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Abstract-The two navel antimitotic and potent antileukemic agents avarone and avarol were 
determined to inhibit the FSH]-dThd imorporation rates of both murine spleen and human 
petiphcral blood lymphocytes within the comentration range of 2-6 PM. The mitogens 
concanavalin A (ConA; for T lymphocytes), lipopolysaccharide (LPS; for murine B lymphocytes) 
and pokeweed mitogen (PWM, for human T and B lymphocytes) were used to stimulate DNA 
synthesis in the lymphocyte fractions. The ED50 concentrations, causing a 50% reduction of 
i3H]-dThd incorporation, were signa$üantJy lower in the experiments with avarone than in those 
with avarol. Moreovcr it was established that the DNA synthesis of ConA-activated lymphoqtes 
WU more sensitively inhibited by the compounds than that of LPS or PWM-activated cells, or 
non-activated cells. In addition it was elucidated that at low concentrations (1-2 pM) avarone and 
avarol caused a stimulation of dThd irworporation onb in LPS or PWM-activated lymphocytes. 
Based on these results it is assumed that both antileukemic agents also affect dzfferentially the 
different hcmatologic neoplasms. 

INTRODUCTION 
BASIC STUDIES to elucidate the symbiotic rcla- 
tionship between sponges and their species-specific 
bacterial flora led to the discovery of the sesquiter- 
penoid quinone avarone and its hydroquinone 
derivative avarol [ 1, 21. These two secondary 
metabolites from the marine sponge Dysidea avara 
were determined to be inhibitors of mitosis of 
eukaryotic cells [2] p ossibly due to an interference 
of these compounds with thc process of tubulin 
polymerization [3]. Recently we noticed that both 
avarone and avarol cxhibit potent antileukcmic 
activity not only in vitro [2] but also in vivo 141. An 
interesting feature of these cytostatic agents is their 
highly selective inhibitory activity on lymphocytes 
in vitro [4]. Dose-response experimcnts with the T 
cel1 lymphoma cc11 lint L5178y [5] rcvealcd that 
avaronc inhibits cel1 growth at 0.62 pM and avarol 
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causes the same effect at 0.93 pM [4]. The corres- 
ponding ED~() concentrations in in vitro experiments 
with non-lymphoid cells (e.g., melanoma cclls, 
HeLa cells, human fibroblasts and human gingival 
cells) were determined to bc 15-120-fold highcr. 

In the present study WC determincd the influence 
of avarone and avarol on normal lymphocytes in 
vitro. In the first scction of this paper, thc influence 
on the mitotic index was studicd. In the sccond 
part, the cffcct on DNA synthesis in T and B 
lymphocytcs was invcstigatcd. As mitotic inductors 
we used concanavalin A [ConA] for T lymphocytes 
from both mousc spleen and human peripheral 
blood [6], lipopolysaccharidc [LPS] for murinc B 
lymphocytes [7] and pokeweed mitogen [PWM] 
for human T and B lymphocytes [S]. Thc rcsults 
revealed that avarone and avarol prefcrcntially 
inhibit DNA synthcsis in T cclls. Moreovcr it was 
found that at non-cytostatic concentrations thc two 
compounds cnhance DNA synthcsis in B lympho- 
cytcs. 

MATERIALS AND METHODS 
Materials 

Concanavalin A [ConA] (no. C 5275), lipopoly- 
saccharidc [LPS] (no. L 4130) and pokcwccd 
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mitogen (no. L 9379) were obtained from Sigma, 
St. Louis, MO (USA); [methyl-3H]thymidine 
(spet. act. 87 Ci/mmol) from the Radiochemical 
Centre, Amersham, U.K.; colcimide from Ciba- 
Geigy, Wehr, W. Germany and phytohemaggluti- 
nin (PHA 15) from Deutsche Wellcome, Burg- 
wedel, W. Germany. 

