CHAPTER 3. IN VIVO EFFECTS OF XENOBIOTIC
EXPOSURES ON STEROID LEVELS AND STEROID
METABOLISM IN MOLLUSCS.
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Effects of 1 7B-estradiol exposure in the mussel Mytilus
ealloprovincialis: A possible regulating role
for steroid acyltransferases
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Absiract

Mussels (Al gallogproviecielis) were exposed to differemt conecentrations of estradicd (20, 2048, amd X0 nell) inoa
semi-seatic regime {1-day dosing intervals) for up te 7 days inan afempt o see how mussels deal with exogenous esmogen i
compasmids, Whiole tissae freec-esmadiod levels were only significantly elevaned at the high exposure daose, whereas mtal-csiradiol
| free +esterified) sharply increased im o dose=dependent manner, from 2 mg'g in controls to 258 ng'g at the high exposure group
Meither lree nir esteriliod lestostense kavels showed sigrificant differemnces between comrod and exposed organisns, The resulis
augpest the existenee of mechansms that allow mussels i maiealn et hermonal kevels stabde, wilthe excepaion of the lngh
eaposire dose, and the important role that fatty goid esterification, &g, palmiteyl-Codcestradiol neyltransfernses, may play within
those mexchanisms, Additicnally, the activity of 1 7-hydrosysteresl debsdrogennse {1 TR-HSD), fo-reductase, P450-aromatase,
aml estradliol-solfodransferase s wene myestigated in digestrve glhand macrosomal and cytosolic frachons, All these activibes were
differently affected by estradiol exposure. Owerall, the study contributes o the bemer knowladge of moelluscan endecrinalogy,
aml dhefiness pesw mechanizms of regulation of fres steroid-levels in mussels,
€ 2005 Elsevier BV, All nghts reserved.

Fepwords: Esiradiol; Myiles golleprovtnolalls; Estrsdiol acvBrns ferses; Androsicnedion:; P43 0-aromaies:; Estradiol sulfaiion

1. Introdsction estregens, ¢.g. phytocstrogens, natural steroids, phar-
maceuticals, as well as a vanety of industria]l chemicals,

There 1% evelence 1n the enveromment that some |1|,:-|- (X' d--nunylphcr.u,ﬂ._ hixphcnuh."'.. plaxlh:i:.-:crx. herki-
lutants, knovwn as endocrne dissupters, interfere with crdes, and pesticades, have been recognized ws environ-
the bermonal function inwilcdlife. Matural and syntlsctic mentil estrogens (Colbom et al., 1993), The oceurrence

of estropenic and xenocstrogenic compounds in inland

wirters, estuanes and the open sea (Lal et ol 20602

* Comrespunding aufhr, Tel - +14 03 4] 6175 ALLm.-@ et al., .ll:r[r}.j. and the existence of related

fo 458 97 214 Vo0d erdicrine alterations in several fish spocies has beon
Eomat) aofiiress: epvgamiineid csicoes (0. Pome). demonstrated (Vos et al,, JiEEE

O 6044 5308 — s Tromt preniter © 2005 Elsinr B, Al nighis ressgrid
il DL DO aquianes, 200500017
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Similar to verichrates, molluses and other inverte-
brates may be sdversely affected by emlocrine dis-
rupliers {E1x). In et some molluse specs ane known
i b wery sensitive to the androgenic effeets of ongan-
ofin compounds: exposurs to fributyltin {TBT) causes
imru:-'u:b: If'im'r.h:mll'iun of male sexual charsclenstics in
fl.'rm'lﬁex] I marine guxln,:qﬂﬂs al @ concentrmfiem a%
Iy s 1 i/ Matthicssen and Gibbs, 1998, Exposure
i estrogenic effluents increased vitellin-like proteins
{1 bromarker of estrogenic exposure widely used in
fishy i the bernolvimph and gonads of e clam Whya
areniria, @l the mussel Eftpnle complamaria (Gagne
et al,, 200, 2002), Envirenmental estrogens, such os
bispheniol-A, 4-terr-sctyiphenol, and cthinylestradiol,
have boen showin to alfect egg or cmbryo production in
proscbranch snails {Oehlimann of ab., 2000 Jobling ot
al., 2043,

Hevwever, the mechamsms of action of EDs inmver-
tebrates are nod well undersgomd. The mteraction of
EDs with the estrogen receptor and other sex steroid
binding profeins, or the interference with the biosynthe-
sin'medahalizm of steroads are |'II.1|L"1IH.IIJI micehamiams of
eradecrime alteration. Key steronbogenic pathways have
been identified in different miolluse species, ic. 3B-
hydroxysterod reductase (GE=HS00, 17R-H30, So-
recluctase, and PSS aromntase (e Longcamp ot al.,
1974 Hines et ol 199 Ronis and blason, 1996
Morcille et al, 1998 Le Curicux-Belfond et al,
2Ty Althowgh the physiolegical relevance of those
vertehrte-type steroadspathways o mvertcbrates 15
still wider debate, the existing evidenoe suggest that
the imvertebrate endocrine system functions in some
aspects similarly to the vertebrate system, ¢.g. it trans-
duces environmental and endogenous signals to appro-
priate target sites i order b elsenl the required response

