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ABSTRACT: Tributyltin (TBT) exposure at different concentrations (5, 50, and 100 ng TBT as Sn/1) 
induces a concentration- and  t ime-dependent  imposex (= pseudohermaphrodi t ism) development  in 
female Nucella lapillus and Hinia reticulata. In both species the average imposex stage, termed as 
vas deferens sequence  (VDS) index, and the average female penis length increases with increasing 
TBT concentration and duration of TBT exposure. Testosterone added at a concentration of 500 ng/1 
induces a faster and  more intensive imposex development  compared to that induced by the TBT 
concentrations used in the present  experiments.  Radioimmunological determinat ion of endogenous  
steroid content reveals increasing testosterone titres in female gastropods exposed to TBT which 
correlate with the TBT concentration used and the duration of the experiment.  The most marked and 
highest  increase of the endogenous  testosterone level is exhibited by females of both species 
exposed to testosterone. Simultaneous exposure to TBT and to the ant iandrogen cyproterone acetate 
which suppresses imposex development  completely in N. lapillus and reduces imposex development  
strongly in H. reticulata proves that the imposex-inducing effects of TBT are media ted  by an 
increasing androgen  level and  are not caused directly by the organotin compound itself. Further- 
more, TBT-induced imposex development  can be suppressed in both snails by adding estrogens to 
the aqueous medium. These  observations suggest  that TBT causes an inhibition of the cytochrome 
P-450 dependen t  aromatase system which catalyses the aromatization of androgens  to estrogens. 
The increase of the androgen  content or the shift of the androgen-es t rogen balance  in favour of 
androgens  induces the development  of pseudohermaphrodi t ism in marine prosobranchs.  Artificial 
inhibition of the cytochrome P-450 dependen t  aromatase system using SH 489 (1-methyl-1,4- 
androstadiene-3,17-dione) as a steroidal aromatase inhibitor and flavone as a nonsteroidal  aroma- 
tase inhibitor induces imposex development  in N. lapfllus as well as in H. reticulata. 

I N T R O D U C T I O N  

T h e  u se  of t r i b u t y l t i n  (TBT) c o m p o u n d s  as  b i o c i d e s  in  a n t i f o u l i n g  p a i n t s  a n d  w o o d  

p r e s e r v a t i v e s  l e a d s  to c o n t a m i n a t i o n  of m a r i n e  a n d  f r e s h w a t e r  e n v i r o n m e n t s .  TBT h a s  

b e e n  s h o w n  to b e  h i g h l y  toxic  to a n u m b e r  of a q u a t i c  a n i m a l s  i n c l u d i n g  f i sh  (Hall  & 

P i n k n e y ,  1985; M a r t i n  e t  al., 1989; Fen t ,  1991; F e n t  & M e i e r ,  1992), m u s s e l s ,  oys te r s  

( L a u g h l i n  e t  al., 1986; T h a i n ,  1986; T h a i n  & W a l d o c k ,  1986; L a n g s t o n  e t  al., 1987; C h a g o t  

e t  al., 1990) a n d  c r u s t a c e a n s  ( E v a n s  & L a u g h l i n ,  1984; C a r d w e l l  & S h e l d o n ,  1986). In 

m a r i n e  p r o s o b r a n c h  snai l s ,  TBT i n d u c e s  r e p r o d u c t i v e  a b n o r m a l i t i e s  a n d  s t e r i l i z a t i on  of 

f e m a l e  an ima l s .  T h i s  p h e n o m e n o n ,  t e r m e d  as  p s e u d o h e r m a p h r o d i t i s m  ( J e n n e r ,  1979) or 

i m p o s e x  (Smith ,  1971), is c h a r a c t e r i z e d  b y  t h e  d e v e l o p m e n t  of a d d i t i o n a l  m a l e  s ex  o r g a n s  
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(penis and /o r  vas  deferens  and prosta te  tissue) on females.  A first descr ip t ion  of imposex  
was  given by  Blaber  (1970) for Nucella lapillus; he descr ibed  females wi th  a penis*like 
outgrowth  behind  the right ocular  tentacle.  Meanwhi le .  TBT-induced p s e u d o h e r m -  
aphrodi t i sm is a w idesp read  p h e n o m e n o n  within the Prosobranchia  and  has  been  
recorded  in 118 species  be long ing  to 63 gene ra  (Fioroni et al. 1991p. Since 1970, mainly 
Ocenebra emnacea (F6ral. 1974, 1976a-c, 1980; Oeh lmann  et al., 1992), IIyanassa 
obsoleta (Smith, 1971, 1980. 1981a-d; Bryan et al. 1989) and especial ly  N. lapillus (F6ral, 
1980; Gibbs  et al., 1987. 1988; Oeh lmann  et al., 1991) and Hinia reticulata (Stroben et al., 
1992a,b) have  been  used  as indicator  species  for TBT biomonitoring.  Because  of its high 
TBT sensitivity, N. lapillus has dec l ined  m many  areas  of Europe over the pas t  10 to 15 
years  (Gibbs & Bryan, 1986, 1987; Oeh lmann  et al., 1991). 

