the second from the two
natural drugs became one of the principal con-
stituents of the multidrug chemotherapy schemes,
typical for contemporary clinical oncology (46)
Nevertheless, the quest for ìbetter doxorubicinî
continues all the time, and thousands of new syn-
thetic derivatives have been obtained and tested,
throughout the years (47-49). 

Although DNA intercalation was indicated
from the beginning as the principal mechanism of
cytotoxicity, alternative modes of action, in particu-
lar inhibition of topoisomerase II and generation of
reactive oxygen species through free radical mecha-
nism, were also considered. However, in retrospec-
tive examination of the extensive synthetic effort in
preparation of new dauno/doxo analogs, the line of
definite molecular targeting can hardly be traced.
Since molecules of natural anthracyclines are very
reactive and susceptible to destruction by variety of
chemical reagents (electrophilic, nucleophilic, oxi-
dating, reductive, etc.), search for new derivatives
was severely limited to ìdoable chemistryî per-

Figure 1. α-Solanine (1) and α-tomatine (2)
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formed on prototype antibiotics, at least during ini-
tial period. Meanwhile, the central dogma of anthra-
cycline-DNA interaction, stating that 3-aminosugar,
L-daunosamine, is necessary component of the bina-
ry complex, because it stabilizes minor grove bind-
ing through electrostatic interaction, was contested
by W. Priebe from UT MD Anderson Cancer Center
in Houston, TX, USA (50, 51). Priebe with co-work-
ers executed radical structural changes in the gly-
cone part of anthracyclines, using glycoside discon-
nection approach, which relied on steady aglycone
supply, in house synthesis of sugar moieties, and
mastering chemical glycosylation processes.
Meanwhile, interactions of partial structures with
appropriate DNA fragments were measured and
modeled, resulting in energy estimates with partition
to incremental contributions from molecular frag-

ments (52). This seminal work paved way to a series
of highly innovative new drug candidates, which are
now in clinical trials. Annamycin 8 (Fig. 3) is per-
haps the most spectacular example of such innova-
tion, worth discussing in some detail. The following
radical changes have been introduced (all in the gly-
cone part), in comparison to the daunosamine moi-
ety in prototype antibiotic doxorubicin: a) 2í-iodo
substituent replaced 2-deoxy group; b) 3í-hydroxy
function replaced amino group, with retention of
configuration; c) configuration of the 4í-OH group
was inverted. Commentaries to these changes are as
follows: 

Original 2-deoxyglycosidic bond in antibiotics
is relatively easy to break, both: enzymatically and
chemically. Introduction of iodine atom at C-2 adds
lipophilicity and strengthens the glycosidic bond, by

Figure 2. Staurosporine (3), rebeccamycin (4) and thiocolchico-

side (5)

Figure 3. Daunomycin (6), doxorubicin (7), annamycin (8) and

amrubicin (9)
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estimated factor 103 (both changes considered
advantageous from ìdruglikenessî point of view).
Position of the halogen atom is highly relevant for
biological activity ñ only compounds with 2í-axial
substituents demonstrate efficacy in cytotoxicity
tests. Removal of the amino group from sugar C-3
represents a revolutionary change, from the point of
view of early SAR of anthracycline antibiotics,
which stressed the need for 3-deoxy-3-aminopyra-
nose with equatorial NH2 group as a DNA minor
grove anchoring element. This structural change
appeared in the research program as a result of
reducing basicity campaign, following observation
that antibiotics with more basic sugar moiety are
better substrates of Pgp efflux pumps, reducing
effective intracellular drug concentration (53). The
last change (C-4í configuration) results from an
early observation that L-lyxo- to L-arabino- config-
urational switch does not have detrimental effect on
antitumor activity, as clearly demonstrated on the
epirubicin example. Another synthetic anthracycline
without natural L-daunosamine moiety, which made
it into the drug level, is amrubicin 9, which provides
additional proof for SAR ideology formulated by W.
Priebe.

Antibiotic monosaccharides, both: natural and
synthetic, are subjects to extensive critical reviews

(54, 55). Although antibiotic sugars are repeatedly
subjects of total syntheses, treated as an academic
exercise and also as a proof of certain synthetic con-
cepts, intermediates in such multistep preparations
can often be treated as valuable intermediates for
disconnection ñ glycosylation approach to new
analogs synthesis. For example, there is a consider-
able renewal of interest in precursors of aminosug-
ars bearing azido function, because they turned out
to be compatible with efficient glycosylation proce-
dures (56, 57). Azido analogs of aminosugars are
also suitable precursors for novel glycones bearing
N-heterocyclic substituents in place of original
amino group, which are easily obtainable by 1,3-
dipolar cycloadditions (58). 

