REVIEW

233

Recent Developments in our Knowledge of Steroids!

Roland Hardman?3

Received: October 14, 1986

Abstract: Annually, the American Chemical Abstracts has some 3 000
references to plant steroids or related compounds. This is a review of
34 selected papers mainly from the literature of 1984—1985. Plant stero-
ids as raw material for the pharmaceutical industry; tissue culture for
steroids; horticultural trials of species for sapogenins; the in vitro use of
enzymes to increase the yield of sapogenins from plant material. New
furostanol precursors of diosgenin; the cytotoxic activity of these and
related compounds; their possible role in plant mineral metabolism.
Microorganisms in the biotransformation of steroids; the exploitation
of waste material as a source of sterols; the use of fungal spores on dia-
tomaceous particles; the use of fungal protoplasts; hydrophobic resin
as a product reservoir in such transformations. Brassinosteroids, their
distribution as plant growth hormones; their microquantitative bioas-
say; physiological studies towards their use for enhancement of crop
production; patented analogues obtained by partial synthesis. Ecdyso-
nes, their wide distribution in plants; their possible functions: effect on
photosynthetic and respiratory rates; root protection against soil nema-
todes; dietary value in animal nutrition; their use in insect control. 29-
Fluorophytosterols as pro-insecticides; fungal pregnanes as insectici-
des. Cardiac glycosides; ecological significance in plant-insect-bird re-
lationships; new cardenolides, naturally occurring and those obtained
by partial synthesis; the use of mesophyll cells in tissue culture; cross-
breeding of Digitalis species. Steroidal alkaloids: reference to their an-
nual review and to a steroidal antibiotic; the types of alkaloids now de-
fineable in the Buxaceae and their chemotaxonomic significance for
the new ones from the single genus family, Didymelaceae.

Introduction

Annually the American Chemical Abstracts contain some 3 000
references to plant steroids or steroids derived by partial syn-
thesis from plant steroids. For this review I have selected 34
items to indicate the nature and range of recent developments.

Plant steroids, having been produced by living cells, can pro-
vide the nuclei of the pharmaceutical steroids in a ready-made,
precise stereo-configuration. Hence diosgenin (1), solasodine
(2), and sterols may be used for the partial synthesis of the
pharmaceutical steroids, such as the anti-inflammatory ones 3;
those that regulate the mineral metabolism 4; anabolic agents
§; progestogens 6 and estrogens 7; their mixtures for the con-
traceptive; and even a steroidal anaesthetic 8.

Sapogenins and furostanol glyclosides

Without notable success in competing with the soil grown
plants, the tissue culture of plant sources of diosgenin, e.g.
Dioscorea deltoidea, continues. Commonly auxins and kinetins
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are used in the culture media. However, Tal et al. (1) used six
chlorophyll-bleaching herbicides in cell suspension cultures of
D. deltoidea. Norflurazon (9) gave an increased rate of diosge-
nin formation: 180 mg/1 in 14 days, instead of 30 days, providing
that norflurazon was added at day 7; delayed till that time be-
cause the biomass was decreased once norflurazon was present.
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Meanwhile for diosgenin, the cultivation continues, princi-
pally in India, of Dioscorea species with deep-growing tubers
(e.g. D. floribunda) and of those with shallow-growing tubers
(e.g. D. deltoidea). Horticultural trials and surveys continue,
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for example (2) with 19 species of Dioscorea tested (D. de-
ltoidea being the best with 2.7 % diosgenin from the tuber)
alongside rhizomes of 6 species of Costus (0.05-1.03 %) and 5
species of Allium (0.5-0.7 % in the underground organs and
0.96—2.32 % in the aerial parts) with A. nutans being the best
of the Allium species. Ammal et al. (3) found that the highest
yield of diosgenin came from a diploid race of Costus speciosus
(minimum from tetraploid) when it was in flower and extracted
from the rhizome.