Avarol was isolated from Dysidea avara (2), which 
was collected in the Bay of Kotor (Yugoslavia). 
Avarone was obtained from its corresponding hyd- 
roquinone avarol by AgzO oxidation (2). 

Cultivation of lymphocytes from mouse spleen 
Spleen lymphocytes were prepared from 5-6- 

week-old male outbred NMRI mice as described 
[8]. The erythrocyte-fret and macrophage- 
containing lymphocytes (2.5 X 106 cells) were 
placed in a final volume of 200 pl on microtiter 
plates and incubated for 72 hr in Dulbeccos mini- 
mum essential medium (DMEM), supplemented 
with 2 mM glutamine and 10% fetal calf serum. 
Eighteen hours prior to the end of the incubation 
0.1 p.Ci of [3H]-dThd was added to each cup. 
Where indicated 2 p,g/ml of ConA or 20 kg/ml of 
LPS were added to the cultures. The cytostatic 
agents avarone and avarol were dissolved in 
dimethyl sulfoxide and added at time zero to the 
cultures. The final concentration of dimethyl sulfo- 
xide was 0.1%; at this concentration dimethyl 
sulfoxide was found not to influence the [3H]-dThd 
incorporation rate. Incorporation of [3H]-dThd 
was determined as described [9]. 

Each value came from six parallel experiments. 
The EDAM concentrations causing a 50% reduction 
of [3H]-dThd incorporation were estimated by 
logit regression [ 101. 

Preparation of human lymphocytes from circulating blood 
From freshly drawn heparinized blood (10 IU of 

heparin sodium salt/ml blood) the lymphocytes 
were isolated according to the described procedure 
by Ficoll-Ronpacon [ 111. Thc resulting lympho- 
cytes were suspended at a density of 4 X 106 
cells/ml DMEM, supplemented with 10% fctal calf 
serum. 1 X 106 cells in 200 pl were placcd on 
microtiter plates and processed as described above. 
The cultures were incubated either in the absencc 
or presence of mitogen (2 p.g/ml of ConA or 3 pg/ml 
of PWM). 

Determination of mitotic index 
Purified human peripheral blood lymphocytcs 

were incubated for 70 hr in DMEM supplcmentcd 
with 10% fetal calf serum at a density of 1 X 10” 
cells/ml in the presence of colcimide (0.1 pg/ml) 
and phytohemagglutinin (2 kg/ml). During the 
last 3 hr of incubation, different concentrations of 
avarol were added to the 5-ml assays. The cclls 

were then processed as follows: 20 min exposurc to 
hypotonicity achieved by adding 3 vol. of distilled 
water to the cultures; fixation was in 60% acetic 
acid-0.1 N hydrochloric acid for 15 min; staining 
with 2% acetic orcein. Squash preparations were 
made on siliconized slides. 

For the determination of the mitotic index, 1000 
to 1500 cells were analyzed per assay. 

Statistical evaluation 
t-tests to determine the significante of the 

growth inhibition effects in the presence or abscnce 
of mitogens were performed according to Student 

[lol. 

RESULTS 
Increase of mitotic index by avarol treatment 

After a 3-hr incubation of peripheral blood lym- 
phocytes in the presence of avarol, the mitotic 
index substantially increased. At drug concentra- 
tions of 1.5, 3.0 or 6.0 p,M the mitotic index 
increased to 6.27,8.91 or 9.45. The mitotic index of 
the controls (absente of avarol) was 3.51. 