Simple phenolics and polyphenols 

It is well known that the most popular drug
ever, aspirin, and its precursor ñ salicylic acid, orig-
inate from salicin 10 (Fig. 4), simple phenolic gly-
coside, which made Salix plants bark famous as
preparation for common cold and rheumatoid fever.
Corresponding salicylic acid β-D-glucoside 11, has
been postulated as plant systemic defense agent for
decades, but turned out to be elusive as isolable
chemical entity, until synthesized in the laboratory
(59). Salicylic acid glucoside 11 could be a viable
drug candidate, except for economic reasons and
technical difficulties involved in its preparation. The
same concerns D-glucose acetylsalicylic acid
anomeric esters, which require ingenious procedure
to prepare (60). Further examples of simple, single
aromatic ring phenol glucosides include: arbutin,
coniferin, glucogallin, glucovanillin, phloridzin,
populin and syringin. To our knowledge no attempts
have been made to study derivatized or glycone-
modified glycoside activity in this group of com-
pounds.

Polyphenols are ubiquitous as plant SM and
they apparently are good substrates for glycosyl-
transferases, since they occur in glycosylated form
as a rule (9). It is quite likely that glycosylation
serves not only for intracellular solubilization but
also stabilize this type of aglycons, which are sus-
ceptible to various destructive transformations in
vitro, particularly in solution, apparently initiated by
the presence of oxygen, light, metal ions, etc.
Therefore, there is a distinct difference between
facility of biogenetic glycosylation of polyphenolic
substrates, and difficulties of their chemical glyco-
sylation, which tends to be low yielding and nonse-
lective in most cases. There are well over thousand
natural polyphenol glycosides known, and the
flavonoid class is the largest and perhaps the most

Figure 4. Salicin (11), salicylic acid β-D-glucopyranoside (11),
and 1-O-β-D-glucopyranose salicylate (12)
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interesting group from the point of view of rational
glycone modifications for prospective medicinal
uses. Flavonoid glycosylation is an old evolutionary
trait, as evidenced from large accumulation of these
compounds in Ginkgo biloba, considered a living
fossil among plants. Standardized extract of dried
leaves of Ginkgo biloba (used as remedies for vari-
ous symptoms since deep antiquity) contains ca.
24% of flavonol glycosides! This well defined mate-
rial (EGb 761) is a subject of research as therapeutic
agent for cognitive decline in senile dementia,
including Alzheimerís disease (61).

Flavonoids are significant, non nutritional con-
stituents of the human diet for millenia and their role
in maintaining health and well being is a subject of
numerous monographs (62-64). Flavonol glyco-
sides, particularly quercetin derivatives (rutin, hes-
peridin) are/can be ingested in gram quantities, since
their content in common vegetables (onion, pepper,
citrus fruits) is high, but chemistry of this group of
SM is not well developed, despite of continuous
interest started in 1930-ties by A. Szent-Gyˆrgi
studies on vitamin C bioavailability, which elevated
citrus flavonoids to the vitamin level. A notable
exception is polyhydroxyethylated rutin
(TroxerutinÆ), obtained by action of ethylene oxide
(or 2-chloroethanol) on quercetine rutoside, which
became a drug in 1950-ties, and is still used as a
mixture of derivatives, for vein and capillary blood
vessel protection. An example of flavonoid glyco-
sides used for pharmaceutical purposes is sylibin, a
flavonolignan obtained from seeds of milk thistle
(Silibum marianum). Compound 13 (Fig. 5) is a
potent detoxicant and hepatoprotectant, which
despite of its five hydroxyl groups suffers from low
water solubility, which limits its efficacy. A group
of glycosides bearing monosaccharide or disaccha-
ride moieties have been obtained from sylibin by
biotechnological and chemical methods and all of
them exhibited advantageous features (apart from
expected rise in solubility) in biological tests on
inhibition of lipooxidation and hepatoprotection.
Glycosides, containing β-lactosyl, β-maltosyl, β-
glucosyl and β-galactosyl residues at the primary
hydroxyl were highly preferred as products of bio-
transformation and chemical synthesis alike (65). 

Plant isoflavones, which are generated by the
same phenylpropanoid biogenetic pathway, evoke a
lot of interest and some controversies, because of
epidemiological consequences of dramatic differ-
ences in their dietary intake (66-68). Although
occurence of isoflavones is quite limited, their over-
all consumption is very high, because they are pres-
ent in soybean, one of the principal crops of modern

industrial agriculture (producing globally ca. 200
million metric tons of beans annually, with an aver-
age content of isoflavones 0.15% by weight). The
main isoflavone constituent of soybean are genistin
16 (Fig. 6) and its 6-O- esters of acetic and malonic
acid, D-glucosides very easily converted during var-
ious food processing operations into its aglycone ñ
genistein 15. An interest in genistein as biological
active substance started in 1957 with discovery of its
inhibitory action on protein kinase C, and reached
afterwards overwhelming proportion, manifested in
over 500 papers annually devoted to studies of its
properties. A list of genistein activities include:
antioxidant, antitumor, cardiovascular, estrogenic,
and inhibitory towards several enzymes, including
protein kinases. These findings offer support for the
thesis that dietary isoflavones may be the causative
epidemiological factor responsible for significantly
lower tumor mortality and morbidity consistently
observed within Asian societies using traditional
diet rich in soy food (69). Consequently, genistein
became a drug lead, investigated in number of clin-
ical trials with indication in tumor chemoprevention
and chemoprotection as well as treatment of hor-
mone dependent tumors (in connection with its
estrogenic activity), and osteoporosis (70, 71).