The chemotaxonomic aspect, rather than the commercial
one, was stressed when Hirai and colleagues (4) made the first
report of a steroidal saponin 10 in the Palmae via the Fan Palm,
Trachycarpus fortunei: from all parts they obtained the spiro-
stanol glycoside, dioscin (11; 3f-chacotrioside of diosgenin)
and its pro-saponin, the furostanol precursor (10; 3p-chacot-
rioside 26-glucoside).

The novel afromotoside (12) has a 26-rhamnose unit in this
furostanol glycoside, instead of the 26-glucose unit commonly
found in the Fan Palm, the Dioscoreas, and many other
steriodal saponin-yielding plants. It is claimed (5) as a new
cytotoxic principle from Kenyan Dracaena afromontana
(Agavaceae). In in vitro tests, against KB-cells from human
carcinoma of the nasopharynx, structure activity increased
from 12 to 14 as the step-wise methanolic acid hydrolysis of af-
romontoside occurred via trillin (13) and diosgenin (1); dehyd-
rodiosgenin (14) showed the highest activity.

D-gluc

11 dioscin
spirostanol glycoside
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14 dehydrodiosgenin
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Trigonella foenum-graecum, Fenugreek, is an annual
legume which as the knee-high, unripe, nitrogen fixing crop,
gives a high protein fodder. The ripe spice seed affords mucil-
age, fixed oil, protein, flavouring oleo-resin, and diosgenin.
Unlike the Dioscorea tubers, etc., ripe Fenugreek seed has no
free sapogenins. Instead it has the precursor furostanol
glycosides (26-O-B-p-glucopyranosides). Gupta et al. (6) re-
port the identification of two more such diosgenin precursors,
3B-tri- and tetra-saccharides [ Trigofoenoside F (15) and G (16),
respectively] to add to some six such furostanol glycosides al-
ready known from this seed.

L-rh:i\m

D-gluc-D-gluc—O’[Ij/

15 trigofoenoside F

L-rham

RO S|
O~-xyl-D-gluc-D-gluc—0

16 trigofoenoside 6

Elujoba et al. (7) report that the yield of sapogenin from the
above precursor in Fenugreek seed was increased by 90 %, with
the aqueous acid hydrolysis time reduced to 1.5 h, if the seed
was first incubated at 45° C, at initial pH 4.0, with aeration for
4 days. This incubation period can be shortened by supple-
menting the seed’s endogenous enzymes with “Naringinase D”
(thamnosidase + B-glucosidase + pectinase from Aspergillus
niger and commercially available for debittering citrus fruit
peel for fruit drinks), and this enzyme can be entrapped in algi-
nate pellets for repeated re-use (7).

Aspidistra elatior is notable as the first member of the
Liliaceae to yield a steroidal magnesium sulphate monohy-
droxide — as its pentahydroxyfurostanol glycoside, with the sul-
phate group not on a sugar but on the nucleus (8). The mag-
nesium compound (17) was isolated via ion exchange resin and
so the metal of the natural compound was not identified. (One
might speculate on the role of such steroids in the mineral
metabolism of the plant).

Micro-organisms in steroid transformations

The use of polymethylsiloxane resin as a product reservoir in
steroid transformations has been illustrated by Saunders et al.
(9): Fenugreek seed was defatted to get the useful oil, then ex-
tracted with methanol to get the crude mixture of furostanol
glycosides 18 (R = di-, tri-, or tetrasaccharide). Instead of the
high temperature acid hydrolysis of these (a high cost process),
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deglycosylation was effected with the mould Fusarium solaniin
the presence of the resin, to yield diosgenin (1) entrapped in the
resin. The resin was sieved out, washed, and incubated with
Mpycobacterium phlei to afford androstanes 21 and 22 (via 19
and 20) which were recovered from the resin by Soxhlet extrac-
tion with ethyl acetate.