The intensi ty of imposex deve lopmen t  is charac te r ized  by  a new classif icat ion system 
(Fig. 1) which is b a s e d  on the descr ipt ion of Blaber  (1970) and d is t inguishes  6 s tages  of 
imposex  express ion  with three different  types  (a,b,c) in the first three s tages  and  in s tage 
5, and  two types  in s tage 4 and 6 (Oehfmann et al., 1992; Stroben et al., 1992a). This 
imposex  classification, which is genera l ly  valid for the imposex descr ipt ion in all proso- 
branch  species,  depends  on the p resence  of a penis,  the extension of the vas defe rens  and 
an intact  vag ina l  opening.  Stage 0 refers to a normal  female wi thout  any  male 
characterist ics.  The first symptoms of p seudohe rmaphrod i t i sm as descr ibed  in s tage  1 are 
a small  penis  without  a penis  duct  beh ind  the r ight  tentacle  (type a), a short  dis tal  vas 
deferens-sec t ion  also beh ind  the r ight  tentacle  (type b) or a short  proximal  vas  deferens-  
sect ion beg inn ing  at the vagina l  open ing  (type c). Depend ing  on the env i ronmenta l  TBT 
pollut ion and the sensit ivity of each  gas t ropod species,  the morphologica l  express ion  of 
male  sex character is t ics  increases  continuously.  Stage 4, which represents  the  last  fertile 
s tage  of imposex,  is charac te r ized  by  a penis  with a penis  duct  and  a comple te  vas 
deferens  e i ther  running  from the penis  over the bot tom of the mant le  cavi ty  up to the 
vag ina l  open ing  or the vas deferens  passes  the vag ina l  open ing  and runs into the  ventral  
channe l  of the capsule  g land (type 4 *). In s tage 5, the vag ina  is ei ther  r ep l aced  by  a small  
prostate  g land  (type a) or the vag ina l  open ing  is occ luded by prol i ferat ing vas deferens  
t issue (type b). In type  c, the ontogenet ic  closure of the pal l ia l  oviduct  is incomplete ;  
e i ther  the bursa  copulatr ix alone or, addi t ional ly,  the capsule  g land  are spli t  vent ra l ly  for 
up to two-thirds  of its length.  From this s tage onwards ,  TBT-induced imposex  develop-  
ment  leads  to reproduct ive  failure and  to steril i ty because  copulat ion is imposs ib le  and 
egg-capsu les  can ne i ther  be  r e l eased  in type  a and b nor be  p roduced  in type  c. In s tage 
6, the lumina  of the capsule  g land  and its ves t ibu lum are fi l led with an accumula t ion  of 
abort ive egg  capsules,  provoking an intensive swel l ing of the capsule  g l and  and,  finally, 
often a rupture  causing the dea th  of the animal.  As a consequence  of h igh  TBT exposure  
in ear ly life s tages,  a sex change  might  occur in the  d o g w h e l k  N. lapillus (Gibbs et al., 
1988; Oeh lmann  et al., 1991) and  in Ocinebrina aciculata (Fioroni et al., 1991; O e h l m a n n  
et  al., 1996), which  is charac te r ized  by  a suppres sed  oogenes is  and  a c o m m e n c e d  
spermatogenes is .  

Al though  the morphologica l  aspects  of TBT-induced  p s e u d o h e r m a p h r o d i t i s m  have 
b e e n  inves t iga ted  intensively in many  prosobranch  species  by  different  r e sea rch  groups 
(Fioroni et al., 1991), the de ta i led  b iochemica l  mechan i sm of this p h e n o m e n o n  has 
r ema ined  obscure.  F6ral  & Le Gal l  (1983) demons t r a t ed  in female  Ocenebra er /nacea  an 
al terat ion of the  neurosecre ta  of the  p e d a l  gang l i a  after TBT-exposure  which  induces  
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Fig. 1. General  scheme of imposex evolution in prosobranchs.  Abbreviations: ac, aborted capsules; 
cg, capsule gland; gp, genital  papilla; obc, open bursa  copulatrix; ocg, open capsule gland; 
ocv, occlusion of the vulva; p, penis; pd, pems duct; pr, prostate; te, tentacle; vd, vas deferens; 

vdp, vas deferens passage into capsule gland; vds, vas deferens section 
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development  of a penis and vas deferens-sections. Our own radioimmunological  determi- 
nations of sexual hormones in unaffected and affected females suggest the involvement  
of steroids in the expression of imposex (Stroben et al., 1991). Pure females display the 
lowest testosterone content, whereas advanced  imposex stages have the highest  testoste- 
rone content. Similar results in the dogwhelk were obta ined by Spooner et al. (1991). 
These f indings gave occasion for further experiments  to investigate the inf luence  of TBT 
on the steroid metabolism in H. reticulata and N. lapillus. 