It should be noted that genistein itself exhibits
very poor characteristics as a drug candidate: the
compound is extremely polar (log P 1.74), practical-
ly insoluble in water, is poorly bioavailable, and
undergoes extensive conjugative metabolism which
facilitates its excretion. A question arises, if genistin
16, its natural glycoside, is any better, in terms of
human pharmacokinetics? To our knowledge, there
are no data available, from such side by side com-
parison. Experiments performed on animals suggest
that there is no significant difference between
biavailability of genistein and its glycoside, alleged-
ly because of efficient deconjugation of the latter by
intestinal bacteria. In contemporary nutraceutical
market preparations containing genistein prevail but
some OTC market products based on genistin (e.g.
Soyfem), gain evidence of clinical efficacy (72).

Figure 5. Sylibin (13) and its glycosides (14)
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Obviously, synthetic glycosides of genistein (e.g.
17), bearing unnatural and protected glycone moi-
eties are also of considerable interest in respect to
their biological activity. In the authors opinion, they
can offer much better scope and perspectives of drug
development, that further examination of genistein
and genistin. In support of this opinion we can pres-
ent an evidence that some synthetic glycosides of
genistein are not just a source of the active aglycone
(like genistin), but in some cases show significantly
higher activity and exhibit individual profiles of bio-
logical action. In general, lipophilicity factor was
singled out as promoting cytotoxic and antiprolifer-
ative activity. Moreover, in specific cases (17), new
molecular mechanism of action never before
observed in flavonoids, was uncovered (73, 74).

Unfortunately, wide screening of numerous
glycosylation procedures with genistein as the glyco-
syl acceptor failed to afford good yield of expected
products and until now only limited cases of suc-
cessful sugar conjugation of the isoflavone were
reported (75-77). Similar case of advantageous influ-
ence of structurally modified glycosides on polyphe-
nolic pharmacophores is available from lignan cate-
gory. Podophylotoxin 18 (Fig. 7), was a promising
antitumor drug candidate which was disqualified in
development on toxicity ground. After two structur-
al changes: 4í-de-O-methylation and inversion of
configuration at C-4, new intermediate was obtained.
Fortunately, its synthetic glycosides 19 and 20, made
it to the market (as etoposide and teniposide anti-
cancer drugs). An additional structural element ñ
acetylidene ring in hexopyranose moiety proved

essential in drug developent phase (78). Like in the
previously discussed case, glycosylation radically
affected the mechanism of action characteristic for
the prototype drug ñ podophylotoxin (79).

Obviously, other groups of natural polypheno-
lic glycosides, which have not yet found medicinal
chemistry connection, also deserve attention.
Human dietary intake of flavonol glycosides, in par-
ticular quercetin glycosides can easily reach gram
level daily, because their significant content in veg-
etables, particularly in onion, and also in fruits and
beverages. However, all quercetin glycosides (3-O-,
4í-O- and 3,4í-di-O- glucosides) are rather poorly
bioavailable, in comparison with the aglycone (80).

Figure 6. Genistein (15), genistin (16) and synthetic derivative
IFG-21 (17)

Figure 7. Podophylotoxin (18), etoposide (19), and teniposide
(20)
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Supposedly, even partial acylation could change
such BA characteristics, which is relevant to recent
findings that flavanone, flavone and flavonol glyco-
sides exert, (despite of their poor BA) some specif-
ic, depressant action, on CNS (81), an activity large-
ly overlooked in earlier research. Less common,
hydroxylated stilbenes, with their much popularized
representative ñ resveratrol, also occur in plants as
D-glucosides and seem to be a relatively easy target,
for exploratory glycodiversification. Anthrone gly-
cosides are well known folk medicine used as laxa-
tives. Anthocyanidins ñ widespread plant pigments,
are interestig for at least two reasons: oligosaccha-
ride moieties of the peonidine aglycone are natural-
ly modified by acylation with caffeyl acid residues;
some simple glycosides from this group are potent
natural insecticides (82). 

Lipids 

Glycolipids are carbohydrate-attached lipids,
widely distributed in animals, plants, algae and bac-
teria. It is well establish that they are involved in the
biosynthesis of glycoproteins and also serve as bio-
logical markers and as ligands for toxins, lectins,
bacteria and viruses (83). At the surface of cells,
complex carbohydrates are encountered as organ-
ized systems, such as glycolipids anchored into the
bilayer via their lipid moiety.