20 1-dehydrodiosgenone

19 diosgenone

H3C 0

H3C H3C ’\‘\
0 oﬁj/

21 androsta-4-ene-3,17-dione 22 androsta-1,4-diene-3,17-dione

The exploitation of steroids from waste materials must al-
ways be considered and is illustrated by the solvent extraction
of the sterols, e.g. 23, from sugarcane press mud and the con-
version of these to androsta-1,4-diene-3,17-dione (22) by Ar-
throbacter 317 (10).

A recent development is the use of fungal protoplasts, in-
stead of mycelium, to effect steroid conversions at a faster rate
(than with the mycelium) showing that the cell wall was a rate-
limiting factor. This was demonstrated using Cunninghamella
elegans in the 11-hydroxylation of cortexolone (24) for cortico-
steroid production (11). Also reported is the use of fungal
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spores, instead of mycelium, and entrapment of these in the
pores of particles of diatomaceous earth (filter aid Celite 560)
illustrated by the 11-hydroxylation of progesterone (25) (for
corticosteroid production) by Aspergillus ochraceus (12).

Brassinosteroids

The group of plant growth promoting steroidal lactones, bras-
sinosteroids, arose from the isolation in 1979 of brassinolide
from the pollen of Brassica napus, oil seed rape (hence pollen
available in quantity). Brassinolide, used as a 10 uM foliar
spray on wheat seedlings, causes the third and fourth leaf to in-
crease, root growth increases, the soluble protein and soluble
reducing sugars increase, but the effect is dependent on age
(13). Mixtures of two series of natural brassinosteroids are now
recognised, differing in the structure of ring B 26 and 27 (R =
H, CH,, C,H;). A Japanese group (14) is very keen to demon-
strate that all plants contain such steroids and they have suc-
ceeded in resolving and quantifying, at the nanogram level,
these mixtures from plants as their bismethaneboronate deriva-
tives 28 (via GC-CI-MS). When dealing with nanogram levels
it is essential to have a very sensitive method of detecting the
brassinosteroids in the fractions arising from the plant extrac-
tion procedure. This is done by a bioassay (15) known as the
rice lamina inclination test: Fragments of lamina from rice
seedlings are floated in the test solution. The curvature result-
ing from the growth under these conditions is measured. The
Japanese found that IAA has the same type of activity as bras-
sinolide but one needs 100,000 times more IA A to produce the
same result as brassinolide, so that simple dilution excludes
IAA. They also found that abscisic acid, kinetin, and N®-ben-
zyladenine inhibit this test, so that the bioassay will also detect
anti-brassinolide compounds. Hence the brassinosteroids are
considered to be yet another plant hormone like the auxins,
gibberellins etc.
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For plant growth promoting properties it was considered that
both the 2a- and 3a-hydroxy groups were essential in these
steroids but with the 2a-hydroxy group absent both the 3a- and
3B-hydroxy compounds, typhasterol (29a) and teasterone
(29b), have been isolated from tea (Thea sinensis) leaves and
both are equally active (16).
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From the aspect of the commercial exploitation of this know-
ledge, it is essential that partial synthesis of active compounds
should be achieved. Numerous patents have appeared. One re-
veals (17) that it is not essential to have the 22,23-dihydroxy
groups of the natural steroids for growth promoting activity
since a 22-ether, 30, at 5 ppm markedly increased the growth of
beet leaves.

29 a (3¢-0H) typhasterol 30
29b (33-0H) teasterone

Ecdysones

Steroids called ecdysones (because they cause ecdysis) are the
moulting hormones of insects and crustaceans. Such steroids
are only present in minute quantities in these creatures, but
occur in greater structural variety and in much higher concent-
ration in plants. By now they have been reported in about
cighty five families. They do not protect the plant against insect
attack in general. They have often been found in root bark and
may protect the plant against soil nematodes. They are
polyhydroxysteroids with an a,B-unsaturated keto system in
ring B (6-keto as in the brasinosteroids) e.g. 20-hydroxyec-
dysone (B-ecdysone; 31). Over forty such derivatives of choles-
tane, ergostane, stigmastane, pregnane and androstane, have
been isolated from plants (some have weak insect moulting ac-
tivity).

