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Abstract O Brusatol, a quassinoid with potent antineoplastic activity
against P-388 lymphocytic leukemia cell proliferation, significantly in-
hibited P-388 cell hexokinase, phosphofructokinase, malic dehydroge-
nase, and succinic dehydrogenase. Mitochondrial oxidative phos-
phorylation, basal, and adenosine diphosphate-stimulated respiration,
utilizing suceinate and or-ketoglutarate as the substrate, was suppressed
significantly by in vive treatment with brusatol. However, brusatol
treatment had no effect on liver oxidative phosphorylation. Brusatol
greatly increased P-388 cyclic AMP levels but had no effect on liver cyclic
nucleotides. Similar inhibitory effects on P-388 cell oxidative phos-
phorylation were found in vitro with brusatol, bruceoside A, and bru-
ceantin. Brusatol had no effect on adenosine triphosphatase activity or
on uncoupling of oxidative phosphorylation. Rather, brusatol appeared
to increase the concentration of reduced mitochondrial electron-transport
cofactors, thereby blocking aerobic respiration. A proposed mechanism
of action is discussed.

Keyphrases O Antineoplastic agents—brusatol, bruceoside A, bru-
ceantin, effect on cellular respiration of P-388 leukemia cells, tn vivo, in
vitro O Quassinoids— antineoplastic activity, effect on cellular respiration
of P-388 leukemia cells, in vivo, in vitro O Leukemia, P-388—effect of
quassinoids on cellular respiration, in vivo, in vitro 0 Cellular respira-
tion—P-388 leukemia cells, effect of various quassinoids

Numerous quassinoids have been isolated recently, e.g.,
bruceantin (I) from Brucea antidysenterica (1), bru-
ceoside A (II) from Brucea javanica (2), and its subsequent
hydrolysis product brusatol (III). All three agents are ac-
tive in the P-388 lymphocytic leukemia survival system.
Bruceantin has a T/C = 197 at 1 mg/kg/day, bruceoside A
has a T/C = 156 at 6 mg/kg/day, and brusatol hasa T/C =
158 at 125 ug/kg/day (3}. At a concentration of 0.015 mM,
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Table I—Effects of Brusatol on Aerobic and Anaerobic Processes of DBA/2 Mice

Process

Brusatol,
100 ug/kg/day
on Days 7,8,and 9,

P-388 Lymphocytic Leukemia Cells (n = 8)

Hexokinase activity
Phosphofructokinase activity
Lactic dehydrogenase activity
Malic dehydrogenase activity
Suceinic dehydrogenase activity
Adenosine triphosphatase activity
Cyclic AMP
Oxidative phosphorylation
With succinate: state 4
With succinate: state 3
With a-ketoglutarate: state 4
With «-ketoglutarate: state 3

Liver from Nontumor-Bearing Animals (n = 5)

Cyclic AMP levels

Oxidative phosphorylation
With succinate: state 4
With succinate: state 3
With a-ketoglutarate: state 4
With a-ketoglutarate: state 3

Control % of control
100 + 21 62+ 17¢
100 + 16 54 + 11
100 + 9 97 + 13
100 £ 16 43 £ 150
100 £ 15 25 + 3%
100 + 6 107 + 11
100 + 8 1269 + 60°
100 + 13 22 + 65
100 £ 7 18 £ 5b
100 + 6 26 +5
100 + 11 29 + 13
100 £ 29 111 + 14
100 + 12 9% +5
100 + 8 1028
100 + 11 97+ 10
100 + 13 93+ 15

2 p =0.025. 2 p = 0.001.

all of these quassinoids significantly inhibited DNA, RNA,
and protein syntheses in P-388 cells.

A positive correlation between aerobic respiration in-
hibition and antitumor-antimitotic activity has been ob-
served for a number of nonrelated compounds, e.g., a
podophyllotoxin derivative, ellipticine, 4,6-diamino-
triazines, methotrexate, naphthoquinone derivatives,
tritylthioalanine, carminomycin, piperazinedione (4), 5-
fluorinated pyrimidine-6-carboxyaldehydes (5), benza-
malecene, triparanol (6), and sesquiterpene lactones (7).
Sesquiterpene lactone antineoplastic agents also have been
observed to suppress tumor cell glycolytic and Krebs cycle
dehydrogenase activity enzymes (8). This paper reports
the effect of quassinoids on P-388 lymphocytic leukemia
aerobic and anaerobic cell metabolism.

