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Pharmacological studies have been made with 20 cardiac glycosides and aglycones elaborated by partial syn-
thesis or microbiological conversion. 20,22-Dihydrodigoxin is qualitatively active, but has 1/,s the potency of
digoxin (I), In contrast with 3-acetylstrophanthidin, the corresponding ester of digitoxigenin (II) is weaker
than digitoxigenin. 14-Dehydroxylation and 14,15-epoxylation of cardenolides (III-VII) cause a loss of
digitalis-like action in cats and frogs. 128-Hydroxylation of resibufogenin (VIII) and marinobufagin (IX),
both bufadienolides, confers and preserves a certain degree of activity in cats although resibufogenin itself is
inactive. 3-Acetyl-17a-hydroxystrophanthidin (X) has a token cardiotoxic action, but an identical derivative
of digitoxigenin (X1I) is without effect with twice the dose. The slight decrease of potency of 19-dehydroonabain
as compared with ouabain may indicate a favorable influence of the hydroxymethyl group in this most hydroxy-
lated glycoside. Of the p-rhamnosides of digitoxigenin and strophanthidin, the g-glycosidic linkage is superior
to the a-configuration. Deoxygenation of the carbohydrate ring of the monoside lowers the cardiotonic ac-
tivity. The exceptionally high potency of strophanthidin a-1-mannoside can be explained on the same basis
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Cardiac Glycosides and Aglycones by Synthesis and Microbiological Conversion'*

as that of convallotoxin,

It is common knowledge that cardiac glycosides
can be hydrolyzed to aglvcones and carbohydrates.
Esterification of the secondary OH group at C-3 of an
aglycone or reconstitution with a new sugar has been
repeatedly accomiplished, Nuclear changes of the
aglycone have been affected in other positions by chenii~
cal means. Recently microbiological transformations
have given rise to a variety of nuclear modifications.?
During the last few years we had available 20 com-
pounds for pharuacological studies. Eight partially
synthetic glycosides listed in Table T were prepared by
Zorbach and lis co-workers.?—%2  The chemical char-
acterizationts on digitoxigenin and strophanthidin
B-p-rhamnosides and the 3-tetrahydropyranyl deriva-
tives of digitoxigenin and strophanthidin have not been
published. The two epoxides of digitoxigenin were pre-
pared by partial synthesis,®® while that of digoxigenin
and 128-hydroxyresibufogenin and -marinobufagin were
nticrobiological conversion products of Fusarium lint ob-
tained by Schiipbach and Tanim.” The two isomers of
14-dehydroxy-15-ketodigitoxigenin were synthesized by
K. Mayer (as yet unpublished), who gave us pernission
to mention our results on these two compounds. 3-
Acetyl-17a-hydroxydigitoxigenin is an intermediate of
totally synthetic digitoxigenin.® A corresponding in-
termediate of strophanthidin was also made available
to us for assay by Dr. F. Sondheimer. Dihydrodigoxin
was supplied by Dr. W. J. Bowen of the National
Institute of Arthritis and Metabolic Diseases and 3-
acetyldigitoxigenin by Aldrich Chemical Co., Milwau-
kee, Wis. 19-Dehydroouabain was first prepared by
Mannich and Siewert®; our saniple was supplied by
Professor T. Reichstein.
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Methods

The procedures of evaluating the cardiotoxicity of the 20
compounds were the same as those previously employed.lo!!
In brief, a stock solution of each substance in dilute ethanol was
prepared, and a suitable dilution was injected intravenously into
the femoral vein of the etherized cat. Electrocardiograms were
recorded to demonstrate the digitalis-like action. The potency
of each active compound was determined in groups of cats:
4 with 3-acetyl-17a-hydroxystrophanthidin, 6 with 3-acetyldigi-
toxigenin and dihydrodigoxin, and 10 with all others. Their
geometric mean lethal doses and standard errors (LD =+ S.E.)
were computed and are listed in the middle column of Table I.
They can be also converted to the reciprocals (number of mean
LD values = S.E./mg.) in order to arrive at a direct relationship
of potency as shown in the last column. If a compound did not
kill the etherized cats in large doses, its stock solution would be
injected into the lymph sac of frogs in order to substantiate the
absence of activity in another species of animals.