31 fi-ecdysone

Preliminary studies on the effect of 20-hydroxyecdysone on
photosynthetic and respiratory rates in isolated leaves of Vicia
faba indicate that the steroid, only at low concentration (30
ppm), promotes accumulation of photosynthetic products
without effect on the rate of respiration (19).

Fat hen (Chenopodium album) is a common weed taken by
hens, suggesting that ecdysones may have a role in animal nu-
trition. This patent (21) claims that 20-hydroxyecdysone, de-
rived from fat hen and other plants (e.g. Serratula tinctoria and
Spinacia oleracea), as a single injection (50 g/kg), enhanced the
weight gains of rats.

In the search for insecticides based on natural products,
Kubo et al. (18) used crude extracts of the root bark of West Af-
rican Vitex madiensis (Verbenaceae) to disrupt the moulting
cycle of the agricultural pests, pink bollworm and armyworm.
Droplet counter-current chromatrography revealed 0.4 % 20-
hydroxyecdysone and 0.2 % ajugasterone in the fresh root
bark.
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Of course plant ecdysteroids have been applied topically to
animal insect pests, a recent example being 20-hydroxyec-
dysone against ticks on camels: The lethal dose for nymphs and
adults whether engorged or not, and the effect on their fertility,
is described (20).

Other insecticides

Another approach to insect control is to exploit their inability
to make sterols: for example, killing termites by feeding them
with 29-fluorostigmasterol (32), when the insect’s own enzymes
release the fluorine as the poisonous trithiofluoro acetate: the
subject of this US patent (22).

Fungi, pathogenic to insects, can also be extracted e.g. Ver-
ticillium lecanii, to afford two insecticidal hydroxypregnane-
carboxylic acids, 33 and 34 (23).

Cardenolides

The ecological significance of the cardenolides in Asclepias
species (milkweeds, because of their latex) has been exten-
sively reviewed (24). The latex is used as a cardiac arrow poison
and the plants are poisonous to livestock (cattle, sheep, etc.)
and birds, and the bitter taste of the cardenolides is the plant’s
protection. The cardenolides are not poisonous to the insects
which feed on them. They have evolved in the presence of such
plants. In its turn the insect uses the cardenolides to protect it-
self from birds, lizards and other predators. The plants have the
So-isomer of digitoxigenin (35a) called uzarigenin (35b) as
their characteristic genin, with their complex cardenolides in
two series 36 and 37. The insect removes the nitrogen and sul-
phur containing ring (via 36a or 37a, respectively) (no doubt
using the elements to advantage) and then stores the bitter tast-
ing cardenolides (36b or 37b) in the bodies of larvae and adults,
including the wings against vertebrate predators. Thus, when a
bird bites the insect with its beak it immediately gets the bitter
taste and rejects the insect or if it swallows it, the cardenolides
cause it to vomit. Such insects advertise their toxicity to pre-
dators by noticeable patterning and pigmentation of their ex-
teriors whereas other insects feeding on the same milkweed but
avoiding predators by a low profile, e.g. keeping in the shadow,
nocturnal feeding or feeding on roots, need not store the car-
denolides and noticeable pigmentation or markings are absent
from such insects. This has been well illustrated by feeding ex-
periments of two beetles on the same sandhill milkweed (A.
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humistrata): the beetle with distinctive markings had high con-
centrations of cardenolides; the beetle without markings had
no detectable cardenolides (25).