EXPERIMENTAL

Materials—Bruceantin (1) was obtained in small quantities from the
National Cancer Institute. Bruceoside A (11) was extracted from B. ja-
vanica according to the literature technique (2), and brusatol (III) was
obtained hy treating Il with 3 N sulfuric acid-methanol (1:1) to hydrolyze
the glycosidic linkage (2).

P-388 Lymphocytic Leukemia Cell Metabolism Studies—DBA/2
male mice (~25 g) were inoculated with 10° P-388 lymphocytic leukemia
cells intraperitoneally on Day 0. For the in vitro studies, P-388 lym-
phocytic leukemia cells were harvested from the peritoneal cavity on Day
10. For the in vivo studies, the mice were treated on Days 7, 8, and 9 with
100 ug/kg/day ip of brusatol or 5 mg/kg/day ip of bruceoside A. Drugs
were prepared by homogenization in 0.05% polysorbate 80 and water.

The number of tumor cells per milliliter and the 0.4% trypan blue
uptake were determined with a hemocytometer (9). Phosphofructokinase
activity of 10-day cells was determined hy a literature method (10) based
on the absorbance change of 1.125 umoles of reduced nadide (nicotin-
amide adenine dinucleotide) at 340 nm. Hexokinase activity was assayed
by a literature method (11) based on the absorbance change of 500 umoles
of nadide phosphate at 340 nm. Lactic dehydrogenase activity was de-
termined by a literature method (12) based on absorbance changes of 0.12
umole of reduced nadide at 340 nm.

Succinic dehydrogenase activity was determined by a literature method
(13) based on the reduction of potassium ferric cyanide to the ferrous ion
at 455 nm. Malic dehydrogenase activity was measured by a literature
technique (14) based on absorption changes of 15 umoles of reduced
nadide. Protein concentrations were determined by the method of Lowry
et al. (158).

In vitro respiration studies were carried out on 10-day P-388 lym-
phoeytic leukemia cells. Oxygen consumption was measured with an
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electrode! connected to an oxygraph2 The reaction vessel typically
contained 55 umoles of sucrose, 22 umoles of monobasic potassium
phosphate, 22 umoles of potassium chloride, 90 umoles of succinate or
60 umoles of a-ketoglutarate as the substrate, 22 umoles of adenosine
triphosphate, and 0.015 or 0.005 umole of test drugs in a total volume of
1.8 ml at 37°. After the basal metabolic level (state 4) was obtained, 0.257
umole of adenosine diphosphate was added to obtain the adenosine di-
phosphate-stimulated respiration rate (state 3) (7).

In vivo studies were conducted on 10-day cells after treatment of the
DBA/2 mice. The method of Lindahl and Oberg (16) was used to deter-
mine if oxidative phosphorylation was uncoupled with 0.2 umole of
2,4-dinitrophenol as an internal standard. The reaction medium con-
tained, in 2 ml, 50 umoles of phosphate buffer, 10 umoles of magnesium
chloride, 2 umoles of diphosphate, 80 umoles of glucose, excess hexoki-
nase, 60 umoles of pyruvate or succinate, and P-388 isolated mitochon-
dria. Studies were carried out using the oxygraph. Measurement of in-
dividual electron-transport system components was carried out by a
literature method (17) by recording differences in spectral absorption
after incubating the P-388 lymphocytic leukemia mitochondrial sus-
pensions (9000Xg X 10 min) at pH 7.4 with 50 mM tromethamine hy-
drochloride, 50 mM potassium chloride, 50 mM sucrose, 10 mM inorganic
phosphate, and either 4.2 mM glutarate plus 4.2 mM malate or 1.3 mM
succinate as the substrate.