{LeBlanc etol,, 1959495, Also, very recently, the complete
sequence of the estrogen receptor has been repored in
the med huse Apdedia califormica | Thomion eal., 3Ry,
suppoerting the idea that estrudio]l functions in molluscs
through a recepior-mediated mechani=m,

lagether with bussynthatic pathways, conjugation
rates of steronds can ;ﬂ:ly a hl.'].' mle in endecrne
homeostasis (Hochbere, 1998; Sirodt, 1R, and may
regulate levels of active seroads within target Dssues,
However, data reganting conjugation of sterosds in mol-
luscs is rather limited and based pramanily on in vivo
abservations. Sullate conjugates of steroid ermones
have been identibied in the gastropod Clore antartic
(Hines etal., 199460, and o decrease of testosterone sul-
fation was reporiod for Linesding Foorea exposed 1o
TET (Ronis ond Mason, 1L Additionally, apolar
comjugation has recently been shown to be 3 major path-
way of lestosterane metabolizm i the sl S
aberden (Ciooding and LeBlane, 2000 ), and the con-
Jugation of vertehrate-type steroids, i, estradiol ond
dehydroepiandrosterone (DHEA) with different fatny
aciils has been reported for the oyster Crassostnm wirs
arericar [ Janer et al_, 20044},

Within this contest, the study was designed to bet-
fer characterize the response of the mussel Wrilus
graftaprvincindis w© estrciol (s o model estrogenic
compound} exposure by looking at key enzymatic
pathwiays involved in both steroid hormone synthe-
=15 and clearunes o mussels (Fig 11 Activities of
17 f=hydroncysterond dehydrogenase (17R-HSDY, Sn-
reductase and P450-aromatase were determined in
digestive gland mierosomal fractions, since previ-
ous studies indicated high specific activity of those
engymes in the digestive gland (R, Lavado, unpub-
lished data). Activities of estradiol-sulfsransfiermases

Enarlinr stercidogenasys sleps

Sp-Dihydroandrostensdions .- —.lurlﬁ'nthlﬂ‘:ﬁﬂue-—E —— = Estrane

178HE0 Y 1zg-nsolt 1zphse I
50-Diydrotestosterone - —— Testosterons e o i BT el
£ .
2 EHH"'WIIFW Emﬁlﬂlm
Estradiol-sulfate Estradick-fatty acid

Fig. 1. Keyenxymatic pathways invelved in steroid hormone synihesis and clearance in mussels imvestigmed in this siudy. HS0 hydroxysieroid

dehydropenmse.
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and  palmitoyl-CoAcestradiol  acylransferases  wers
alsodetermimed. Analleration ol those pathways would
alfisct levels of amdrogens aml estrogens within the ts-
s, and might affect key physiclogical processes. Tis-
ane levels of testosterone and estradiol were measured
in the whole tissue of mussels o assess potential alber-
ations on hormone levels, A mikd sponification step
was included in the extraction protocol inonder to dis-
tinguish between free and estenfied sterous [relensed
after sapenification) { Gombing et al, 2002, The hizto-
losaecal amalysis of gonads allowed the determination
of the reproductive development status of the musscls.
Orverall, the work simed of () identifyving alterations
om the endoening system of mussels as @ consegquense
of exposure to different concemeations of estradiol,
and (b)) facilitating future assessments of the effects
of xenoestrogens in malluscs

& Marerial and methods
20 Chemicals

| TR-Estradicl. amdrestencdione, and Sa-dihydro-
testosterome were obtwined from Sigma (Steimhem,
Crermany i, Sqlndihyl.‘lmilnl.'lmxlcwjic_mu frowm Sters
aloids (Wilton, NH) [6,7-"H] 1 TR-estradiel (40-60 Cif
mmoly and [1B-*H]androstencdione { 15-30 Ci/mmol)
were obtuined from PerkinElmer Life Science Inc
{Baostom, MAJ,

Radicirminunoassay (RIA} kits for testostenone and
| TR-estradiol were obdagined from ICN Phamaceuti-
cils, Inc (Costa Mesa, CA) All selvents and reagents
were of amalyical grade.

22 Expevimental design

Mluszels (A peifey palleprndnciallie) were collected
in Juibe 2 fram the bivalve farms located inthe Ebro
Crzlta (ME Spaing, carmied to the laboratory, and ran-
domly placed into 500 L glass aquana (40 mussel=tank)
filled with filtered sea-warter, and fitted wath comstant
air bubblimg. The mussels were acclimated in the
laboratory for 2 days. Ervironmental conditiens, i.e.
temperatre {18 2O, sulinaty [35%a], and photo-penod
simulatesd the omginal comditions of mussels,

Afier acclimation, massels were exposod to diffor-
ent concentrations of estradiel: 20ng/L (L; low dose),

200mg/L {M; medium dose ), and 28KkneL (H; high
dose), or b the salvent, e, DU008% (v tnethy leneg-
1].'1.'|.1| {0 conbrl Lank]. The nominal concentritsom ol
the solvent in the exposed tanks was (W% (wiv)
triethylencglveol, ‘Water was changed every day, amd
fresh estrachol added, Mussels were fizd Ewiry 4% h
with a commercially available plankion prepantion
(Advanced Inverteheate |, Marine Enterprises, [MC,
Baltimore, MDY, USAYL After o T-day exposure, mus-
sels were dissected; the digestive glands amd rest of the
tissue stored at —B0°C for determination of enzyme
activities and steroid levels, respectively, Gonads of 10
mikssels per tank were dissected and placed in butfered
tormalin ({0, 1 M soddiom phesphate, pH 7.4 tor hasto-
logical examination.