Effect of avarone and avarol on mouse spleen lymphocytes 
In the absente of mitogen the [3H]-dThd incor- 

poration rate in the lymphocyte cultures was deter- 
mined to be 1.3 f 0.1 X 103 dpm/2.5 X 106 cells 
per 18 hr. Addition of 2 p,g ConAlml or 20 p,g 
LPS/ml to the cultures augmented the incorpo- 
ration rate to 21.7 f 1.9 X 103 dpm or 45.8 f 3.6 X 

103 dpm/2.5 X 10” cells per 18 hr respectively. 
As summarized in Fig. 1, avarone was the more 

potent inhibitor of DNA synthesis (measured by 
the [3H]-dThd incorporation rate) than avarol 
irrespectively of the activation state of the lympho- 
cytes. The following ED~O concentrations were esti- 
mated from the dose-response experiments; for 
avarone: non-activated cultures, 2.9 & 0.2 PLM; 
ConA-stimulated lymphocytes, 1.9 + 0.2 ~J.M; and 
LPS-stimulated cells, 4.3 & 0.3 pM; and for avar- 
01: non-activated cultures; 3.8 + 0.3 kM; and 
ConA- or LPS-stimulated lymphocytes, 2.4 + 0.2 
p.M and 5.9 f 0.4 ~.LM, respectively. In al1 three 
cases the differences in the inhibitory potenties 
between avarone and avarol were statistically sig- 
nificant (P-value: < 0.001). 

Interesting was the finding (Fig. 1) that both 
avarone and avarol at low concentrations en- 
hanced DNA synthesis in non-activated lympho- 
cytes and espccially in LPS-stimulated lympho- 
cytcs. The highest stimulatory effect was measured 
in thc drug ranges 1-2 ~J,M; maxima1 stimulation 
for avarone was determincd to be 203% (control: 
100%; P value vs. control < 0.001) at a conccntra- 
tion of 1.8 PM, and for avarol, 168% (P: < 0.001) 
at thc samc conccntration. 
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Fig. 1. Effect of <IU<ITO~E (A) ond auarol (B) OR [ ‘Hl-dThd incorpora- 
tion into murine spleen @npho-tes in the absente ( ??--•), LW the 

presence of 2 pg concanavalin A/ml (o- -0) cw 20 pg lipopolysacchar- 
ide/ml (X,.,.X). Addition of [‘Hl-dThd: 18 hrprior to the endof the 

incubation. Auarol or aoarone was added at time zero. Means of 
quadriplicate experiments are presented; the S.B. uaried between 6 and 

8%. The ualues for <I 50% inhibition of [“Hl-dThd incorporation of the 
corresponding dote-response experiments are giuen as vertical lines. 

Effect on human peripheral blood lymphocytes 
The basis incorporation rates in the human 

lymphocyte cultures were as follows; without 
mitogen, 1.4 ? 0.2 X 103 dpm/l X 106 cells per 18 
hr and in the presence of 2 pg ConA/ml or 3 pg 
PWM/ml, 17.4 f 1.4 X 103 dpm or 35.9 + 2.6 X 
103 dpm/l X 1 O6 cells per 18 hr, resp. 

As already determined in the experiments with 
mouse spleen cells, avarone exhibited a significant- 
ly higher inhibitory potency (P: S 0.001) also on 
human lymphocytes than avarol. The following 
EDAM values were determined for avarone (avarol): 
non-activated lymphocytes, 3.2 + 0.3 (4.9 + 0.4) 
~.LM; ConA-stimulated cells, 2.3 + 0.2 (4.0 + 0.3) 
pM and PWM-stimulated cells, 4.2 f 0.3 (5.8 * 
0.4) pM (Fig. 2). 

As in the experiments with murine lympho- 
cytes, the human non-activated and PWM-acti- 
vated lymphocytes were also determined to have an 
augmcnted dThd-incorporation rate at low avar- 
one/avarol concentrations (Fig. 2). Again, this 
enhancing effect on DNA synthesis was measured 
between 1 and 2 ~.LM. Compared to murine lym- 
phocytcs the degree of stimulation of human lym- 
phocytcs with avarone/avarol was less pronounccd 
and amounted for PWM-activated cells at 1.8 pM 
of avarone (avarol) 136% (126%) (control: 100%; 
P value vs. control S 0.001). 