Nadide was measured at 340 and 374 nm, flavin adenine dinucleotide
was measured at 455 and 500 nm, cytochrome b was measured at 410 and
430 nm, cytochrome ¢ and ¢, was measured at 540 and 550 nm, and cy-
tochrome oxidase was measured at 603 and 605 nm. The difference was
obtained by calculating the difference between the reduced and oxidized
cofactor forms, which was expressed as percent of the control. In vitro
spectral studies were carried out by incubating 3.16 umoles of nadide with
0.005 umole of brusatol in phosphate buffer, pH 7.2, and measuring the
appearance of the reduced form at 340 nm. Cytochrome c at 0.1 umole
was also incubated with brusatol, and the appearance of the reduced form
was measured at 550 nm over 48 hr. Reduced nadide (6.5 umoles) and
brusatol (10 umoles) were incubated at room temperature in 1 ml of 0.067
M phosphate buffer at pH 7.2 for 72 hr. The reaction medium was
subjected to preparative TLC separation on silica gel plates eluted with
chloroform-methanol (10:1). Spots were identified by UV absorption.
Individual spots were scraped off the plate. An unknown spot was sepa-
rated from the silica gel by column chromatography, which was eluted
with acetone. Silica gel TLC showed a single spot at Ry 0.55 as compared
to brusatol at R; 0.64 whereas the cofactor remained at the origin.

Adenosine triphosphatase activity was measured in P-388 leukemia
cells by the method of Suolinna et al. (18), and inorganic phosphate re-
leased was measured by the method of Chen et al. (19). Cyclic AMP levels
were measured by a literature radioimmunoassay (20), using JH(G)-cyclic

1 Clark.
2 Gilson.



Table 11— In Vitro Effects of Quassinoids on Oxidative Phosphorylation Process of P-388 Lymphocytic Leukemia Cells and DBA/2

Mouse Liver Homogenates

Percent Control

0.05% Polysorbate Bruceantin Bruceoside A Brusatol 2,4-Dinitrophenol
Substrate 80,% (0.015 umole) (0.015 umole) (0.005 umole) (0.2 umole)
P-388 Oxidative Phosphorylation Processes (n = 6)
Succinate
State 4 100 £ 13 50 £ 7¢ 54+ 7¢ 50 + 9¢ —
State 3 100+ 7 57 £ 109 55 £ 10¢ 50+ 7¢ —
«-Ketoglutarate
State 4 100+ 6 60 + 7¢ 58 + 10° 59 + 9@ —
State 3 100 £ 11 52+ 6° 66 + 5°¢ 61+ 112 —
Liver Oxidative Phosphorylation Processes (n = 5)
Succinate
State 4 100 £ 12 102 £ 14 105 £ 20 106 £ 19 —
State 3 100 £+ 12 95 + 14 86+9 98 + 17 —
a-Ketoglutarate
State 4 100 £+ 13 74 £ 13% 89+19 101+ 8 —
State 3 100 + 21 70 £ 3% 105 + 30 95 + 28 —
Isolated Mitochondria from P-388 Cells
Pyruvate: state 3 100+ 8 — — 71 4 7¢ 21 + 54
Succinate: state 3 100 £ 8 — — 51 + 6¢ 15 + 4¢

ap =0.001. % p = 0.025.

AMP (39.8 Ci/mmole). Liver oxidative phosphorylation studies were
carried out on nontumor-bearing DBA/2 male mice. The liver was excised,
and a 10% homogenate in 0.25 M sucrose and 0.001 M edetic acid was
prepared (21). Respiration was carried out on 0.1 ml of the homogenate
in the reaction vessel. Cyclic AMP levels also were measured on the 10%
homogenate.

RESULTS

Brusatol treatment of P-388 lymphocytic leukemia-bearing mice sig-
nificantly reduced the activity of the glycolytic pathway regulatory en-
zymes of P-388 cells (Table 1). Ten-day P-388 cells demonstrated a
hexokinase activity as an absorbance change of 0.300 optical density
(0.D.) unit/min/mg of protein, which brusatol reduced 38%. The phos-
phofructokinase activity for 10-day P-388 cells was 0.270 O.D. unit/
min/mg of protein, which was reduced 46% by brusatol treatment. Krebs
cycle dehydrogenase enzymes were also suppressed by brusatol. Malic
dehydrogenase activity for control P-388 cells was 135.7 O.D. units/
min/mg of protein, which brusatol reduced 57%. Succinic dehydrogenase
activity for 10-day P-388 cells was 0.145 O.D. unit/min/mg of protein.
Brusatol inhibited succinic dehydrogenase activity 75%.