The amount of ethanol to effect solution of the 20 substances
varied. Attempts were always made to prepare a 0.1% solution
in 47.5-509, alcohol. This was successful with 16 substances.
3-Acetyl-17a-hydroxydigitoxigenin required 719, ethanol, 3-
acetyldigitoxigenin 959, and digitoxigenin 3-p-rhamnoside 1009,.
A stock solution of 0.05% in 559, ethanol was necessary for 14q-
dehydroxy-15-ketodigitoxigenin. The final dilutions for the cat
work needed much adjustment in order to titrate the end point
within 30-60 min./kg. of cat weight. Thus, strophanthidin g-p-
rhamnoside and strophanthidin a-r-mannoside were used in a
ratio of 1:200,000; digitoxigenin 2-deoxy-@-p-alloside, strophan-
thidin «-p-mannoside, and 3-tetrahydropyranylstrophanthidin,
1:50,000; dihydrodigoxin, 1:5000; and 14«,15a-epoxy-14-
anhydrodigitoxigenin, 148,158-epoxy-14-anhydrodigitoxigenin
and -digoxigenin, and 3-acetyl-17a-hydroxystrophanthidin, 1:-
10,000. The following substances were so insoluble in saline
that their stock solutions were intermittently injected into the
cats’ vein through a three-way microburet!?: 3-acetyldigitoxi-
genin, 3-acetyl-17«-hydroxydigitoxigenin, 3-tetrahydropyranyl-
digitoxigenin, and digitoxigenin g-p-rhamnoside.

Results

It is obvious that all the partially synthetic glycosides
are active to various degrees (Table I). 19-Dehydro-
ouabain, 3-acetyldigitoxigenin, 3-acetyl-17a-hydroxy-
strophanthidin, 128-hydroxyresibufogenin and -ma-
rinobufagin, and dihydrodigoxin are also active, al-
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Digitoxigeni g-n- 1).5563 £ 00,0387 2 R07 = 050D
rhamnoside
Digitoxigenin 2-de- 01860 £ 00102 5.370 & 1,205
oxy-B-p-alloside
S-Tetrahvdropyranyl- 2.420 £ 0 .244 0412 £ 6 041
digitoxigenin

14a-Dehvdroxy-15-
ketodigitoxigenin«

148-Dehydroxy-15-
ketodigitoxigenin™

143,158-Epoxy-14-
anhydrodigitoxi-
genin

L4, 1ha-Epoxy-14-
anhyvdrodigitoxi-

—_

cat survived 3.666,
another 4.695

cat survived 4.845,
another 5.875

at survived 5.88:
12CG snggestive

—_

—

1 eat simrvived 5,52

genin
143, 158-1ipoxy-14-
anhydrodigitoxi-

1 eat snrvived 11,27

goenin

Dihydrodigoxin 4.1920 £ 0.36%0 0,230 £ 1.021

S-Acetyldigitoxigenin 0.8910 &£ 0.0670 1121 £+ 0.084

3-Aceryl-17 a-liy- 1 cat survived 3,983,
droxydigitoxigenin another 4.037

3-Acetyl-17a-hy- 2081 = 0.348] 0,481 £ 0,080
droxystrophanthi-
din

A-Tetrahydropyranyl- 0.3352 £ 0.0572 L8O &= 0185
strophanthidin

Strophanthidin g8-n-  0.0980 £ 0.0044 L0111 £ 0.470
rhamnoside

Strophanthidin e-p- 0. 1387 £ 00073 7210 £ 0374
rhiamnoside

Strophanthidin e-p-  0.2338 £ 0.0207 5.040 £ 0,321
inanioside

Strophanthidin e-1.- 0.0693 £ ©.0057 14,430 &= 1187
marnuoside

128-Hydroxyresibn- 1 cat died with 4.0%,
fagenin and another with

0o

D, (
128-Hvdroxymarino- 1 cat died with 3.35,
Liifagin and another with
2.66
01649 == 0. 0055

