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SUMMARY 

The biosynthesis of bufadienolides in Bufo pnracnemis toads has been studied in different 
seasons of the year using [2-Vlmevalonic acid, [20-“C]pregnenolone. and [20J4C]cholesterol 
as precursors. The results showed that the doubly unsaturated blactone ring of the bufadieno- 
lides is directly derived from the cholesterol side chain without the compound’s prior conver- 
sion into pregnenolone. The probable sequence in which the different bufadienolides are 
formed is discussed. 

THE BIOSYNTHESIS of sterols in plants is assumed to follow a pattern analogous to 
that in animals[2-41. This assumption is supported by the demonstration of the 
biosynthesis of cholesterol from mevalonic acid in Digitalis purpurea [5], by the 
transformation of cholesterol into pregnenolone[6] and by the conversion of the 
latter into cardenolides [7,8] and bufadienolides[9, IO] in plants. It has also been 
shown that pregnenolone is not converted into bufadienolides in animals[lO] 
but that bile acids[l l] and cholesterol[ 12, 131 are good precursors of bufadieno- 
lides in the toads Bufo marinus and Bufo paracnemis. 

In one experiment [ 131, [20-i4C]cho1esterol [ 141 was injected into several 
toads, and the bufadienolide marinobufagin (VIII) was isolated after different 
periods of time. Its radioactivity confirmed the precursor role of cholesterol. 
Degradation of the bufadienolide demonstrated that there was no randomization 
of activity and that the label was located at the expected position. 

In our first paper in this series[l5] it was shown that, strangely enough, 
[2-‘-‘C]mevalonic acid seems to be a poor precursor of animal bufadienolides since 
18 days after its administration the isolated bufadienolides were almost devoid 
of activity. It was later suspected that the failure of the animal to incorporate 
mevalonic acid into the bufadienolides could be attributed not to the lack of an 
enzymic system able to use mevalonic acid for the formation of the steroid nucleus, 
since cholesterol in liver and the so-called y-sitosterol in parotid glands were 
fairly radioactive, but to the short duration of the experiment. 

Consequently, we injected [2-‘“C]mevalonic acid into several intact specimens 
of B. paracnemis toads but on this occasion the venom from the parotid and tibia1 
glands was collected much later than in the earlier experiment. The bufadienolides 
were isolated as previously described[J 5, 161 and their radioactivities determined. 

^For Part II. see Ref. [l]. 
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A similar experiment was carried out in winter in order to establish whether 
hibernation affects the biosynthesis of bufadienoiides. 

In addition. the metabolism of [HO-‘~C]cholesteroi and ADO-l~C]pregnenolone 
[ 171 was investigated in hibernating animals. 

General 

EXPERIMENTAL 

Melting points Here determined with a Fisher-Johns apparatus and are uncorrected. Preparative 
r.1.c. was conducted on aluminun oxide (Merck. PF2%, type E). Rotations were taken at 22°C in 
chloroform soiution. Radioactivity was counted with a Packard Tri-Carb model 93320 liquid scintilla- 
tion spectrometer in the usual scintillation solutions. [?-r4C]Mevalonic acid was purchased from New 
England Nuclear Corp., Mass.. U.S.A. [20-‘*C]Pregnenotone and [20-“C]choiesterol Rere synthe- 
sized as previously describedI 14, 171. Acetates were prepared with acetic anhydride : pyridine ( I : 1) 
following the usual procedure. B. paracnemis toads were collected in the surroundings of Resistencia 
City. province of Chaco, Argentina. 

injection of labelled precursors. 
(a) [2-%]Mevalonic acid (DBED salt: 21 mg, 3.64 x lo* dpmlmmol) was dissolved in physiological 

solution (IO ml} and injected subcutaneously into IO toads as previously reported[15]: the experiment 
was carried out in December. 

(b) The same precursor (23 mg, l-31 x 10rO dpm/mmol) was given in the same manner in March to 
I5 toads. 