MATERIALS AND METHODS 

All experiments  were conducted with Nucella lapillus and Hinia reticulata. Because 
of the widespread coastal TBT pollution, it is virtually impossible to find populat ions  of 
both species in Europe which are totally unaffected by imposex. The exper imenta l  
specimens were collected in low-polluted areas of the French coast, in M6an  M61en (N. 
lapillus) and Pointe de Pl6neuf (H. reticulata) where about 50 to 90 % of the females 
already exhibit imposex development  that was, however, still at a moderate  stage. 

For the laboratory experiments,  a 24- to 48-h static renewal  system in 80-1itre glass 
aquaria  provided with Eheim power filters and artificial seawater (salinity 35 %0) was 
used. The natura l  temperature  fluctuations at Roscoff (Brittany, France; 8.5 ~ in winter, 
16 ~ in summer) were imitated. The experiments  with application of different TBT 
concentrat ions and testosterone were run under  a constant  photoperiod of 12:12 (L:D), 
whereas all other experiments  were carried out under  natural  light condit ions according 
to season. For every experiment,  200 to 250 snails of each species were kept  in two 
connected aquaria,  and a tide simulation system was employed. 

E x p e r i m e n t 1. To examine the concent ra t ion-dependent  relationship be tween  
TBT exposure and imposex development,  N. lapillus and H. reticulata were exposed for 6 
months to TBT at concentrat ions of 5, 50, or 100 ng as Sn/1. 

E x p e r i m e n t 2. To invest igate an imposex- inducing capability of androgens,  
the gastropods were exposed in this experiment  for 5 months to testosterone at a 
concentrat ion of 500 ng/1. 

E x p e r i m e n t 3.  To prove whether  the imposex- inducing effects of TBT are 
media ted  by androgens,  the snails were s imultaneously exposed for 5 months  to a TBT 
concentrat ion of 50 ng  as Snfl with and without 1.25 mg/1 cyproterone acetate. The 
an t iandrogen  cyproterone acetate reduces free androgen  b inding  sites by competit ively 
blocking the androgen  receptors without causing androgen  effects. 

E x p e r i m e n t 4.  To study the inf luence of estrogens in TBT-induced pseudoher-  
maphroditism, N. lapiflus and H. reticulata were kept  for 5 months in seawater  which 
contained 50 ng  TBT as Sn/1 with and  without 1 [tg/1 of an estrone and  1713-estradiol 
mixture (1:1). 

E x p e r i m e n t 5.  In this experiment,  the effects of the specific aromatase  inhibitor 
SH 489 and  of the non-specific aromatase inhibitor flavone on both gastropods were 
studied. SI--I 489 (1-methyl-1,4-androstadiene-3,17-dione) used at a concentra t ion  of 0.3 
mg/1 for 5 months belongs to the group of compounds which cause a competi t ive and  
irreversible inhibi t ion of the cytochrome P-450 de pe nde n t  aromatization of androgens  to 
estrogens (Henderson, 1987). Flavone was used at a concentrat ion of 2.7 mg/1 seawater.  

The analyses were conducted at monthly  intervals (sample size 30 specimens) with 
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an addit ional  sample 2 weeks after starting the experiments.  The specimens were 
narcotized in a solution of 7 % MgC12 in distilled water. After cracking the shell with a 
vice, the external  properties of the genital  tract including vas deferens extension and 
penis length were measured to the nearest  0.1 mm. For imposex classification the snails 
were sexed; the penis and vas deferens extension were measured and the imposex stage 
according to Stroben et al. (1992a) determined.  As imposex indices, the VDS (vas 
deferens sequence)  index as the average imposex stage of a population and the average 
female penis length  were calculated. 

Reagents 

All solvents used for extraction and purification were p.a. grade and were obtained 
either from Merck, Germany or J. T. Baker, Netherlands.  Cyproterone acetate and SH 
489 (1-methyl- l ,4-androstadiene-3,17-dione) were generously supplied by Schering, 
Germany.  Flavone (2-phenyl-4H-l-benzopyran-4-one)  was purchased from Sigma, Ger- 
many. Tritiated steroids employed for the estimation of extraction recovery were pur- 
chased from bio Merieux, France. Endogenous  steroids of the snails were measured  after 
extraction by radioimmunoassays with 125j labelled tracers using the Clinical Assay T M  

(Sorin Biomedica, Italy) for the determinat ion of 1713-estradiol and the Double Antibody 
Assay (Diagnostic Products Corporation, USA) for the estimation of testosterone. To 
approximate the matrix effects of the measurement ,  the standards of the 17B-estradiol 
assay which were dissolved in human  serum were replaced by our own standards in 
borate buffer rang ing  from 0.25 to 25 pg 17~~ per tube. Radioimmunological  
determinat ion of the steroids was carried out in duplicate according to the instructions of 
the manufacturers.  Since the testosterone ant iserum reacts not only with testosterone but 
also with dihydrotestosterone (34 % cross-reactivity), this androgen was also registered 
dur ing the measurement .  The cross-reactivity to other natural ly occurring steroids was 
less than 3.8 % for the testosterone ant iserum and 0.6 % for the 1713-estradiol antiserum. 