Two main classes of glycolipids can be distin-
guished: glycosphingolipids and glycosyl glycerides
(Fig. 8). In typical glycosyl glycerides two hydroxyl
groups of C3 unit are esterified by fatty acids. The
glycosphingolipids cerebrosides (ceramides) and
gangliosides are a diverse family of molecules com-
posed of one or more sugar residues linked via a
glycosidic bond to the sphingoid base.
Galactocerebrosides are typically found in neural

tissue, while glucocerebrosides are found in other
tissues.

Glycosyl gangliosides are the compounds com-
posed of a glycosphingolipid with one or more sial-
ic acids linked on the sugar chain. They are compo-
nents of the cell plasma membrane which modulate
cell signaling transduction events.

It is presumed that compounds with glycolipid
structure have a little chance to become a drug can-
didate, because with their physicochemical charac-
teristics they will inevitably end up as components
of lipid bilayer forming membranes. Nevertheless,
an idea of glycosidic prodrugs for lipophilic active
compounds still persists, as evidenced by attempts
to glycosylate carotenoids, tocopherols and vitamin
D group members (84). It is also possible, that even
short living glyceroglycosides, can exert some sig-
nalling action, since various acylglycerols are active
as second messengers. An example of simple galac-
tolipid: GOPO (1-O-β-D-galactosyl glycerol doubly
esterified with unsaturated fatty acid), which is clin-
ically tested as an antiinflamatory agent, provides an

Figure 8. Structure of natural glycolipids.

Figure 9. Galactosyl cerebroside ( KRN7000).
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argument for considering also this class as possible
mediators of intracellular communication (85).

Glycolipids with alpha glycosidic bond have
shown potent anti-tumor and anti-viral activities as
well as potential for the treatment of certain autoim-
mune disorders. Detailed mechanistic studies sug-
gest this biological activity occurs via Natural Killer
T (NKT) cell activation. Since the discovery of O-
galactosyl ceramides from marine sponge (86) sev-
eral studies of KRN7000 and its derivatives have
been reported. These investigations have revealed
that tumor-associated cell-surface glycoproteins
such as CD1d present exogenous lipids to NKT cells
causing the release of chemokines that regulate
immune response to cancer. (87, 89). The potent
immunostimulatory activities of lipid antigens such
as KRN7000 (Fig. 9) have led to the development of
anticancer chemotherapeutics that are currently in
clinical trials (90).

Some glycolipids have also found their use in
treating neurological diseases. Some attempts to
develop carbohydrate drugs for Parkinsonís disease
and other neurological indications have been report-
ed (91). The development initially focused on the
modification of certain glycolipid compounds that
have previously demonstrated clinical promise.
Since there is no known prevention or cure for this
disease and current treatments focus only on con-
trolling the symptoms of the disease and do not
retard its progression, this would be a significant
improvement.

Gangliosides, a heterogeneous family of gly-
cosphingolipids abundant in the brain, have been
shown to affect neuronal plasticity during develop-
ment, adulthood and aging. Natural and semisyn-

thetic gangliosides are considered possible therapeu-
tics for neurodegenerative disorders. (92).

An interesting example of simple glycolipid,
which exhibits pronounced selective biological
activity is flocculosin (Fig. 10), natural antifungal of
microbial origin (93). The structure of flocculosin,
which is an acylated drivative of simple maltoside,
strongly supports our thesis that sugar scaffold can
play decisive role in rendering biological activity to
a glycoside, even through such simple operation as
selective multiple acylation.

Several medical applications of glycolipids are
in close relationship to molecular recognition. The
lipo-polysaccharide-anchored liposomes have been
studied as stable and targetable drug carriers adapt-
able in effective chemotherapy, particularly for
introducing chemotherapeutics into target cells or
tumor cell lines (94).

Adriamycin bearing liposomes anchored with
immuno-polysaccharide derivative demonstrated in
vivo targetability against human lung cancer (PC-9
grafted) in experimental athymic mice (95).
Targeted chemotherapy of brain tumor using poly-
saccharide-anchored liposomes loaded with antitu-
mor drug cisplatin has been attempted by Ochi et al.
(96). Survival of 9L-glioma implanted rats with
CHP based liposomes loaded with cis-platinum
diamino-dichloride (cisplatin) was significantly
higher as compared to average survival recorded for
untreated groups.

Nucleosides

Nucleosides and their synthetic analogs consti-
tute the major class of glycosylated compounds
which to date exhibit pronounced in vitro and in vivo

Figure 10. Structure of flocculosin.
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antiviral activity (97-99). The naturally occurring
nucleosides are constituents of nucleic acids. They
are composed of an aglycone part (a purine or
pyrimidine base) and sugar moiety (β-D-ribofura-
nose in RNA or 2í-deoxy-β-D-ribofuranose in
DNA). In order to obtain effective therapeutic activ-
ities, the natural nucleosides (Fig. 11) have to be
chemically modified. From a structural viewpoint,
all biologically active nucleoside analogs can be
divided into two categories: compounds modified in
the aglycone fragment, and compounds of modified
sugar portion.