19-Dehydroonabain G064 = 0,202

« Perhaps a better nomenclature shonld be 38-hivdroxy-15-oxo-

58, 14 a-card(20:22)enclide and  38-hydroxy-13-0x0-58,148-card-
(20:22)enolide, respectively

though the last substance has a very low potency.
All the  cats showed typical electrocardiographic
changes and died with ventricular fibrillation. The
two isomers of ketodigitoxigenin, two isomers of the
cpoxide of  14-anhydrodigitoxigenin, 148,158-epoxy-
H-anhydrodigoxigenin, and 3-acetyl-17 a-hydroxydigi-
toxigenin showed no cardiotoxicity in the doses in-
dicated v Table 1. The results in frogs were also
negative with doses varying from 23-54 mg. /kg.

Discussion

The results of this ceries of cardiac steroids reveal
certain mterestang points, The first 1= the preserva-
tton of activity of dihydrodigoxin (I) in cats, i the
ralio of 1:18 1o digoxin.’' Windaus, ¢ al.,”® and
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1388 (1924).
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Cloetta™ reported that hydrogenation of digitalinuimn
verum to saturate the double boud of the lactone ring
destroyed the activity on the frog’s heart. Jacobs
and Hoffmain®™ on the other hand found that in frogs,
eymarin was 23 tines as effective as dihydrocymarn,
and ouabain 16 thnes as effective ax dihydroouaban.
Acheson and his associates’—18 demonsirated in the
dog heart-lung preparation the positive inotropic ac-
tion of dihvdroouabain, dihydrodigoxin, and dihydro-
digitoxin. Taeschler, et al,'* confirmed the above
observations with dihydroouabain on the isolated
auricle of the guinea pig. Bach and Reiter® esti-
mated that i the guinea pig the LD of ouabain by
continuous infusion was 80 times that of dihydro-
ouabain, and the LD of digoxin 60 timex that of di-
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hydrodigoxin.  Wright and co-workers?! 1reported
vastly reduced activity of dihydrodigoxin but found
dihydrodigitoxigenin and -digoxigenin to be virtually
inactive. In our previous papers?*2 we showed that
doses of 36-66 mg./kg. of dihydrostrophanthidin were
unable to kill etherized cats, and doses of 5-6 nig./kg.
of the hydrogenated products of cinobufagin and
marinobufagin were also not fatal to cats. It appears
that saturation of the double bond of the lactone ring
greatly reduces the cardiotoxicity of glycosides or
aglycones, and in sonie instances it miay completely
abolish the digitalis-like effect as in the case of dihydro-
strophanthidin,

Acetylation of the secondary OH at C-3 (II) de-
creased the activity of digitoxigenin almost by 509;.11
It follows the example of 3-acetylscillirosidin,?* but is
contrary to 3-acetylstrophanthidin?® and several acetyl-
bufadienolides.’ 3-Acetylation therefore produces un-
predictable changes of cardiac potency.