Steroid extraction 

Single weighted  specimens were homogenized  in 2 ml ethanol  and frozen for at least 
24 h. Homogenates  were extracted at first with 8 ml of diethyl ether and in two further 
extractions with 10 ml diethyl e ther :ethanol  (4:1, v/v) for 10 min. The solvent extracts 
were combined and  evaporated under  a stream of compressed air in a waterbath  at 37 ~ 
After be ing redissolved in 2 ml 80 % methanol ,  the residues were washed twice for 5 min 
with 5 ml pet ro leum ether to remove the lipid fraction. The washed methanol  fractions 
were evaporated to dryness and redissolved in 1 ml borate buffer for radioimmunological  
determination.  Serial dilutions of extracts gave opt imum parallehsm to the standard 
curves of the radioimmunoassays  used and  indicated the suitability of the extraction 
method which can be used without extracting interfering substances.  In order to estimate 
the extraction efficiency, homogenates  were extracted after addition of either 3H labelled 
testosterone or aH labelled 17~-estradiol. An ahquot of each sample was counted after 
extraction in a hquid scintillation counter. Calculated recovery values were 62.2 ___ 5.04 % 
for testosterone (n -- 9), and 84.3 __ 5.84 % for 17~-estradiol (n = 9). The petroleum ether 
phase used to remove the lipids conta ined 3 . 1 2 •  of testosterone and 
5.03 • 1.03 % of 17[~-estradiol. 
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Organotin analysis 

TBT and  dibutylt in (DBT) compounds were determined according to St roben et al. 
(1992a). One to five specimens were homogenized in stoppered tubes a n d  10 ml of 
concentrated HC1 was added. After shaking for 30 min. the tissues were extracted with 10 
ml hexane  on an automatic shaker for 30 rain and  then centrifuged TBT as Sn plus DBT 
as Sn were measured  in the hexane  extract using a Perkin-Elmer HGA-500 at tached to a 
Perkin-Elmer 5000 AAS (wave length  224.6 nm.. slit 0.7 nm; injection volume 25 ~tl). A 
background  correction was used. TBT as Sn was determined in the hexane  extract after 
shaking with 3 ml 1N NaOH for 3 min. Internal  standardization (standard addit ion with 
spiked samples) was employed. Certified reference material (CRM: PACS-1, delivered 
by the National  Research Council  of Canada] was analysed additionally. Our  results were 
within the s tandard deviation of the certified values of the CRM. Recovery factors were 
92.3 ___ 9.4 % for DBT and 91.4 ___ 8.4 % for TBT. The detection limit (3a) in a single 
sample was 7.4 ng DBT as Sn and 8.8 ng TBT as Sn. 

RESULTS AND DISCUSSION 

Exposure to TBT at different concentrat ions (5, 50, and 100 ng TBT as Sn/1) triggers a 
concentrat ion- and t ime-dependen t  imposex development  both in female Nucel la Idpil- 
]us and  in female Hinia reticulata (Fig. 2). In both species, the average imposex stage of a 
sample, termed as vas deferens sequence  (VDS) index, and the average female penis 
length  increases with increasing TBT concentrat ion and duration of TBT exposure. 
Testosterone added at a concentrat ion of 500 ng/1 induces in the absence  of TBT a faster 
and more in tensive  imposex development  compared to the applied TBT concentra t ions  of 
5 to 100 ng  TBT as Sn/1. 

In comparison with the controls, female gastropods of the TBT exposure groups 
present  increas ing endogenous  testosterone titres which correlate with the TBT concen- 
tration and  the duration of the exper iment  (Fig. 3). After a 2-month exposure,  the 
testosterone values for the highest  TBT concentrat ion in N. lapillus are significantly 
different from those of the control; and after four months of exposure, the values  for the 50 
and 100 ng TBT as Sn/1 exposure groups differ from those of the un t r ea t ed  animals.  In 
H. reticulata, differences of the testosterone titre from that of the control appear  after 
4 months exposure in all three TBT-treated groups. After 6 months, both species exhibit a 
significantly higher testosterone content  in all TBT exposure groups compared  to the 
control  A marked  and very high increase of the endogenous  testosterone level is 
measured  in females of both species exposed to testosterone. The high testosterone 
values which are significantly different from those of the control group at  all monthly 
intervals account  for the advanced  imposex development  of this exper imenta l  group 
compared to all TBT-exposed animals and indicate the capabili ty of the snails to 
accumulate  steroids from the aqueous  environment .  A comparison of the endogenous  
testosterone content  and the different imposex stages of both species in the TBT 
exper iments  demonstrates  that the more advanced  imposex stages exhibit  higher  testo- 
sterone levels in the tissue compared to those in pure females (imposex stage 0; cf. Figure 
4). All values  in N. lapillus and all values, with the exception of stage 0 versus stage 1, in 
H. retictrlata are significantly different from each other. 



b 
V

D
S

 I
n

d
e

x 
4.