Water samples (500mL)y were collected immadi-
ately after dosing, and 24k later {on days 3rd and Tth
alter dosang had stanted i 1% Formaldehyde was added,
amal basitles kept ar 4 °C wital analvsiz

LA Sex horweine aralysis

Tissuwe levels of free tesosterone amd estradaol
were analyeed as deseribed in Morcillo et al, (1999),
Bricfly, tissue samples (1.0-15g wet weighi) were
hnmwl:n'irml in ethanol, and frosen murrrighl at
— 80 “C. Hemogenates were then extracted with diethyl
cther, follosved by two Further extractions with dicthyl
etherethunol (4:1), The onganic extract was evaps-
rated under mitrogen, and redissolved in B0% mathans],
This solution was then wasled with petrolewm cther to
remove the lipid fraction and evaporated to dryness.
The dry residue was redissallved in 3mL milli-0) water
ane passed through a C18 canndge (Isolute, Inema-
teomal Sarbsent Tathrh‘:lh.'lgj.', Mid ﬂ|u1|:'||.'|rga|.‘|. Lk @,
foml ), that had been sequentially pre-comditioned with
miethanel (4 mLy and milli-C) water (8 mL) After fin-
ishing the comcentmtion step, carindges wens washed
with mdlli-0) water (Beall), dried, and connected to
a MH2 carridge (Sep-Pack™ Flus, Waiers, Milford,
MA, USAL The CIE-NH2 system was then washed
with Eml. hexane, and the stermids eluted with 9ml.
dichloromethane:methamsl {(7:3) This fraction was
collected and cvaporated fo dryness,

Total  testosterone and  tofal  estradiol [ free +
e=terified) were mensuresd s desenbed by Gooding et
al. ( 23 |, with some modifications, Tisswe, homoge-
nized as for free steroid determimation (see above ). was
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extrocied with ethyl acefate (3= 2mL) The organio
extract was evaporated under a mtrogen stream, resus-
pended in 1.0OmlL methanal containimg 0, 1% BOH, and
keptat 43 °C for 3 he After the saponification step, milli-
O water (4.0 mL b was added, and the sample extracted
with dachloromethane (3= Iml.).

The efficiency of the exiraction and delipidstion
procedure was T4 = 3%, for testosterone, and 850+ 3%
for estrudiol {Morcille et al, 1999, The recovery
for the purfication step (SPE cartmidges) was evalu-
ated i this study with radiolalselled steronds, amd it
was in the range 95-97% for both, testosterone and
estradiel,

Water samples were filtered (0,45 pm), and an
aliguor (100 mL ) extracted with dichloromethane (3=
HimL), and evaporated to dryness prios to R1A analy-
BE,

Drry exirants (tissue and waler samplesh were resus-
perded in S0 mb potassium phosphate buller pH 7.6
contaiming 0.1% gelatin, and assayed For estrudiol and
testasterone concentration using commergial BILA kits.
Seanddard curves with the fteroics dissolved in the same
phasphate buffer were performed in every run, The lim-
its of detection were of 3 pa's for estradiel and 30pa/'s
for testosterone in tssues, and 000 ng'L estradiol in
water, Intra-assay coefficients of vanation were 0%, 5%
{testosterone) and 5.53% (estradiol). Inter-assay coeffi-
cients of variation were | 1.6% (lestesterone) and 76%
{estrudiol ),

24, Subvellidar fraciioraiion

Chgestive plands (2-3) were homogenized in Sml
of ioe-cobd 100mM KHPOQE :HMDy, bulfer pH 7.4,
contaiming L15M KCL 1 mM dithiotheeriol (TT),
Imib EDTA and 0.1 m* phenylmethylsulfony fiu-
orde (PM5F) Homogenates were centrifuged at
SN L) for 15 min, the fu1!].' |u_'.rcr remmoved aned the
sugrersatant centrifuged af L2000 = & ford 5 oin. Afer
centrifugation at 100,000 = g for Gdmin. the super-
natant, termed cytosol, wis collected and stored at
—R0-C il assays were performed, The pellet was
resusponded with the sare buffer and centrifuged again
at ML = 2 for 30min. Micresomal pellets wene
resusperuded m o small volame of TIEmM Trs-HC pH
T4 comtamang (.15 8 KCL 200 (w'v) glyeerol, Tmb
DTT. Tk EDTA and 0.1 mbd PMSF. Protein concen-
trations were determined by the method described by

Loy ef ol (1951, esing bovine serum albumin as a
stanland,

25, Androstenadions metabalism

Assays wene camied out by mwubating 0.4 mg
of digestive gland microsemal protem in S00mM
Tris—HCI baffer pH 7.4, 10mM BMgCl, and 0.1 o8
*H-androstenedione (0,1 wli), Assuvs were started by
acldvinom of NADPH (320 p M), and samples incubated
for 60 mii in a shaking water bath maintaimed ot 25 °C
ifinal velume 250 pL) Incubations were stopped by
adding 250 L of pectonitrile, and after centnbugation
(150 2 g, DO mmin ) M6F p Lot supematant wene injected
oo the RP-HPLC column,