In vitro oxidative phosphorylation studies showed that 0.015 umole
of bruceantin, bruceoside A, or brusatol at (0.015 and 0.005 umole reduced
states 3 and 4 respiration significantly (Table II). Basal respiration (state
4) with succinate as the substrate resulted in 11.44 ul of oxygen con-
sumed/min/mg of protein. Adenosine diphosphate-stimulated respiration
(state 3) with succinate was 20.76 ul of oxygen consumed/min/mg of
protein. Basal respiration using ce-ketoglutarate as the substrate resulted
in 10.01 ul of oxygen consumed/min/mg of protein. State 3 consumption
resulted in 19.17 ul of oxygen consumed/min/mg of protein.

Brusatol at 0.005 gumole in vitro caused a 50% inhibition of state 4 and
state 3 with succinate as the substrate. Brusatol with a-ketoglutarate as
the substrate caused a 41% inhibition of state 4 and a 39% inhibition of
state 3. Both concentrations of brusatol, i.e., 0.005 and 0.015 umole,
caused the same degree of suppression. Bruceoside A with succinate
caused a 46% inhibition of state 4 and a 45% of inhibition of state 3. With
a-ketoglutarate, bruceoside A caused a 42% inhibition of state 4 and a
34% inhibition of state 3. Bruceantin caused a 50% inhibition of state 4
and a 43% inhibition of state 3 with succinate and a 40% inhibition of state
4 and a 48% inhibition of state 3 with a-ketoglutarate.

At 100 ug/kg/day, brusatol suppressed in vivo state 4 basal respiration
78% and adenosine diphosphate respiration (state 3) 82% in the presence
of succinate (Table I). a-Ketoglutarate basal respiration was suppressed
74% by brusatol treatment, and state 4 respiration was inhibited 71%.
Bruceoside A treatment in vivo at 5 mg/kg/day caused a 7% inhibition
of state 4 respiration and a 31% inhibition of state 3 with succinate. State
4 with a-ketoglutarate was inhibited 18% and state 3 was inhibited 25%
by bruceoside A.

In vitro and in vivo studies with liver homogenates of nontumor-
bearing animals demonstrated no changes in states 4 and 3 with either
succinate or a-ketoglutarate as the substrate. In vitro state 3 studies with
P-388 lymphocytic leukemia mitochondria with 0.005 gzmole of brusatol

showed that respiration was inhibited 29% with pyruvate and 49% with
succinate as the substrate, respectively (Table II). 2,4-Dinitrophenol
addition further suppressed state 3 respiration by 79% with pyruvate and
85% with succinate, indicating that oxidative phosphorylation was not
uncoupled by brusatol. Adenosine triphosphatase activity after brusatol
treatment was within normal limits (Table I).

Examination of the different spectra of cofactors of the electron-
transport system showed that in vivo administration of brusatol increased
the concentration of all reduced forms of the chain cofactors. Incubation
with malate showed a 24% increase in reduced nadide, a 7% increase in
reduced flavin adenine dinucleotide, a 13% increase in reduced cyto-
chrome b, a 110% increase in reduced cytochrome c; and ¢, and a 100%
increase in reduced cytochrome o + «3. Incubation with succinate re-
sulted in a 198% increase in reduced flavin adenine dinucleotide, a 49%
increase in reduced cytochrome b, a 216% increase in reduced cyto-
chromes ¢ and ¢, and a 100% increase in reduced cytochrome a; + a.

In vitro studies showed the same trends but not as markedly. When
brusatol was incubated with isolated nadide for 24 hr, there was a 26%
increase in the reduced form; there was a 35% increase in reduced nadide
after 40 hr, indicating that brusatol chemically reacted with the cofactor.
When cytochrome ¢ was incubated with brusatol, there was a 21% increase
in reduced cytochrome c after 24 hr; after 48 hr, there was a 13% increase
in reduced cytochrome c. Incubation of brusatol with reduced nadide
demonstrated that the two agents chemically interacted to give a product
that did not have the same R, value as the two starting materials,
suggesting the formation of an adduct between brusatol and the co-
factor.