(c) [20-‘~~]Cholesteroi (60 mg. 1.93 x lO’dpm/mmol} was suspended in distilled water (28 ml) 
with Tween 20 (2 ml). and the suspension was injected in March into 15 toads as previously described 

[151. 
(d) [20-r*C]Pregnenolone (41 mg, 7.33 x W dpm/mmol) in water (23 ml) with Tween 20 (0-5 ml) 

was injected into 23 animats in January. 
(e) The same labelled compound (40 mg, 5.42 x 10’ dpmlmmol) was emulsified in distilled water: 

Tween 20 (95 : 5, viv; 15 ml) and injected into I2 toads in March. 
Toads were kept indoors in glass jars over moist sand during the course of the experiments. 

Isolation of sterols and bufadienolides 

At times indicated in the Table, the venom from the parotid and tibia1 glands was collected by 
simple pressure: this mixture was worked up as previously described[l5] leading to the isolation. by 
means of preparative t.1.c.. of: sterol mixture (y-sitosterol), m.p. 144-145°C. [alI, -38*9”: bufalin (V). 
m.p. 240-24I”C, [&-9-l”, (acetate, m.p. 24%246°C [ala-S*O% matinobufagin (VIII), m.p. 219- 
22O”C, [a]n + 13*5”, (acetate, m.p. 20%232°C [a&,+ 28‘ 14; teloc~ob~n (VI), m.p. 207-208°C. 
[&,+8~2”, (acetate, m.p. 270-273°C. [&+ 21.9”). The physical constants here reported represent 
typical values. 

Cholesterol was isolated from liver and gall bladder, and purified by previously reported methods 
IiSl. 

RESULTS 

All results are shown in Table 1, where activity values represent single 
determinations from the pooled venom of a specified number of animals. It is 
appropriate to point out that the experiments were started with a reasonable 
amount of animals. However, as it was necessary to wait for a long time after 
inoculation to find a measurable amount of radioactivity in the bufadienolides, and 
although the toads were kept in the best available con~t~ons, some of them died, 
for unknown reasons, during the span of the experiment. Therefore, in some 
cases the determination for the longest period of time was performed with only 
one toad. 

From the tabulated values the following observations can be made: 
(a) Pregnenofone, as already reported[ lo], is a very poor precursor of animal 

bufadienolides both during activity and hibernation of the animal. 
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(b) Mevalonic acid was incorporated into the bufadienolides to a larger extent 
in summer (active life of the animal) than in winter ~natural hibernation period): 
the same result was observed with cholesterol isofated from liver and gall bladder. 

(c-f The radioactivity of the sterof mixture (y-sitosterol) and of bufadienolides 
in glands increased with time independent of the season. 

(d) Cholesterol is a much better precursor of bufadienolides than mevalonic 
acid, as determined from experiments conducted at the same time of the year. 

(e) When comparison was possible, bufalin (V) and telocinobufagin (VI) 
incorporated more radioactivity than marinobufagin (VIII) although the latter 
is the main bufadienolide in the mixture of venoms. 

DISCUSSION 

The most striking aspect of the biosynthesis of bufadienoiides is that whilst 
plant bufadienolides, as plant cardenolides [7, t 91, are derived from pregnenolone. 
animal bufadienolides are derived from cholesterol or a closely related compound 
without the formation of a pregnenolone-like intermediate. In this respect the 
biosynthesis of animal bufadienolides resembles that of bile acids. 

The conversion of cholesterol into the bufadienolides involves a number of 
interesting biochemical transformations including the degradation of the side 
chain to a doubly unsaturated 6-membered ring lactone. the incorporation of a 
tertiary hydroxyi group at C-14 (bufalin, telocinobufagin. etc.) or of a 14. I5- 
epoxide (ma~nobufagin, resibufagin (VII)), the incorporation of a second tertiary 
hydroxyl group at C-5 (m~inobufagin, teIocinobufagin. etc.) and the incorpora- 
tion of secondary hydroxyl groups at other positions [20,2 I]. 

None of these transformations has been studied concerning the order in which 
they are formed or the biochemical mechanism effecting the different steps. 