P-430 aromatase activity was detcrmined by the
tritted-witer release method as m Morcillo et al
{1950, Microsomes (0.5 mg protein ) were incubated at
2590 for 3boin a final volume of 1 mbl o the presence
of 100 mbd Tris—-HCL pH 7.6, 1M amdrostenedions
(1 il and 0.2 mbd MATDPH, Assay blanks contain-
iy TRl o budfier retemd of microsomes were used
for every run, The reaction was stopped by placing the
tube on ice, amd organic metabolites and the excess of
substrate were immediately elimimated from the ague-
ous phase by extraction with methylene chlonde (3=
AmL). The possible remaining tritiated steroids were
further climinated by the addition of a suspension of
2.5% (wiv) activated charcoal and (L25% dextran in
milli-C} water (4mLy The solufion was centnfuged
(a0 min, 500 = g), and two aliguads of the supernatant
(1 mL} were counted for *H radioactivity (Tn-Carb
ZHNTR, Packard), The limit of detection of the method
wias (2 |‘.||‘.||I:'r|.l'||.'|.‘|il|: |.‘|r|.'|L-Ei1|.

24, Phase I merabodism of estradied

P.Hlm'il.ll,!ljll-::-uﬂ:L'.ill'd.l:lll:ll ;L-;,:_'|-'|!r.1115fL-1-dsu u.n:l'iril].'
was determined by a modification of the method
deseribed by Faner et al. (20045, Microsomal proteins
(5000 e i wiere incubated in (.1 M sodium acetate bufTer
pH &40 with 2 M [ Hjestradiol, 100 M palmitoyl-
CoA {Sigma, Steinheim, Germany l, and 5 mb MeCl;
ima final volume of 5060 L. The reaction was initiated
by the addition of palmitoyl-Cod, amd samples were
imcubated for Shmin of 35 °C. Beaction was stopped
by adding 2ml of cthyl acetate, and extracted twice.
The ethyl acetate fraction was evaporated fo dryness,
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the dry residue redissolved in methanal, and injected
into the HPLC swstem. The limit of detection of the
method was 10 pmiolhimg protein,

To determine estradiol sulfation, eytosolic proteins
isolated from the digestive gland (100 pgh were incu-
bated 0 S0 mbd Trs—HO builer pH cimilann-
ing dmbd MeCly, and 2mbd Mas 505, with 100 nkd
[*H]estradiol, in a final volume of 150 pl. The
reaction was mmatiated by the addioen of 10 M
adenosine ¥ -phosphate 5'-phosphosul fate (PAPS; Cal-
Biocham, Darmstadt, Germany), amd incubated for
Silbmin at 30°C. The reaction was stopped with 2 mL
methylene chlonde, atter addition of 20 pL of ice-
cold S0mb Trs—HCI bufter, pH BT, The extrac-
tion of urconjugated estradiol was completed with
2l of methylens chloride. and an aliguet of the
aqueous phase was quantified by liquid 'H scin-
nllenon counting (Tr-Carb 2100TE, Packand). The
lmat ol detection of the method was 0.8 proolhimg
prodein,

27 AL sywfem

HPFLC analyses were performed on a PerkinElmer
Binary 230 LT pump system equippel with a
250 mm = dmm LiChrospher 10 BP-1E (5 pm)
reversed-phase column (Merck, Darmstadt, Germany)
prodected by a guard column LiChrospher 1000 RP-
I8 (% jem}, Separation of androstensdions metabolites
was performied &t 1 mL/man with a mohile phase com-
posed of (A TEY water amd 25% acctonitrile and
(By 25% water and 75% acetonitnle. The run con-
sisted on o linear gradient from 100% A to 1% B
(0-30min), isocraie mode at 1% B (5 min), lncar
aradient from 1005 B to D0 A (S min), and isecatic
micade ar M A (5 mink. Separation of estradis] and
its palmitoyl-gster was performed at 1.2 mL/'min with
a mohile phase composed of (A) 56% water comtain-
ing 1. 1% acetic acid (pH 3), 13% acetonitrile, and 31%
methanol, ard (B} 600G gcetonitrile and 40% methanol.
The run comsisted of %min secratic 1005 A, &min
ol a Dmear gr.ul'iunl! from DDA & o 10H%G B, anc
25 minisocratic 0% B. Chromatographic peaks wene
monitored by en-line radicactivity detection with a
Racwtlow detector LE 306 {Berthold Technologies,
Bad Wildbad, Germany) using Flo Scint 3 (Packard
BioScience, Groningen, The Maetherlamds) as scintilla-
tion cockiml. Metabolites were quantitied by integrat-

ing the area under the mdioactive peaks. Metabolites
were amalyaed by gas chromatogrphy-mass spectrom-
ety (El+) as tnmethylaly] demvatives, amd the chem-
ical structunes were identified by compan=on of the
retention times and the mass spectra with authentic
xl:.:ruhrdx[ﬂigm.a._ Sernkermn, l'.'jl."rmu.n].', anel Sterlonl,
Wileon, NI, USA),