0 

3,
5 

- 

3
,0

 

2
.5

- 

2
.0

 

1.
5 

1 
2 

3 
4 

5 
6 

m
o

n
th

 

V
D

S
 I

n
d

e
x 

3.
1 

�9
 

# 
j

�
9

 
--

 
--

 
2

.9
 

2.
7 

2
.5

 

2.
3 

2.
1 

1.
9 

1.
7 

1
.5

- 0 

a 

1 
2 

3 
4 

5 
6 

m
o

n
th

 

C
 

av
er

ag
e 

fe
m

al
e 

p
en

is
 l

en
g

th
 i

n 
m

m
 

3
.5

- 

3.
0 

2
.5

- 

2
.0

- 

1
.5

- 

1
.0

- 

0.
5 

0
.0

 0 

A
, 

i 

J 
I 

1 
2 

3 
4 

5 

m
o

n
th

 

d 
av

er
ag

e 
fe

m
al

e 
p

en
is

 l
en

g
th

 I
n 

m
m

 
3

.0
- 

2.
5 

2
.0

- 

1
.5

- 

1.
0 

0.
5 

0 

..
/ 

/ 
/ 

1 
2 

3 
4 

5 
6 

m
o

n
th

 

F
ig

. 
2.

 T
h

e 
ef

fe
ct

 o
f 

T
B

T
 a

n
d

 t
es

to
st

er
o

n
e 

ex
p

o
su

re
 o

n
 t

h
e 

d
e

v
e

lo
p

m
e

n
t 

of
 t

h
e 

V
D

S
 i

n
d

ex
 (

a,
 b

) 
an

d
 t

h
e 

p
en

is
 l

en
g

th
 (

c,
 d

) 
in

 f
em

al
e 

N
uc

el
la

 
la

pi
ll

us
 (

a,
 c

) 
an

d
 f

em
al

e 
H

in
ia

 r
et

ic
ul

at
a 

(b
, 

d)
. 

�9
 co

n
tr

o
l;

 �
9 

5 
n

g
 T

B
T

 a
s 

S
n/

1;
 �

9 
50

 n
g

 T
B

T
 a

s 
S

n/
1;

 �
9 

10
0 

n
g

 T
B

T
 a

s 
S

n
/l

; 
�9

 te
st

o
st

er
o

n
e 

co
n

tr
o

l;
 

�9
 5

00
 n

g
 t

es
to

st
er

o
n

e/
1

 

r r r r O
 



306 

a 

C. Bet t in ,  J. O e h l m a n n  & J. S t r o b e n  

2 2 0 0  

2 0 0 0 -  

1 8 0 0  - 

1600  - 

1 4 0 0 -  

1 2 0 0 -  

1000  - 

800  - 

6 0 0  - 

400  - 

2 0 0  - 

t es tos te rone  t i tre (pg/g  wet  wt.) In females (n = 6) 

2 4 6 

m o n t h s  af ter  start of  exper iment  

b 2 4 0 0  

2 2 0 0 -  

2 0 0 0 -  

1 8 0 0 -  

1 6 0 0 -  

1400  

1200  

1 0 0 0  

600  - 

6 0 0 -  

4 0 0 -  

200  - 

0 

t es tos te rone  t l tre (pg /g  wet  wt.) In females  (n = 6) 

i 

1 2 4 S 

m o n t h s  af ter  start of  exper iment  

Fig. 3. The effect of TBT exposure on the endogenous  testosterone titres in female NucelIa lapillus 
(a) and female Hinia reticulata (b). �9 control; [] 5 ng TBT as Sn/1; [] 50 ng TBT as Sn/1; [] 100 ng TBT 

as Sn/1. " Significantly different at p <0.01 versus control by Student 's  t-test (n = 6) 

P r e v i o u s  r e s u l t s  s u g g e s t  t h e  i n v o l v e m e n t  of a n d r o g e n s  in  t h e  i m p o s e x  d e v e l o p m e n t  

in  m a r i n e  n e o g a s t r o p o d s ,  b u t  g ive  n o  e v i d e n c e  t h a t  t h e  e f fec ts  of TBT a r e  i n d u c e d  e i t h e r  

d i r ec t ly  in  t h e  o r g a n i s m  or a re  m e d i a t e d  b y  a n  i n c r e a s i n g  a n d r o g e n  leve l .  To g a i n  th i s  

proof ,  t h e  sna i l s  w e r e  s i m u l t a n e o u s l y  e x p o s e d  to a TBT c o n c e n t r a t i o n  of 50 r ig  as  Sn/1 a n d  

to t h e  a n t i a n d r o g e n  c y p r o t e r o n e  a c e t a t e  w h i c h  is a c o m p e t i t i v e  i n h i b i t o r  of a n d r o g e n  

r e c e p t o r s  (Pig. 5). I m p o s e x  d e v e l o p m e n t  is c o m p l e t e l y  s u p p r e s s e d  in  /'4. lapillus. In 
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Fig. 4. Testosterone titres in the different imposex s tages  of female Nucella lapillus (a) and female 
Hinia reticulata (b). The values for the single s tages  are with the exception of s tage 0 versus stage 1 
in/-/, reticulata significantly different from each other (Student 's  t-test, p < 0.01, in N, lapillus stage 0: 

n = 13; s tage 1: n = 16; s tage 2: n = 53; s tage 3: n = 53; stage 4: n = 105; 
in H. reticulata stage 0: n = 29; stage 1: n = 25; s tage 2: n = 27; s tage 3: n = 138; s tage 4: n = 36) 

f e m a l e  H. re t icu la ta ,  p e n i s  g r o w t h  is a lso  e n t i r e l y  s u p p r e s s e d ,  w h e r e a s  t h e  i n c r e a s e  of t he  

VDS i n d e x  is o n l y  r e d u c e d  b u t  no t  c o m p l e t e l y  b l o c k e d .  