A free tertiary OH at C-14 is consistently present
in natural cardenolides and their glycosides. Only
recently Meyer and his co-workers?? dentonstrated a
148,158-epoxide ring in cinobufagin and marinobufagin,
both of which are cardiotonically active. In the present
sertes of Table I, 14a,15a-epoxy-14-anhydrodigitoxi-
genin (V) and 148,158-epoxy-14-anhydrodigitoxigenin
(VI) and -digoxigenin (VII) are all inactive in the
doses studied. The results confirmt our previous
observations with saniples of another source.® Wright,
et al.,? stated that g-anhydro- and 14-deoxydigoxigenin
had no demonstrable toxicity. 128-Hydroxyresibufo-
genin (VIII) and -marinobufagin (IX) are active but
of low potency. The electrocardiographic changes are
characteristic. It should be pointed out that un-
altered resibufogenin?® has no effect upon the heart.
Ragab, et al.,® prepared 14a- and 148-artebufogenin
in which H replaced OH at C-14 with a keto group at
(C-15, and found that the S-isomer was active but the
a-isonier was inert. They postulated that the cis
C/D linkage was more imiportant than 143-OH group
for the preservation of cardiac action. Nonetheless,
the niost potent compounds having 10 LD values/
mg. or more in cats invariably have a free 143-OH group
without au exception.

Another pair of interesting aglycones are 3-acetyl-
17 a-hydroxystrophanthidin  (X) and -digitoxigenin
(XI). The latter has no cardiac effect in the 4 mg./
kg. dose in cats, but the former produces digitalis-
like action electrocardiographically and causes deatl
in one-half the dose. The activity, although low, mmay
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be due to the presence of 3-hydroxy and 10-aldehyde
groups.

19-Dihydroouabain differs from ouabain in that it
has an aldehyde group at C-10 instead of a hydroxy-
methyl group. It has a lower potency than ouabain
which registers 8.62 LD values/mg.? Such deprecia-
tion of action only occasionally occurs as in caze of
cymarol vs. cymarii.?!

Of the 8 synthetic monosides of digitoxigenin and
strophanthidin, several observatious can be made.
First, the potency of a glycoside depends on the
optical rotation of the sugar and the glycosidic linkage.
In nature the p-sugars are usually conjugated by 8-
configuration, and the wL-sugars by a-isomerisn.??
If an enantiomorphic form of a natural sugar, such as
p-thamnose, is coupled with a cardenolide, the 3-
anonter has a higher activity., Thus in our series digi-
toxigenin g-p-rhammoside surpasses the potency of the
a-D-isonier!!; and similarly, strophanthidin -p-rhani-
noside is superior to its a-p-isonter (Table I). Espe-
ally significant is the pair of isoners synthesized by
Zorbach, et al., namely the mannosides of strophan-
thidin. Apparently the a-L-configuration countributes
far niore pharniacological effect than does the a-p.

There is another chauge in the carbohydrate portion
of the molecule that affects the cardiac activity, that is,
deoxygenation lowers the potency of mionosides, as
exemplified by the 3-tetrahydropyranyl derivatives of
digitoxigenin and strophanthidin. In fact the superior-
ity of strophanthidin e-L-nmiaunoside over convallotoxin
(6-deoxy-a-L-mannoside of strophanthidin) can be ex-
plained by the sante reasoning.® The number of LD
values/mg. of digitoxigenin 2-deoxy-g-p-alloside is
practically the same as that of its 2-deoxy-B-p-gluco-
side.’! These two deoxy glycosides differ from each
other only by the configuration at C-3 of the pyrano-
side which is apparently unimportant biologically.*

Acknowledgments.—The authors wish to thank
Professors Ch. Tamn:, Kuno Meyer, and T. Reichstein,
Universily of Basle; W. Werner Zorbach, Georgetown
University, Washington, D. C.; and Franz Sondheimer,
Weizmann Institute, Rehovoth, for supplies of niaterial
in this investigation. They are also indebted to Drs.
Kenzo Kikuchi, Norihide Takeya, and Alena Kovati-
kovd, and Mlessers. Delbert Campbell, Harold E.
Roeder, and Terry Davis for their assistance in these
experiments.

(31) K. K. Chen and R. 8. Anderson, J. Pharmacol. exptl. Therap., 90,
271 (1947).

(32) Ch. Tamm, Proceedings of the 1st International Pharmacological
Meeting, Stockholm, 1961, Vol. 3, p. 1L