24 Histelogical analy=is

Cromad tissue fixed in %% formaldehyde buffered
with 100mb sodium phosphate baffer pH 7.4, was
dehydrted with ethanol, cleared in xylene, and embed-
ded in paraffin, Sections (7 pmi were stned with
Hacmatoxylin Ecsin Y {Shandon [ne, Pittsburgl, PA,
USA), moanted, and examined by light microscopy.
Individuals were classified in six different reproduc-
tive stages as desenbed by Hillman {19953, Sape O
seaual rest, usactive or undifferentiated; stage 1: game-
togenesis has begun, no rpe gamedes visible: stage
20 follicles and spermategonia’sogonia visible, stage
3 empermatogoniaoogonia amd garmetes visable; stae
d: follicles comtan mamly npe gameles, few reserve
cells: stage 50 fully mature gonads, almost no reserye
cells,

20 Smeilsilcal procedires

Resultz are mean walues £ 5 EM, of n samples
feach sample a poal of 2-3 digestive glands or trsues).
Statistical significance was assessod by using one-way
ANOVA (followed by Dunnett’s test for differences
from comtral),

X, Results

A4, Espradiod concentration fn waler

Water cstradiel levels determined in the exper-
imetal tanks right afier dosang wenz close o
nomiaal concentrtns, vz, Hi+2 217+ 144, and
208R + T30 ng'L (valwes are mean &+ range of two dif-
ferent sampling days)p. However, 24h after dosing.
estrclinl levels in water sharply decneased v 17415,
13k 1 amel 129 & Eng/L, Datectable levels of estrachol,
in the range of 1-12ng/L, were recorded in the control
tink.
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P2 Tissue sferoidg fevels

F‘ili.'l'l:llil I\'.“-ll."lﬁ WETE |:|L1I.':I'I'I1I-I'IIL'I.‘I [11] ll'h: 'A'I'II:III." LiH'
swg of mussels, with or without a sapenification step,
in order to differentiote between free aml estenified
formis, Mo differences in frec-estrchol levels were
ohserved between control (O}, amd lowe (15 or mediem
(%) exposwre groups (1.1-2.6 pgie. wiw), whereas the
high exposure (Hy group exhibated a sigmificant 10-
fold increase m frec-estradiol bevels (13 pgle, wiw)
[ Fiz. 2. Moiwtheless, total estradiol { free + esterified )
i in g doce-dependent manner, from 2 ngig inC
to 238 mefg in Hi(Fig. 2AL Valaes of free and todal estra-
died were similur in mussels from tnks Cand L, i

400 &
o 3B0 O Fres
L 1]
g 200 B Tatal {free + estarfied}

250

Esiradicl (ng'n resh &
v o d By
3
b *
i

fA Coriral Lowe Wiadium High
= 2.5
]
L]
2 204
=
[ ]
2
% 1.5
g 10
E 5
z
20 v .
B Cotrd ~ Low W Hgh

Fig. 2. Whike tissog kevels of Tree and wdal (A0 esimdiol amd
[ B p tessemterone in contred and estradiol-expoeed spocimens, [hata
enpressed das mest = SEM. (2= 500 Signifeest dilferences with
respect o controls mdicated by " 05 fone-way ANOYA followed
hy [unnet's sesi].

cating that maost of the estradiol within the fissue was in
the free form, Cnly madividuals frem tanks B& H bad
sagmificant amounts of ester ed estradiol released alter
a mild saponification step, In contrast, testosterone leyv-
cls (free and totaly did met differ betwesn control and

exposed groups (001 Kpg'e, wiw] {Fig. 2H8),
A3 Androsrenedione pietalfolism

Pl szl Llij,g_l..“diw.r ELanl.! microsomes  melabo-
izl androstenedione mainly iy Sc-dilvdioambne-
stemedions (HA), a step catalveed by Sn-reductases,
andd 1o g ominer degree to Se-dibydrstestosterome
(DHT) amd testosterone (Th (Fig, 3), The two Sa-
reduced metabolites (DHT amd DHA)  increased
in a dosc-dependent manner with estradiol expo-
sure [ 28 pmolhmg protein; exposed arganisms:
29-TE prvel Bimg prodein). This increase was slais-
teally sigmificant at the medium (DHA fomsation),
andd high exposure groups {DHA and DHT formation)
(Fig, 44 and B} The synthesis of testosterone from
ambroedenedione was not affected by estradiod L [H-
sure (O % privel Ivmig protein; exposcd organisms:
(LE-1.3 prngd ‘himig protesn) (Frg, 407,

The endegenous svnthesis of edradiol was inves-
tgated by measuning the activity of P450karomatase
in contrel and estradicl-exposed specimens. Depressed
P45-aromatase  activity  was observed in organ-
isms exposed to low estrwhol dose (O 1530 fmal!