T h e  d i s t i nc t  r e a c t i o n  of b o t h  sna i l s  m a y  b e  a t t r i b u t e d  to a s p e c i e s - s p e c i f i c  c o n t e n t  of 

a n d r o g e n s  a n d  to a d i f f e r en t  a n d r o g e n  s e n s i t i v i t y  of v a r i o u s  t i s s u e s  in  e a c h  s p e c i e s .  
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Although the measured  testosterone levels are almost in the same range, the concentra- 
tion of the endogenous  androstenedione may possibly be higher in H. reticulata than in 
iV. lapi]lus. Androstenedione,  one of the male sex hormones, can be aromatized to 
estrogens by molluscs (Le Guellec et al., 1987) and was detected beside progesterone, 
testosterone, 17B-estradiol, estrone and  estriol in H. reticulata by HPLC and radioim- 
munoassay  (Bettin, unpubl i shed  results). Androgen  action in androgen-sensi t ive  tissues 
requires the presence of androgen receptors to mediate  transcriptional activation. A 
different regional  distribution and intensi ty of androgen  receptors among the target 
tissues may lead to a different reaction, al though the tissues are exposed to the same 
androgen  concentration. In both alternatives, higher androgen  content  and/or  higher 
androgen  sensitivity of special tissues, the added amount  of cyproterone acetate was not 
sufficient in H. reticulata to block all androgen  receptors. The lack of androgen  receptors 
in distinct tissues might be the reason for low or missing imposex development  in some 
gonochoristic prosobranch species, a l though their natural  envi ronment  suffers from high 
TBT pollution. 

S 

Mitochondrion 

~, C~-Side-chain Cleavage 
I Pregnen~176 I 

Microsome 

Pregnenolone ] 
~lr 3]3-Hydroxysteroid-Dehydrogenase 

I PrOgesterOne ] 
~lr 17cr 

17c~-Hydroxyprogesterone I 
~r C,~:o-Lyase 

dependent Aromatase 1 

[ Estrone I J 1713-Estradiol ] 
\ / 

Fig. 6. Scheme of biosynthesis of steroid hormones with possible target of TBT 
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The results of this experiment  prove that the imposex- inducing effects of TBT are 
media ted  by an increasing androgen  level and  are not caused directly by the organotin 
compound itself. 

The present  studies suggest  that TBT disturbs the biosynthesis of steroid hormones 
by inhibi t ing the aromatization of the androgens  andros tenedione  and testosterone to the 
estrogens estrone and  17fi-estradiol (Fig. 6). Steroid hormones, which have b e e n  detected 
in  various organs of mollusc species, control both the development  and  the function of 
gonads and accessory sex glands as well as the sexual behaviour  during the reproductive 
cycle (cf. Joosse, 1984; Joosse & Geraerts, 1983). Investigations on the gonad  tissue of 
some molluscs have demonstrated that steroidogenesis takes place by following a 
pathway very similar to that found in vertebrates (De Longcamp et al., 1974; Lupo di 
Prisco & Dessi 'Fulgheri ,  1975). In vertebrates and many  invertebrates,  inc lud ing  mol- 
luscs, a mult i funct ional  oxygenase (MFO) system exists which catalyses the conversion of 
androgens  to estrogens (Kirchin et al., 1988; Livingstone et al., 1989, 1990; Payne et al., 
1991). The same MFO system is bel ieved to be responsible for the TBT debutyla t ion (Lee, 
1985, 1986). We presume that TBT leads to a competitive inhibi t ion of the cytochrome 
P-450 d e p e n d e n t  aromatase and consequent ly  to an increase in the androgen  level. 

It could be expected that an increase of the androgen  content  and/or  a change  of the 
androgen-es t rogen  balance in favour of the androgens  induces  the deve lopment  of 
pseudohermaphrodi t ism.  To verify this hypothesis, the gastropods were s imultaneously 
exposed to TBT at a concentrat ion of 50 ng as Sn/1 and to an estrogen mixture containing 
500 ng/1 171~-estradiol and 500 ng/1 estrone (Fig. 7). The added estrogens suppress  TBT- 
induced imposex development  in both gastropod species. In N. lapil lus an increase  of the 
VDS index and  in H. reticulata an increase of the female penis  length are completely 
prevented,  whereas  the female penis growth in the dogwhelk and the increase of the 
VDS index in I--Iinia are strongly reduced. 