In general, the mechanism of their antiviral
activity consists in interference of the viral replica-
tion cycle, and most of the known nucleoside
analogs act as so-called prodrugs. To be effective as
antivirals, therapeutic compounds have to cross the
plasma membrane of the cell, and this condition is
usually met in the case of nucleosidic compounds
which have been developed or are currently under
development. After entering into the host cell, most
of the nucleosides are phosphorylated by viral or
cellular kinases to their 5í-phosphates which, in
turn, undergo further phosphorylation to the biolog-
ically active 5í-triphosphates. Due to their negative-
ly charged phosphate groups, the nucleoside deriva-
tives in their active form cannot leave the cell, and
may stay there long enough to efficiently inhibit
viral replication. The nucleoside analog triphos-
phates mimic the buiding blocks of genetic material,
and thus a majority of antiviral agents are targeted at
one or another step of nucleic acid biosynthesis,
which is vital for virus reproduction. To avoid or
minimize the cytotoxic effects, a nucleoside 5í-
triphosphate should not be incorporated into cellular
nucleic acids, but should be a good substrate for
viral enzymes responsible for virus proliferation, i.e.
virus-encoded specific DNA or RNA polymerases.
Therefore, high selectivity of nucleosidic agents can
be rationalized by less stringent substrate require-
ments of viral enzymes than those of the correspon-
ding cellular ones. And one of the structural require-
ment for biological activity within this group of
chemical compounds is the presence of sugar moi-
ety, which is necessary for their enzymatic phos-
phorylation.

In some cases, however, the sugar part can be
reduced to a chain, as it has been shown for acy-

Scheme 5. Enzymatic phosphorylation of acyclovir to its 5í-triphosphates.

Figure 11. Natural nucleosides, constituents of RNA and DNA:
uridine (25), cytidine (26), adenosine (27), guanosine (28), thymi-
dine (29), 2í-deoxycytidine (30), 2í-deoxyadenosine (31), 2í-
deoxyguanosine (32).
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clovir (Scheme 5), an acyclic analog of guanosine,
which has proved to be active against herpes virus-
es. The first synthesis of acyclovir from 2,6-
dichloropurine has been reported by Schaeffer at al.
(100), and the mechanism of its action has been
reviewed by Ellion (101). Acyclovir is phosporylat-
ed to its 5í-monophosphate by a virus-encoded
thymidine kinase (HSV TK) and therefore, it is acti-
vated only in the infected cells. This explains high
selectivity of the compound for herpes viruses. In
turn, the monophosphate is converted to acyclovir
di- and triphospate, as mentioned above. The latter
compound is then recognized by viral DNA-poly-
merase, and acts as a DNA-chain terminator due to
the lack of the 3í-hydroxyl group.

The structure of acyclovir has been modified in
different manners to get new acyclonucleosides of
pronounced therapeutic activities (102). Perhaps the
most successful result of this study is ganciclovir
(33; Fig. 12), which inhibits HSV-1 and HSV-2 pro-
liferation at concentrations as low as 10-8 mol/L.
This compound, however, is less selective than acy-
clovir because, to some extent, it is phosphorylated
in uninfected cells by cellular enzymes. In this way
ganciclovir is active against viruses which do not
code their own TK, like human cytomegalovirus
(HCMV), but thereby it is more cytotoxic than acy-
clovir. Further examples of sugar-modified nucleo-
side analogs are presented in Figure 12. A similar
mode of action exhibits a carba-analog of ganci-
clovir, penciclovir (34). In turn, the structure of
compound named HPMPA (35) represents a family
of phosphonylmetoxyalkyl purines. The acyclonu-

cleosides of this type are broad-spectrum anti-DNA
virus agents and can be considered as phosphonate
congeners of acyclovir 5í-monophoshate. Thus,
virus-specified phosphorylation is not required for
their activity (103). Some of the related compounds
act as inhibitors of S-adenosylhomocysteine hydro-
lase, suppressing methyltransfers which are neces-
sary for the maturation of viral mRNAs.

Other sugar-modified nucleoside analogs of
the structure of 2í,3í-dideoxy-β-D-ribofuranosides,
represented here by 3í-azido-3í-deoxythymidine
(36; AZT, retrovir) and 2í,3í-dideoxyadenosine (37;
ddA), are targeted at the reverse transcriptase of
RNA viruses, including retroviruses like the human
immunodeficiency virus (HIV). Despite numerous
side-effects, retrovir (104) is still the most effective
drug in treatment of AIDS. Even more importantly,
some nucleoside analogs are promising drug candi-
dates in inhibition of hepatitis C virus RNA synthe-
sis. Recently it has been found that some 2í-
branched nucleosides (e.g. 2í-C-methylcytidine; 38)
act as a chain terminator of HCV RNA-polymerase.