g

SO0
E Ao Eqe-Dhlvgeleduan dei | arin i fes
= -
2 300 L
§ Binydeoes bon ool e
=
I

Ean- Dl rivbesstosma e i

o ] 1] 24 az
Timasz {rmin

Fig. L. Radio-HPLLC chromaiogram obtained for the metabolism of
androstemedione by digestive gland microsomal frction.
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Palmitoyl-CoAestradiol  acyliransferase  activity
increased in g dose-dependent manner (Fig. 3475 The
increase was statistically sigmilicant sl the medim
(6] £ 9 pmol/h'mg proteing and high (94 £ 10 panol
hirng proteiny exposure groups, and this is fully in
agreement with the high levels of estenficd estradis
detected o moesels from tnks M & H (Fag. 2A).
The sulfation of estradiol by digestive gland cytoselic
fractions was in the range of 612 pmolhvmg protein,
anad amdl  exposed
groaips were observed, despite @ non-sigmificant
inerease in estradiol sulfation in mussels from tank H
{Fig. 5B).

i dhilerences between comtrol

licomt ullerences wilk respect (o conirnls indicoied by -II| 1

Tontevlogy TF (2008 2247

B -
T
EQ
&1}~
Ll

#

n.-|:||'|| a

: I I

ot [ Mg diuim

a0

p-nnl.-'-'un-g pm'lnn

20

High

High

I.Hl

ra
[~

p'nr,l.-h-mg prosain

lesctions of combl and crmdal-gaposad specimens, Fammation of (4]
iz, A | LK) PA3-ansimatise aconeay, Dar expresssd o mee 4 B M
W08 (ore-wy AP A Tolboswed by Dhinnet s test).

1.5 |"|'.-:-.l.||J.|.".'1f-.'.lr.l|'.-a-|,;_'|'

Cromadds were examined to assess whether changes
i garmete maturation had sceurred ps 8 consequence
of estradicd] expasure. The gonads mmast of the indi-
vidhua s (K ot of 10) 1n tank © were classified e stage
0, thus not doveloped. However, in the low exposuin:
group, there were fewer individuals with stage 0 gonads
(3 ot of 10F, and i.'q:-'rn.'xnl'\-m:|1n]_1|3.- # hgher mumber
of indivedizalz exlibiting mamine (stages 3-3) :'._l|||'|:1|.|\
iFig. 61 This tendency towards highar proportion of
mutture medividunls motank L owas not observed in tonks
W & H, Desprte the ruember of indraduals analyzed in
this study being bow (10 animals per tank), the same
trend was observed inoa replicated expersmeni.

4, Discussion

The analysis of water revealed daily osoillations i
catradiol levels, which nght after dosing wene close to
nominal concentrations (with the exception of thank
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Hj, but decreased shamply during 24 h of exposune in
tanks M & H. The high estradiol levels measured in
tank H right after dosing are an indication of a cer-
i buibd-up of the compound in the expernment. The
control tank alze had measumble levels of estradiol
{1-12ng/LE; the source of estradiol is wumcerinin as
the experiment was carefully designed to avoid cross
cormtamination between tinks. Simlar estrachol levels
vz been reponted in control tanks from other siudies,
e Halm et al, {22 reponied 1923 ng/'l; Kramer
et al, [ TY9RY hawd valses of 3.5-14.8 ng'l duxpllu o
using relatively low stocking densaties offish aml o high
throughput of water, These are no similar data for mus-
sels, but the excretion of estradiol into the water due to
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Fig. & Dhsimbution of gonad developmesial siages in ihe experi-
e nlal grouge. Conads were clissifd in six grodape s indcated in
Seotion 2; 10 individuals examined per izank.

handling stress connot be discarded. Certninly, the pres-
ende ol endogenows steroids in the tanks i an impoant
issud thal should be addresasd when designmg expen-
ments of this nature,

Frec-catradiol levels in mussel tissue were rather
stable; they did not increase with estrdiol exposune,
excepl for the highest exposure group, that exhibited a
significant 10-fald increase. Estradiol levels observed
in mussels from tanks C, L& M. but not in those from
H, weerre an thee rangee of the levels naturally sccumng in
miussels along their reproductive eyele (006—1.1 ng/g)
{C. Porte, unpublished data).

However, when hssue exinicts werg '\;ilpnniﬁu,:d mn
arder 1o release esten fied estradio], mussels from tanks
M & H showed a 12- and [60-fold increase in total
eatradiol (Fig. 1), These results suggest that eskenfica-
tromn of the exeess of estradiol with 'I"u.1|:_'9.' uigls 111|;_1'I1|:
L as a homeorslalie nechamsin (o I1Iili:|||:i|l|1 trIIJ135L"
nous levels of free-estradiol stable, and this mechanism
was only averloaded in musszls from tank H. The
increased esterification of estradiol in organisms from
tanks b & H s supported by the increased activity of
fatty palmitoy]-Codcestradiol acylransferase detected
in thoess onzanisms | Fig. 3.