The results presented here show unequivocally that cholesterol is the direct 
precursor of animal bufadienolides and that the pathway cholesterol + pregneno- 
lone + bufadienolides is not operative in animals as it seems to be in plants. On 
the other hand, our results do not completely clarify the metabolic pathway from 
cholesterol to bufadienolides. although it can be assumed that, as has been 
demonstrated in the biosynthesis of bile acids[22], the incorporation of the oxy- 
genated functions should occur prior to the formation of the lactone ring. 

Considering two experimental results. i.e. the extremely low rate of formation 
of bufadienolides as compared with the formation of cholesterol in the living toad. 
and the fact that in the toad venom mixture no compound with a cholanic acid-type 
side chain has been detected, it is reasonable to assume that the slow step in the 
conversion cholesterol ---, bufadienolides should be the degradation of the side 
chain of cholesterol [231. 

For the biological transformation of cholesterol into a bufadienolide several 
pathways can be postulated (see Fig. I). Thus, one might first assume that the 
sequence of events is initiated by the degradation of the cholesterol side chain to a 
cholenic acid structure (I) because it has been demonstrated that compounds of 
this type were incorporated into animal bufadienolides[ Ill. lntermediate 1 
could either be hydroxyiated at C-14 (1 II) or transformed into the AZ4 derivative 
(I I). The biosynthetic incorporation of a 1 ~~-hydroxy group has been discussed 
and studied by several research groups[24-261 in the field of plant cardenolides. 
but the true biochemical mechanism has not been clarified yet: by elimination of 
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VI VIII 

Fig. 1. Plausible biosynthetic pathways from cholesterol to bufadienolides in toads. 

possibilities there remained the “free-radical process”‘[24] or the existence of a 
14@hydroxylase which has not been ever detected in animals nor in plants. 

The formation of II from I should involve a dehydration step; the hydroxyl 
group could have been located at C-14 ( 14a) or at any other position; in the latter 
case isomerization of the double bond (for instance, a A’) must occur. 

Epoxidation of II should directly produce intermediate IV which alternatively 
might have been produced through the hydroxylated intermediate III. Conversion 
of a double bond into an epoxide via the alcohol (hydration-oxidation process) 
has been reported to occur in plants[27,28]. 

The transformation of I I I and IV into the saturated (hydrogenated) derivatives 
would probably involve the formation of a 4-en-3-keto system as it is found in 
animals and also in the biosynthetic pathway from pregnenolone to cardenolides 
in plants [ 19.291. The introduction of a S/3-hydroxyl group would be performed 
by a direct hydration of the CS-Cs double bond since it has been demonstrated that 
in plants there was no hydroxylation by direct substitution of a S/3 nor a So-hydro- 
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gen atom of a saturated precursor[30], and that apparently no 3-keto system uas 
involved in the transformation. 

Considering the last steps to the bufadienolides V, VI, VII and VIIl, we can 
assume that hydroxylation at C-21 with the subsequent cyclization to the 6- 
lactone should be produced prior to the formation of the double bonds. Moreover. 
a possible conversion among bufadienolides (V * VllL (VI * VIII) cannot be 
discarded for the present knowledge of their biosynthesis. 

Keeping in mind the several biosynthetic pathways from cholesterol to 
bufadienolides just outlined, our experimental result that both bufalin (V) and 
telocinobufagin (VI) were always more radioactive than marinobufagin (V I1 1) 
would point to the fact that the formation of bufadienolides with a 14@-hydroxyl 
group should precede those with a Irt,iS-epoxy ring. If it is assumed that inter- 
mediate III were derived from IV, bufadienolides with an epoxy ring would be 
formed prior to those with the 14/S-hydroxyl group, but considering our results 
this seems not to be the case. 

The problem of biosynthesis of bufadienolides, and the metabolic transforma- 
tion order between the 14~-hydroxyl group and the 140. 15/3-epoxy ring require 
further investigation, Also, the isolation from toad venom of cardenolides having 
a 14p, 15@-epoxy ring[3 1,321 increases the interest in this area. 
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