The base-modified nucleosidic drugs also
deserve attention, and some typical structures are
presented in Figure 13. In this case, the pentofura-
nosyl sugar fragment of natural precursors remains
untouched, while the aglycone portion has been
chemically modified in order to trigger the biologi-
cal activity. For instance, 5-iodo-2í-deoxyuridine
(39; idoxuridine) was the first antiviral nucleoside
ever synthesized (105). Idoxuridine was shown to be
active against various DNA viruses, and shortly
after that it was approved for human use as the first

Figure 12. Examples of sugar-modified antiviral nucleoside analogs (33 ñ 38).
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chemotherapeutic antiviral agent. It became a proto-
type compound in the search for new antiviral drugs.
Indeed, quite a number of related 5-substituted
derivatives of 2í-deoxyuridine exhibit antiviral
activity, and the most active of them is 2-bro-
movinyl analog (BVDU; 40).

Ribavirin (41), a ribofuranoside of 1,2,4-tria-
zolecarboxamide, has been synthesized by
Witkowski et al. (106). The compound represents a
structure, in which the aglycone hardly resembles
any of the naturally occurring nucleosides. Ribavirin
is rapidly phosporylated by cellular adenosine
kinase and, therefore, exhibits a broad spectrum of
antiviral activity, including DNA and RNA viruses.
Another type of base-modified nucleosides is repre-
sented by the general structure 42. Deoxynucleo-
sides of furo- and pyrrolo[2,3-d]pyrimidines, one of
the newest class of biologically active nucleosidic
compounds, show remarkably potent and specific
activity against varicella-zoster virus (VZV) (107).

Apart from their aniviral activity, the nucleo-
side analogs have found therapeutic application in
the treatment of cancers, and several of them has
been licensed for clinical use (Fig. 14). For instance,
capecitabine (43), a 5í-deoxy-5-fluorouridine nucle-
oside, is applied in the treatment of metastatic breast
and colorectal cancers (108). Acting as a prodrug,
capecitabine undergoes enzymatic conversion to 5-

fluorouracil which is an inhibitor of DNA synthesis
in tumor cells. In turn, cladribine (2-CDA; 44), a
simple 2-chloroanalog of 2í-deoxyadenosine (7), is
an inhibitor of adenosine deaminase and interferes
with the DNA processing. This synthetic antineo-
plastic drug has found application in the treatment of
hairy cell leukemia. Immucilin-H (45) can be con-
sidered as an inosine analog which mimics the
geometry of transition state. The compound inhibits
purine nucleoside phosphorylase (PNP) (109).
Cytarabine, an arabinofuranosyl isomer of cytosine
(2), is a drug commonly used to treat hematological
malignancies such as leukemia and lymphoma.
Gemcitabine, 2í,2í-difluoro-2í-deoxyguanosine, is
applied in various carcinoma, like breast, lung and
pancreatic cancers.

Although the present mini-review in devoted to
the synthetic drug glycosides, it would be also of
interest to mention some naturally occurring nucle-
osidic antibiotics. A number of nucleoside analogs
of this class have been isolated from bacteria and
fungi (110, 111). From a structural viewpoint, some
of them are simple analogs on natural nucleosides
while the others are more complex di- or trisaccha-
rides. For example, tubercidin and formycin can be
considered as 7-deaza and 9-deaza-8-aza analogs of
adenosine (3), respectively. Tubercidin is incorpo-
rated into DNA and inhibits DNA polymerases. This

Figure 13. Examples of base-modified antiviral nucleoside analogs (39 ñ 42).

Figure 14. Examples of anticancer nucleoside analogs (43 ñ 45).
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compound exhibits antifungal, antiviral and antineo-
plastic activities. In turn, tunicamycin, produced by
Streptomyces lysosuperficus, (46; Fig. 14) is a com-
plex trisacharide derived from uridine (25) and has
found some applications in experimental biology.
Tunicamycin acts as an inhibitor of N-linked glyco-
sylation and the formation of N-glycosidic protein-
carbohydrate linkages which causes cell cycle arrest
in G1 phase.

In conclusion of this part we may notice that
synthetic nucleoside analogs, resulting either from
nitrogen glycosylation reactions of heterocylic bases
(convergent approach), or from chemical modifica-
tion of intact nucleosides (divergent approach),
proved to be particularly active against a variety of
viruses and, to some extent, in treatment of cancer.
Moreover, there are some examples of application
of nucleosidic compounds in therapy of human dis-
eases caused by bacteria, mycobacteria or parasites.
However, the use of nucleosides for chemotherapy
of other than viral or cancer diseases is of marginal
significance in contemporary clinical practice.