Ihere 15 no informatien on the physiological fune
trom of sterodd esters o molluses, Fabty acid conju
gation {or esterification) renders steroids o an apolar
frmi. which is retained in the lipoidal matrices of the
bady, while reducing their activity, bioovarlabality, and
susceptibility to elimination (Borg e al, 1995) 1§ s
known that esterified steroids do not bind fo steredd
recepiors, bui they hove been considered as long-acting
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steroids, since they can be hydrolyzed by esterases, and
the active hormones con be released whenever needed
[(Hochbery, U998, Giooding et al. (20008 ) imclscated thin
the esterification of testosterone with fatty acids might
be a mechanism by which free steroid levels are regu-
lated, and 1t could represent a tinget of pollutants fox-
icity, In feet, they observed that the biocide mbutvlion
elevates froe testosterone bevels in the mud snail (F
obsmlela) by either decreasing the synthesis or increas-
ing the hydrolysis of testosterone-fatty acid esters

It es warth mertioning that testosterone levels {free
and todalp were similar in contrel and exposed organ-
i=ms, suggesting that the synthesis and estenfication of
testosterane were not altered by estradinl exposure,

Aulditionally, when lookig at the metabaolism of
andosteiredions by digestive gland microsomal frac-
tions of control and caposed organisms, we observed
that estradied exposure significontly dncreased  the
formiation of See-redusced metabolies (Soe-DHT and
Sm-DHAL while testosterone synthesis (a 1TR-HSD
catalyzed pathway) remained wnchanged. This is in
accordance with issue levels of testosterone remaiming
slable afber B2 exposure, amd with cata on veriehrites
that indicated that exposune of cultwred adult rar Loydig
cells toincrensing concentrations of E2 had noeffect on
bestasterone levels {Muwromae o al, 20000, In mussels,
ancl in agreement wath preveows data Tor the gastropod
Mugrisa cormupartetly (Janer of al, 2005), 3a-DHT is
mainly formed from Sa-DHA, and not from testos-
terone (Fig. 25, Thus, estrudiol exposure affects mainly
S-rebuctase activity, with no sagnificant effect on | TR-
HSD. The reason why mussels from the M & H groups
responided fo high estradiol exposure by increasing
synthesis of Saereduced androgens 15 unknewn, Also
Lhe '|'.-|'|-IL"nI!i.a| ph}'xiﬁlt’lgifﬂl rile of thase So-reduced
androgens in malluscs has to be thoroughly examined.

The aromatization of androgens into estrogens,
which oceurs at a very low mte in molluscs, was also
affizcted by exposure. When mussels were exposed 1o
lowy levels of exogenous estradiol. the activity was sig-
nmificantly reduced, possibly o an attempt to decrease
enclogenoes levels of estradiol. However, the effect was
reversed at high estradiol doses; organisms froam the H-
group had significantly higher P-4 30 aromatase activity
than controds, Thisis well in agreement with veriebrate
studies, which indicate that E2 can both up- amd down-
regulate aromatase activity depending on dosetiine of
exposure (Tsai et al, 2000 ; Halon eq al.. 32 )

Additionally, the histelogical study suggested that
exposure of mussels o low estradiol doses induced
gametogenesis, This is m accordance with an earlwer
stidy that reported a similar imduction of gametogen-
e=is in oysters due o E2 exposure (Mori et al.. 19659,
Although mussels from tank L did not show changes in
trssne estradiol levels at the end of the XL CX [T
i, slight estradiol increases might have oceurred
carlier in the exposure and led to the described effects
N gmeingeneses,

Finally, esiradiol sulfation by digestive  gland
cytosolic fractions was determined as another poten-
tinl mechanism that could contribute to regulate steroid
levels within the orzamzm, To sur knowledge, the n
vitro sulfation of steroid hommoenes has st been stud-
icd i pediuses w0 far, and the obiained data indicate
that digestive gland cytoselic froctions can Form estra-
diol =ulfates ot o rate of & pmol'hmg profein, How-
ever, esdradiol sulfation was ol sigmificantly allered
b catradicl exposurne.

Crverall, these results suggest that at low concentra-
B, estrachiol might behave as an endogenous steroid
i missels and regulate physaological lusctions, Thus,
it inhibits P430-aromatase and stimulates gamete mat-
wration, At high concentrations, cstradiol sigmificantly
increases the activity of palmitod-Co b estradiol acyl-
tranafernses as a mechansm 1o “mactivate” the exeess
of catradiol that is taken up by musscls. It also increases
the synthesis of DHA and DHT from androstenedione,
and PA50-aromatase activity, Moreover, the obtuined
diata suppest the existence of mechamams e allow
mussels to maintain their hormonal levels stable, and
the important rede that fatty acid esterification may play
within those mechanizms, Further research 15 n,.-r.||.||'n,.'¢,|.
LI§] hlud_'r the esterification of xhlruiiL*:._ s well az the
caterases responsible for releasing stercids from the
fatty acid maoiety, and the processes that affect/ regulate
the equilibrium between symhesis and hydrolysis of
thiz farmily of stereicds, The esternfication of estradee]
to & fatty acid ester as a strategy for steroid regulation
reveals novel potential furgets for endocrine disrupters.,
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ABSTRACT