In Ix[. iapil lus no significant change was measured  in the endogenous  17~-estradiol 
content  dur ing exposure to TBT at a concentrat ion from 5 to 50 ng as Sn/1, whereas  in 
I-I. reticulata rising 17~-estradiol levels were found in all TBT exposure groups compared 
to the control group after 4 months (Fig. 8). For the development  of pseudohermaphrodi-  

Table 1. Effect of testosterone exposure (500 ng/1) on the TBT (tributyltin) and DBT (dibutyltin) body 
burden in female Nucella lapillus and female Hinia reticulata 

Body burden Body burden 
in N. lapillus in H. reticulata 

TBT DBT TBT DBT 
(~tg as Sn/kg dry wt.) (~g as Sn/kg dry wt.) 

Control a 35.80 
Control b 12.70 
Testosterone 121.47 
Exposure b 

values at the beginning of experiment 
b values 3 months after start of experiment 
cnd, not detectable 

13.50 44.20 132.00 
42.13 16.48 37.78 

nd c 52.29 nd c 



a 
4.

0 

3.
5 

3.
0 

2,
5 

2.
0 

1.
5 

1.
0 

V
D

S
 I

n
d

e
x

 

0 
1 

2 
3 

4 
5 

m
o

n
th

 

b 
V

D
S

 I
n

d
e

x
 

3
.5

 

3
.0

 

2
.5

 

2
.0

 

1
.5

 

1.
0 

0 
1 

2 
3 

4 
5 

m
o

n
th

 

C
 

av
er

ag
e 

fe
m

al
e 

p
en

is
 l

en
g

th
 I

n 
m

m
 

3
.5

 

3
,0

 

2
.5

 

2
.0

 

1.
5 

1.
0 

0.
5 

0.
0 

/ 
/ 

j 

f
B

-
-

 
--

 
i 

-B
 

--
 

--
 

--
 

0 
1 

2 
3 

4 
5 

m
o

n
th

 

d 
4.

0 

3
.5

 

3
.0

 

2
.5

 

2
.0

 

1.
5 

1.
0 

0.
5 

0.
0 

av
er

ag
e 

fe
m

al
e 

p
en

is
 l

en
g

th
 I

n
 m

m
 

I 4 
5 

0 
1 

2 
3 

m
o

n
th

 

F
ig

. 
7.

 T
h

e 
ef

fe
ct

s 
of

 T
B

T
 e

x
p

o
su

re
 w

it
h

 a
n

d
 w

it
h

o
u

t 
ad

d
it

io
n

 o
f 

es
tr

o
g

en
s 

on
 t

h
e 

d
ev

el
o

p
m

en
t 

of
 t

h
e 

V
D

S
 i

n
d

ex
 (

a,
 b

) 
an

d
 t

h
e 

p
en

is
 l

en
g

th
 (

c,
 d

) 
in

 f
em

al
e 

N
u

ce
ll

a
 l

ap
il

lu
s 

(a
, 

c)
 a

n
d

 f
em

al
e 

H
in

ia
 r

et
ic

ul
at

a 
(b

, 
d)

. 
�9

 co
nt

ro
l;

 
�9

 5
0 

n
g

 T
B

T
 a

s 
S

n/
l;

 �
9 

50
0 

n
g

 1
7~

-e
st

ra
di

ol
/1

 a
n

d
 5

00
 n

g
 e

st
ro

ne
/1

; 
�9

 5
0 

n
g

 T
B

T
 a

s 
S

n/
1 

p
lu

s 
50

0 
n

g
 1

7~
-e

st
ra

di
ol

/1
 a

n
d

 5
00

 n
g

 e
st

ro
ne

/1
 

i t~
 

r r 09
 



312 
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17B-estradlol tltre (pg/g wet wt.) in females (n = 6) 
4so | 
400 -] 
350 -~ 
300 -] 

,oo 1 i 150 -~ 
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0 i F l E 
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months after start of experiment 

b 160 117R'ee~adl~ (Pg/g wet wt.) In females (n = 6) 

140 ~ 
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.o I i 6O 

4O 
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0 ~ ~ 

2 4 6 

months after start of experiment 
Fig. 8. The effect of TBT exposure on the endogenous 17~-estradiol titres in female Nucella lapillus 

(a) and female Hinia reticulata (b). �9 control; [] 5 ng TBT as Sn/1; [] 50 ng TBT as Sn/1; 
[] 100 ng TBT as Sn/1 

tism, a spec ia l  t h r e sho ld  v a l u e  of a n d r o g e n s  or  an  a l t e ra t ion  of the  a n d r o g e n - e s t r o g e n  

re la t ion  m i g h t  be  impor tan t .  In N. lapfllus, t he  ra t io  of t e s to s t e rone  to iT~-es t r ad io l  
i nc rea se s  f rom 6: i in u n a f f e c t e d  an ima l s  to 17:1 in snails  e x p o s e d  for 6 m o n t h s  to 100 n g  