Sterols, Saponins, Terpenoids

Complex plant glycosides have been studied
extensively long before modern chemistry provided
sophisticated spectral tools, which allow to perform
complete structural analysis within hours.
Remarkably, until late 1950-ties, more than a half of
new structures established for digitalis and sterol
glycosides came from a single laboratory: that of T.
Reichstein, in Basel, Switzerland (112). The reason
for this intensive exploration of plant materials was
Reichsteinís strong belief that plant sterols (and
their natural glycosides) can serve as rich and effi-
cient source of raw materials for chemical synthesis
of mammalian hormones. In fact, his forsight has

later materialized in large scale industrial applica-
tion of diosgenin and progesterone of plant origin.
Saponins constitute a large and continuously grow-
ing group of SM, generally split along the aglycone
structure line into steroidal and triterpenoid
saponins. Both are well covered in phytochemical
literature (113, 114) and the first group is of consid-
erable pharmaceutical importance, because of close
relation to steroidal hormones. Until recently, dios-
genin, obtained from Mexican yam saponins consti-
tuted the sole source of steroidal contraceptive
preparation. Hecogenin (obtained from Sisal species
saponins) is still an effective source of pharmaceuti-
cal corticosteroids. However, this kind of natural
glycosides application, which relies on exploitation
of aglycon chemistry (the name: genin is adopted for
saponin aglycones) is beyond the scope of this
review, which focuses on glycoside activity changes
evoked by structural modifications of the sugar moi-
ety (glycone). Simple example of such change can
be found in cardiac glycosides category, to which
Scilla and Digitalis cardenolides and bufadienolides
belong. Herbal preparations of foxglove plant
(Digitalis purpurea, in documented clinical use
since W. Withering account published in 1785) rely
on the presence of digoxin and lanatosides, which
are oligosaccharide glycosides of cardenolide agly-
cones. Enzymatic de-glycosylation is important,
since, as a rule, monoglycosides (particularly of 6-
deoxypyranoses) are more active than disaccharide
and trisccharide glycosides, in this group of SMs.
Digoxin, trisaccharide glycoside containing 1-4
linked digitoxose moieties, is a pharmaceutical
active substance in its own right, but its 4ííí-O-
methylated derivative ñ medigoxin ñ have been also
introduced as drug because of improved bioavail-
ability. Similarly, proscillaridine 47 (Fig. 16), which
is a contemporary drug with monosacharide bufa-
dienolide structure, excerting positive inotropic and
tonotropic action has been supplemented by semi-
synthetic congener ñ 4í-O-methyl proscillaridine 48

used for the same therapeutic indications (115).
These examples clearly indicate that even marginal
structural changes in a glycone portion can bring
about desirable changes in biological activity.

Pentacyclic triterpenoid saponins (which have
α-amyrin, β-amyrin, lupeol and the corresponding
triterpenoid acids as genins) are well known con-
stituents of about 80 families of dicotyledone plants,
but in most cases are rather poorly exploited for
medicinal chemistry purposes, perhaps because of
hemolytic properties ñ the feature which they col-
lectively share. Separation and structural analysis of
these compounds require quite sophisticated equip-

Figure 15. Tunicamycin (46), a nucleoside antibiotic.
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ment and individual compounds are not easily avail-
able, which hampers exploratory chemistry of the
class. Aescines isolated from Aesculus hippocas-
tanum (horse chesnut seed, contains ca. 20%
saponins counted on dried mass) are employed, in
continuation of long lasting ethnopharmacological
tradition, for treatment of peripheral vascular disor-
ders. Oligosaccharides linked to aescigenins are
composed of glucose, xylose, galactose and glu-
curonic acid. To our knowledge no attempt has been
made to modify glycone parts of individual con-
stituents of aescine complex.

Triterpenoid carboxylic acids are known to
occur as glycosides, as well as glycosyl esters. Both
groups (and their combination) are of potential inter-
est in medicinal chemistry. Glycyrrhizinic acid is a
diglucuronic acid glycoside; its salts are responsible
for sweet taste of liquorice (Glycyrrhiza spp. root
extracts), used in pharmacy as sweetening and fla-
voring agent, also employed in confectionery and
tobacco industry. Steviosides, kaurenoic acid
anomeric esters and glycosides from Stevia rebaudi-
ana are ca. 300 times sweeter than sucrose and found
application in food industry, mainly as soft drink
sweeteners. In this case a number of synthetic
analogs were obtained and their sensory evaluation
was made (116). Asiaticoside ñ β-anomeric ester of
trihydroxyursenoic acid and trisaccharide containing
two D-glucose units and terminal L-rhamnose found
in Centella asiatica has interesting wound healing
properties. Betulinic acid, for which antiviral and
antitumor properties have been reported is another
example of potential drug lead for which there is an
ample room for design glycorandomization.