DISCUSSION

Brusatol treatment of P-388 lymphocytic leukemia-bearing mice sig-
nificantly reduced the activities of enzymes of the Embden-Meyerhoff
cycle and of the Krebs cycle. The key regulatory enzymes, hexokinase
and phosphofructokinase, were significantly depressed by brusatol
treatment. Krebs cycle dehydrogenase activities of malate and succinate
were also significantly reduced. Succinate, which is a flavin adenine di-
nucleotide-linked dehydrogenase, was more severely depressed than
malate dehydrogenase, which is a nadide-linked dehydrogenase. Qxi-
dative phosphorylation processes of P-388 lymphocytic leukemia cells
were significantly reduced by the quassinoids tested. With succinate as
the substrate, both basal respiration (state 4) and adenosine diphos-
phate-stimulated respiration (state 3) were suppressed slightly more than
with a-ketoglutarate as the substrate. Brusatol in vivo was more effective
in reducing states 4 and 3 respiration with succinate or a-ketoglu-
tarate.

Brusatol in vivo, however, did not affect normal liver respiration
processes, nor did any of the quassinoids affect in vitro liver respiration
at 0.015 umole. The mitochondria studies showed that brusatol did not
uncouple oxidative phosphorylation like 2,4-dinitrophenol does. Nor did
brusatol treatment stimulate mitochondrial adenosine triphosphatase
activity, which would facilitate the uncoupling of mitochondrial oxidative
phosphorylation. Rather, brusatol appeared to act on the mitochondrial
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electron-transport chain. In vivo studies showed drastic increases in the
reduced forms of chain cofactors with either malate or succinate as the
substrate. In vive brusatol effects were more striking than in vitro effects
on reducing cofactors, which may explain the observed increased effects
of brusatol on in vivo states 4 and 3 respiration after 3 days of treatment
as compared to in vitro effects. UV in vitro studies showed that brusatol
chemically interacted with nadide increasing the reduced form ahsorb-
ance at 340 nm. Cytochrome ¢, a heme, also was reduced in the presence
of brusatol to the ferrous form with an increase in absorbance at 550
nm.

Although separation of the brusatol adduct and reduced nadide has
not been achieved to date, incubation of the two agents showed that a
possible reaction product existed. Nucleophilic attack of reduced nadide
on the diosphenol ring A of brusatol may be postulated. If such an attack
occurs, then complexation or alkylation of cofactor or functional groups
of enzymes could account for the inhibitory effects of brusatol on P-388
lymphocytic leukemia cell metabolism with respect to the suppression
of tumor cell anaerobic and aerobic respiration.

REFERENCES

(1) S. M. Kupchan, R. W. Britton, J. A. Lacadie, M. F. Ziegler, and
C. W. Sigel, J. Org. Chem., 40, 648 (1975).

(2) K. H. Lee, Y. Imakura, and H. C. Huang, J. Chem. Soc. Chem.
Commun., 1977, 69.

(3) I. H. Hall, K. H. Lee, S. A. ElGebaly, Y. Imakura, Y. Sumida, and
R. Y. Wu, J. Pharm. Sci., 68, 883 (1979).

(4) M. Gosalvez, B. Blauco, and J. Hunter, Eur. J. Cancer, 10, 567
(1974).

(5) C. Piantadosi, C. S. Kim, and J. L.. Irvin, J. Pharm. Sci., 58, 821
(1969). .

(6) L. Ananonson, Proc. Soc. Exp. Biol. Med., 136,61 (1971).

(7) 1. H. Hall, K. H. Lee, C. O. Starnes, S. A. ElGebaly, T. Ibuka, Y.
S. Wy, T. Kimura, and K. Haruna, J. Pharm. Sci., 67, 1235 (1978).

(8) 1. H. Hall, K.H. Lee, and S. A. ElGebaly, ibid., 67, 552 (1978).

(9) 1. H. Hall, K. H. Lee, E. C. Mar, C. Q. Starnes, and T. G. Waddell,

J. Med. Chem., 20, 333 (1977).

(10} T. E. Mansour, in “Methods in Enzymology,” vol. 9, W. A. Wood,
Ed., Academic, New York, N.Y., 1967, p. 430.

(11) D.G. Walker and J. J. Parry, in ibid., p. 381.

(12) M. K. Schwartz and O. Bodansky, in ibid., p. 294.

(13) D. V. DerVartanian and C. Veerger, Biochim. Biophys. Acta, 92,
233 (1964).

(14) S. Ochoa, A. H. Mehler, and A. Kornberg, J. Biol. Chem., 174,979
(1948).