DISCUSSION 
Thc data reported in this contribution confirm 

earlier findings [3] showing that avaronc and 
avarol cause mitotic arrest of lymphocytes in vitro 
due to an interference with the microtubule system. 
The main conclusions drawn from this paper are 
that (a) DNA synthesis of T lymphocytes and of B 
lymphocytes is differentially inhibited by both anti- 
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Fig. 2. Ef‘ct of aoarone (.4) and aaarol (B) un ( ‘Hl-dThd incorpora- 

tion into human peripheral bloed &mpho~vtes in the nbsenre (0-0). 

or the prerence of 2 pg concentration Aiml (o- - - -0) or 3 pg pokweed 
mitogen/ml( X...'X). Further detai1.c are tir,en in the legend to I;ig. 1. 

mitotic drugs and (b) a dose-dependent stimula- 
tion of DNA synthesis by these drugs occurs only in 
B lymphocytes. 

Avarone and avarol were found prefcrentially to 
inhibit DNA synthesis of T lymphocytcs from both 
mouse spleen and human peripheral blood. Thr T 
lymphocytes from spleen were determined to bc 
2.3-2.5-fold more sensitively inhibited (statistically 
significant; P-value: d 0.001) than thc B lympho- 
cytes. In the future WC have to elucidatc whether 
the observed antileukemic activity in vivo [4] is 
restricted to T-cells derived leukemias only. 

In the last few years it has become clcar that 
cytoskeletal proteins (actin and tubulin) are also 
regulator elements ofgenc expression in multiccllu- 
lar organisms (for review see: [ 121). Disruption of 
microtubule architecture or deterioration of micro- 
tubule functions by microtubule poisons may rcsult 
in modulation of gene expression, either in the 
catabolic [ 131 or anabolic direction [ 141. Using 
Swiss 3T3 cells it was shown that colchicinc cn- 
hances the rate of hormone-dependent DNA synth- 
esis [ 14, 151. The presented data ascribe avarone 
and avarol such an activity also. An intercsting 
feature of the two antimitotic drugs, that might 
attain therapcutical importante, is their differcn- 
tial effect on cells. Only DNA synthesis in B 
lymphocytes from both mouse spleen (stimulated 
with the B cel1 mitogen LPS) and human peripher- 
al blood (stimulated by the T and B cc11 mitogcn 
PWM) was positively affccted (P-value: 9 0.001) 
at low concentrations of avarone or avarol. The 
DNA synthcsis in T lymphocytes was not stimu- 
lated by the drugs. It is not known which bioche- 
mica1 events, that are scnsitivc to thc functional 
state of the microtubules, are involvcd in thc 
restrictive control of DNA synthesis. Although 
microtubules arc apparcntly not present in thc 
nucleus, tubulin has been detectcd among thc 
non-histone proteins [ 161. Further expcrimental 
evidente suggcsts an intcraction of microtubules 
with thc nuclear pore-complex 1171. Thus, micro- 
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tubulc formation undcr cxpcrimcntal conditions 
has been shown to occur from thc porcs towards 
thc nuclcar sap [18]. Rcsults from studies with 
microtubulc-disrupting drugs, c.g., colchicinc [ 141, 
vinblastinc [lg] and avaronc-avarol ([3] and this 
paper) suggcst that an incrcasc of thc conccntra- 
tion of frcc tubulin stimulatcs mitotic growth. 
Bascd on our recent data WC assumc that changcs 
in thc array of microtubulcs and/or altcrations of 
thc conccntration of frcc tubulin dimcrs may im- 

pair posttranscriptional control mcchanisms at thc 
leve1 of nuclcar-cnvclopc nuclcosidc triphosphatasc 
[20], csscntial for nuclcar-cytoplasmic transport of 
poly + mRNA [21]. 

Thc hithcrto clucidated charactcristics to bc (a) 
prcfcrcntially antilcukcmic [4], (b) T-lymphocyte- 
spccific and (c) anti-mutagcnic [22], providc thc 
cytostatic agent(s) avaronc/avarol with promising 
propertics utilizablc for an application also in 
human canccr trcatmcnt. 
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