TBT as Sn/1 (Fig. 9). In H. reticulata, a s ign i f ican t  c h a n g e  in t he  t e s to s t e rone -17~-es t r ad io l  

rat io is not  obse rved .  In this mol lusc  spec ies ,  the  m a i n  s teroids  m a y  be  a n d r o s t e n e d i o n e  
and  es t rone,  w h i c h  w e r e  not  s e l ec t ed  for m o n i t o r i n g  in this s tudy.  
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T B T - i n d u c e d  i m p o s e x  in sna i l s  

teetosterone/176-estradlol ratio In females (n = 6) 

16 

14 

12 

10 

8 

6 

4 

2 

0 
1 2 4 6 

months after start of experiment 

313 

b testosterone/17B-estradiol ratio In females (n = S) 
18 

16 

14 

12 10a ~//~ ! 
s / 
4 

2 

1 2 4 6 

months after start of experiment 

Fig. 9. The effect of TBT exposure on the ratio of testosterone to 17~-estradiol in female IVucella 
lapillus (a) and female I-tinia reticulata (b). �9 control; [] 5 ng  TBT as Sn/1; [] 50 ng  TBT as Sn/1; 

[] 100 ng  TBT as Sn/1 

F u r t h e r  e v i d e n c e  of a c o m p e t i t i v e  i n h i b i t i o n  of t h e  c y t o c h r o m e  P-450  d e p e n d e n t  

a r o m a t a s e  s y s t e m  b y  t h e  o r g a n o t i n  c o m p o u n d  w a s  p r o v i d e d  b y  t he  d e t e r m i n a t i o n  of t he  

e n d o g e n o u s  c o n t e n t  of TBT a n d  its d e b u t y l a t i o n  p r o d u c t  DBT in  t hose  sna i l s  e x p o s e d  to 

t e s t o s t e r o n e  a t  a c o n c e n t r a t i o n  of 500 ng/1. D u r i n g  th i s  e x p e r i m e n t ,  N. lapillus a n d  

H. reticulata s h o w  a n  i n c r e a s e  of e n d o g e n o u s  TBT c o n t e n t  a n d  a d e c r e a s e  of t he  

d e b u t y l a t i o n  p r o d u c t  DBT, w h e r e a s  t h e  con t ro l s  s h o w  a c o n t i n u o u s  TBT d e b u t y l a t i o n .  No 
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DBT could be  de tec ted  in animals of ei ther snail species that had been  exposed for three 

months to testosterone; this indicates that TBT degradat ion had ceased (Table 1). 
The low TBT body burden in the exper imental  control snails is due to the back- 

ground TBT pollution of their original biotope. TBT accumulat ion in the gastropods is also 

caused by TBT pollution of the suppl ied food (mussels and barnacles  containing 

12.8 __ 9.3 ~g TBT as Sn/kg dry wt.; n = 8). But in nei ther  mollusc species is the low 
accumula ted  endogenous  TBT concentrat ion able to induce advanced  imposex stages. 

The results of these exper iments  suggest  that due to the different concentrat ions of both 

substrates which  are metabol ized by the cytochrome P-450 dependen t  aromatase  - a 
high endogenous  testosterone and a low endogenous  TBT content  - the ba lance  of 

metabol ism is displaced in the direction of testosterone aromatizat ion with the effect of 

decreas ing TBT debutylation. 

If TBT inhibits the aromatization of androgens,  specific aromatase inhibitors should 
also be able to induce imposex. In a further experiment ,  the effects of the specific 

steroidal aromatase  inhibitor SH 489 (1-methyl- l ,4-androstadiene-3,17-dione)  were  com- 
pared to a solvent  control and to a TBT exposure group with 50 ng TBT as Sn/l (Fig. 10). 

As expected,  the specific aromatase inhibitor shows the same imposex- inducing effect as 

a TBT-exposure.  Both N. lapillus and H. reticulata demonstra te  increasing VDS indices, 
and in both snails the average  female penis length is significantly greater  than in the 

control. Imposex- inducing effects were  also obtained in both mollusc species by using 

flavone in a concentrat ion of 2.7 mg/1 seawater  as a non steroidal aromatase inhibitor 
(Ibrahim & Abul-Hajj ,  1990). Because of the lethal effects of the non specific aromatase 

inhibitor flavone, these exper iments  have  to be suspended  after three months exposure 
(data not shown). 

The present  studies suggest  that TBT inhibits aromatizat ion by compet ing  with 
andros tenedione  and testosterone for the substrate binding sites of the cytochrome P-450 

dependen t  aromatase.  The resulting increase of androgens  which causes an alteration of 
androgen-es t rogen  balance induces the deve lopment  of pseudohermaphrodi t i sm in 

marine prosobranchs.  Further biochemical  studies on the structural elucidat ion of the 
aromatase act ive sites may be helpful in del ineat ing the mechanism of action of the TBT 

aromatase  inhibition. 

Acknowledgements. The authors thank Schering AG (Berlin) for financial support and Prof. F. H. 
Kemper, Prof. H.-P. Bertram and Dr. C. Mfiller for the possibility to carry out the organotin analysis at 
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