(15) O. H. Lowry, N.J. Rosebrough, A. L. Farr, and R. J. Randall, ibid.,
193, 265 (1951).

(16) P.E. Lindahl and K. E. Oherg, Nature, 187, 784 (1960).

(17) B. Chance and G. Hollinger, JJ. Biol. Chem., 278, 418 (1963).

(18) E. M. Suolinna, R. N. Buchsbaum, and E. Racker, Cancer Res.,
35, 1865 (1975).

(19) P.S. Chen, T. Y. Toribara, and H. Warner, Anal. Chem., 28, 1756
(1956).

(20) A. C. Gilman, Proc. Natl. Acad. Sci., UJ/SA, 67, 305 (1970).

(21) 1. Hall and G. L. Carlson, J. Med. Chem., 19, 1257 (1976).

(22) G. W. Snedecor, “Statistical Methods,” Iowa State College Press,
Ames, lowa, 1956, section 2.

ACKNOWLEDGMENTS

Adapted in part from a dissertation submitted hy S. A. ElGebaly to
the Graduate School, University of North Carolina at Chapel Hill, in
partial fulfillment of the Doctor of Philosophy degree requirements.

Supported by American Cancer Society Grant CH-19 and National
Cancer Institute Grants CA-22929 and CA 17625 (in part) to K. H.
Lee.

The authors thank Dr. Matthew Suffness, Developmental Thera-
peutics Program, Chemotherapy, National Cancer Institute, for the
bruceantin.

13C-NMR Spectra of a-Adrenergic Blocking Agents

SHIVA P. SINGH *, SURENDRA S. PARMAR *x,

SYLVIA A. FARNUM¥, and VIRGIL 1. STENBERG ¢
Received October 13, 1978, from the Departments of * Physiology and {Chemistry, University of North Dakota, Grand Forks, ND

58202. Accepted for publication January 17, 1979.

Abstraet O The natural abundance '3C-NMR spectra of five a-adren-
ergic blocking agents, tolazoline, dibenamine, azapetine, phenoxy-
benzamine, and phentolamine, are reported. The chemical shifts of
various carbon resonances were assigned on the basis of chemical shift
theory, multiplicities observed in single-frequency off-resonance-de-
coupled spectra, relaxation times, and comparisons with the chemical
shifts of model compounds.

Keyphrases O NMR spectroscopy—analysis, tolazoline, dibenamine,
azapetine, phenoxybenzamine, phentolamine O «-Adrenergic blocking
agents—analysis, NMR spectroscopy

Earlier studies reporting the 13C-NMR spectra of anti-
malarials (1, 2), anti-inflammatory agents (3, 4), antipy-
retic analgesics (5), and central nervous system acting
agents (6-10) prompted the assignments of the natural
abundance 13C-NMR chemical shifts of a-adrenergic
blocking agents, 2-benzyl-2-imidazolone (I) (tolaz-
oline), N,N-dibenzyl-3-chloroethylamine (II) (dibena-
mine), 6,7-dihydro-6-(2-propenyl)-5H-dibenz|c,e]azepine
(II1) (azapetine), N-(2-chloroethyl)-N-(1-methyl-2-phe-
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noxyethyl)benzenemethanamine (IV) (phenoxybenza-
mine),and 3-[[(4,5-dihydro-1H-imidazol-2-yl)methyl|(4-
methylphenyl)amino]phenol (V) (phentolamine). The
13C.NMR spectra of these therapeutic agents are of the-
oretical as well as of biological interest.

Both the proton noise-decoupled and single-frequency
off-resonance-decoupled (SFORD) spectra of I-V were
recorded using the Fourier transform technique. The
proton noise-decoupled spectra of these compounds gave
the chemical shifts of various carbon resonances, while the
SFORD spectra provided the distinction of methyl,
methylene, methine, and nonprotonated carbons. Fur-
thermore, the relaxation time measurements differentiated
nonprotonated carbons from protonated carbons.

The assignments of various carbon-13 signals were made
on the basis of chemical shift theory (11), multiplicities
observed in the SFORD spectra, percent integration of the
signals in the proton noise-decoupled spectra, relaxation
times, and chemical shifts of the corresponding carbons
of model compounds (12).
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