35a {Sa, trans A/B)} uzarigenin
35b (53, cis A/B) digitoxigenin

37
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>
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3 H H3C' OH
36a or 37a 36b or 37b

Exceptionally, Cryptostegia madagascariensis, a climbing
shrub (ornamental vine) also common in Florida, Australia etc.
is a member of the Asclepiadaceae with the 58-compound, di-
gitoxigenin present instead of the Sa-compound, uzarigenin,
characteristic of this family. The plant is exceedingly poisonous
to humans (used for suicide and homicide in Madagascar) and
grazing animals. Amongst the six cardenolides identified from
this plant, 14,16-dianhydrogitoxigenin-3-rhamnoside (38) was
new (26).
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The cross-breeding of Digitalis species to produce plants of
potential commercial value continues with hybrids dissimilar in
morphology and cardenolide composition, e.g. hybrid D. lutea
X D. purpurea: total purpurea glycosides + glucogitaloxin =
20.7 % ; reciprocal cross: 2.6 % (27).

Tissue culture to afford cardenolides also continues, for
example using cells of D. purpurea. Although all the organs of
the plant contain digitoxin, the site of biosynthesis and accumu-
lation of digitoxin was shown to be in the mesophyll cells of the
leaf, by using isolated mesophyll cells, in culture, to convert
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labelled progesterone (e.g. 25) to labelled digitoxigenin (35).
Of five liquid cultures of cells, the green shoot-forming culture
gave the highest production of digitoxin (28).

The partial synthesis of cardiotonic compounds is always
present. To give one example related to digitoxigenin, it was
found that the 3a-acetoxy compound (39) instead of the 3p-
sugars had higher than expected activity in the guinea-pig atrial
preparation and especially potent was this pyridazine oxide
(40) (29).
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Steroidal alkaloids

Steroidal alkaloids often possess a nitrogen atom instead of an
oxygen at the 3- and/or 26-position of cholesterol or at the 20-
position of a pregnane. These alkaloids occur in very great var-
iety in the families Apocynaceae, Buxaceae, Liliaceae and Sol-
anaceae and are regularly reviewed under families and “Miscel-
laneous” (30). Under the latter heading Harrison (30) includes
an antibiotic, 41, isolated ffom the fungus Geotrichum flavo-
brunneum with a synthesis from ergosterol proposed by D. H.
R. Barton. Reference (30) covers the literature from July
1982-June 1983.

41

Two independent groups of workers (31, 32) have shown
that the leaves of Buxus species yield 12 or more alkaloids
which are 3,20-diaminopregnanes of 3 main types: 42 witha 9,
(11) (10-19) abeo-diene system (R' = NHCH;, R? = H); 43,
those with a tetrahydro-oxazine ring (arising from the 3-di-
methylamino group and 4-methyl group of type 42, so produc-
ing a pentacyclic structure) (R! = NHCH; or N(CH,),, R? =
H), and 44, those with a cyclopropane ring involving carbons 9,
10 (Rl = N(CH3)2, R2 = OzCC(CH3) = CHCH3)
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44

Thus, the range of biologically active steroids from plants
continues to expand as does that from the animal kingdom, for
example the six steroidal aminoglycosides, called Pavoninins,
in the shark-repelling secretion of the Pacific sole (34) 48.
(Pavoninins I and IT: R = Ac or H; I1I to VI: aminoglycoside at
position 15 instead of position 7 and R = Ac; IIl and IV 30- or
3B-OH with A’%; V and VI: 30- or B-OH with AS.)

45 R' = CH;, CH,0H, CHO

2 _ 14
R°= H or A H3C' H
N :" 21
HaC > CH3
R i
| @‘ R?
R3 HO
O CHs "
46 R' = CH;, CH,OH, /\o)kArCHa AT R  =Ho A
CHs

R? = H, x-HO, A-HO
R? = CH3, CH3CO

The variety of such Buxaceae alkaloids has been extended by
twelve (9 new) from the stem bark of Didymeles cf. madagas-
cariensis, family Didymelaceae (with its single genus!) and so
confirming previous botanical correlations between the two
families (33). Fig. shows the 3 types of alkaloids: 45 and 46
being 20S-dimethylaminopregnanes, 45 with the 1 :4-diene 3-
oxo system and 46 with the 38-amino group while (47) is the
conane type.
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