Perhaps the most famous saponin containing
plant is Asian ginseng (Panax ginseng C.A. Meyer),
very difficult to grow beyond its natural habitat and
requiring at least five years to mature for harvest.
The root of this plant, used in Asia as general tonic
and vitality enhancing agent since time immemorial,
contains close to forty ginsenosides, with five major
ones (Rb, Rb2 , Rc, Re and Rg) constituting more
than 80% of total saponins. Structures of these com-
pounds, which are derivatives of triterpenoid
dammarane are presently well known and their bio-
logical activity is being studied, since ginsenosides
have attracted much attention of western medicine,
at first as herbal product and later as a collection of
lead compounds for drug candidates for CNS and/or
oncological therapies. A number of structural modi-
fications of natural ginsenosides have been per-
formed, including enzymatic degradation as well as
chemical acylation, in order to modify their pharma-
codynamic properties (117).

Miscellaneous 

Plant glycosides with typically deterrent func-
tion, like cyanogenic glycosides or glucosinolates,
which easily release volatile toxins, are not likely to
find medical applications, but can serve as an inspi-
ration, how to construct easily biodegradable carbon
ñ toxin bond (118). 

Taxoids, of which acclaimed antitumor drug ñ
paclitaxel ñ is the best known example, belong to
higher plant diterpenoids, which can occur also in
glycosylated state. In search for better soluble pacli-
taxel derivatives, many analogs of natural 7-O-D-
xylopyranosyl paclitaxel have been obtained. Since
the tetracyclic diterpenoid aglycone is not an easy
substrate for chemical glycosylation, another type of
sugar conjugates were designed. The glycosylation
site: 7-O- secondary function was esterified with
protected glycosyloxyacetic acids (119). This type
of ìthrough spacerî glycoconjugation of complex
and multifunctional natural products, is becoming
more popular recently.

Phenylethanoid glycosides are also an inter-
esting group of SMs, exhibiting various, potenta-
ially useful biological activities. Verbascoside 49

(also called acteoside; Fig. 17) is known as an
inhibitor of important enzymes: protein kinase C
and aldose reductase. It is also claimed to possess
antitumor and immunomodulatory properties
(120). This glycoside contains four phenolic and
five hydroxyl groups located in disaccharide moi-
ety, which offer ample opportunity for structure
modifications inquest for selectivity of biological
action.

Figure 16. Proscillaridin (47) and meproscillaridin (49)
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Obviously, examples of natural glycosides
with potential for medicinal chemistry evaluation
could be largely multiplied, based on such sources
as Natural Products Reports, but we intend to keep
this collection of examples concise, rather than com-
prehensive.

CONCLUSIONS

Catastrophic attrition rates observed recently in
big pharma pipelines, call for reconsidering of drug
discovery and development programs on every
level. Since natural products remain to be our best
source for the drug lead compounds, the question
how to intensify the lead generation process,
becomes pressing one. Plant and microbial second-
ary metabolites, which offer various environmental
advantages to the host, occasionally happen to exert
specific biological action in higher organisms, a
phenomenon well recognized by medicinal chem-
istry and exploited in pharmacy and clinical medi-
cine. Various hybrid structures, combining different
biogenetic pathways proved particularly useful as
lead compounds for drug discovery and develop-
ment. For example, SMs are often glycosylated,
regardless of their biogenetic origin, and the glycone
sometimes is essential for a given biological action.
In traditional medicinal chemistry, prodrugs of gly-
cosidic structure are considered primary as site spe-
cific drug delivery systems undergoing enzymatic
split, liberating an aglycone in the colon (121).
Current ideas concerning this issue are less straight-
forward (84). Although from glycobiology perspec-
tive, an oligosaccharide is the smallest unit securing
molecular recognition on the biopolymer level,
numerous examples clearly indicate that small mol-
ecules of glycosidic structure can exert a variety of
selective biological action. Moreover, in such cases
even marginal structural changes in glycone or agly-
cone part, can be used to tune up efficacy and selec-
tivity of activity. It seems evident that chemical gly-
cosylation can provide a key technology for both:
structural modifications of natural glycosides and

glycosidation of SMs, which are capable of forming
O-, N-, S- or C-glycosidic bond. Among all classes
of glycosyl donors, glycals deserve special attention
as very versatile precursors of structurally modified
glycones (122). Practically all classes of natural
products can be converted to glycosylated deriva-
tives by chemical methods discussed above.
Furthermore, newly installed glycone part offers
ample opportunity for fine tune up of lipophilicity,
which is one of the fundamental features determin-
ing ìdruglikenessî (123). Such chemocontrolled
structural variation of the SM pool could, in our
opinion, provide many new and useful lead com-
pounds for drug development programs, at least dur-
ing the period before biotechnological methods,
offering parallel transformations for glycodiversifi-
cation, reach maturity (124).
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