Significant amounts of oil and alkylphenols are released into the sea by petroleum
installations as a result of discharges of produced water. Some of these pollutants elicit estrogenic
responses in fish, but their effects on the endocrine system of molluscs are largely unknown. In this
study, mussels Mytilus edulis were exposed to North Sea oil (O) and the mixture of North Sea oil +
alkylphenols (OAP), and the effects on tissue steroid levels and steroid metabolism (P450-
aromatase and estradiol-sulfotransferase) were monitored. Levels of free testosterone and free
estradiol were much higher in gonad tissue than in peripheral tissue, whereas esterified steroids
(released after saponification) were of the same order of magnitude in both tissues. Levels of free
steroids determined in gonads were not affected by exposure, but esterified steroids significantly
increased in OAP exposed mussels (up to 2.4-fold). The sulfation of estradiol was investigated as a
conjugation pathway, and increased activities were observed in digestive gland cytosol of both O
and OAP exposure groups (up to 2.8-fold). Additionally, increased P450-aromatase activity was
determined in OAP exposed mussels (up to 3-fold, both in gonad and digestive gland), but not in
the O group. Altogether, the results indicate that North Sea oil leads to increased sulfation of
estradiol, and that in combination with alkylphenols, additional alterations are observed: increased
P450-aromatase, and increased levels of esterified-steroids in gonads. Nonetheless, mussels are
able to maintain gonad concentrations of free steroids unaltered, possibly via homeostatic

mechanisms such as the conjugation with fatty acid or the formation of sulphate conjugates.

Key words: Mytilus edulis, Produced water, Endocrine disruption, P450-aromatase, Estradiol

sulfation.
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1. INTRODUCTION

In recent years, there has been a growing awareness of the need to detect and assess the
adverse effects of the offshore oil and gas industry discharges to the sea. Significant quantities of
alkylphenols and aromatic hydrocarbons are released into the sea by petroleum installations as a
result of discharges of produced water, i.e. water that occurs naturally in the geological structure,
and water that has been injected into the reservoir in order to maintain pressure within the
formation. The produced water is cleansed of oil to a maximum content of 40 mg/L, and most of it
is then discharged to the sea. In addition to the remaining oil, the water contains other chemicals,
i.e. additives used in drilling and pumping operations, and in the oil/water separation process, such
as metals, alkylphenols (some of which have the potential to disrupt endocrine processes), and
polycyclic aromatic hydrocarbons -PAHs- (Meier et al., 2002; Rge, 1999).

Produced water chemicals can affect and induce the detoxification metabolism in fish
(Stephens et al., 2000). Laboratory and field studies have demonstrated the estrogenic effects of
alkylphenols in exposed fish, namely, suppression of sex steroids or inhibition of testicular growth
among others (Sumpter, 1995; Hecker et al., 2002). Also they have been identified as estrogen
receptor agonists by using the yeast estrogen screen assay (Thomas et al., 2004). Thus, there is a
great deal of interest in assessing the potentially negative effects of the produced water on the
marine environment.

Because of their ability to accumulate organic compounds, filter-feeding bivalves have
been used extensively for biomonitoring purposes (Wedderburn et al., 2000; Camus et al., 2003;
Andral et al.,, 2004). Most of the studies have focused on the determination of histo-
cytopathological and molecular responses as a consequence of exposure to PAHs and other
contaminant mixtures (Au, 2004; Long et al., 2003; Taban et al., 2004; Aarab et al., 2004).
However, to our knowledge, no studies have thoroughly investigated the effects of these
compounds on the endocrine system of bivalves.

In fact, the issue of endocrine disruption in invertebrates has generated remarkably little
interest in the past, compared to research with aquatic vertebrate species. However, with more than
95% of all known species in the animal kingdom, invertebrates constitute a very important part of
the global biodiversity, with key species for the structure and function of aquatic ecosystems
(Lafont, 2000). However the hormonal system of invertebrates is not as well documented as the
vertebrates one. The existing evidences suggest that the invertebrate endocrine system functions in
some aspects similarly to the vertebrate system. Sex steroids have been widely detected in
molluscs. In particular, estradiol (E2), testosterone (T), and progesterone have been reported in
gastropods (Lupo di Prisco et al., 1973; Le Guellec et al., 1987), cephalopods (D’Aniello et al.,

1996), and various bivalves, such as the mussel Mytilus edulis (Reis-Henriques et al., 1990), and
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the oyster Crassostrea gigas (Matsumoto et al., 1997). Key steroidogenic pathways have been
identified in different mollusc species, i.e. 17b-hydroxysteroid dehydrogenase (17b-HSD), P450-
aromatase, 5a-reductase, 3b-hydroxysteroid reductase (3b-HSD) (De Longcamp et al., 1974; Hines
et al., 1996; Ronis and Mason, 1996; Morcillo et al., 1999; Le Curieux-Belfond et al., 2001).
Estradiol binding proteins have been detected in the cytosol of Octopus vulgaris (D’Aniello et al.,
1996) and the complete sequences of the estrogen receptor has been reported in Aplysia californica
(Thornton et al., 2003), supporting the fact that estradiol can function in molluscs through a
receptor-mediated mechanism.

Some studies have shown that endocrine disruptors can interfere  with
steroidogenic/metabolic pathways. TBT has been shown to inhibit aromatase activity in vitro in the
oyster Crassostrea gigas (Le Curieux-Belfond et al., 2001). It has been demonstrated that natural
estrogens, such as E2, can affect steroid metabolism and gamete maturation in the mussel Mytilus
galloprovincialis (Janer et al., 2005a). Other environmental xenobiotics, such as bisphenol A, 4-
tert-octylphenol, and 17U-ethynilestradiol, have been shown to affect embryo production in
prosobranch snails (Oehlmann et al., 2000; Jobling et al., 2003).

Together with biosynthetic pathways, conjugation rates of steroids can play a key role in
endocrine homeostasis, and might regulate levels of active steroids within target tissues. But, at the
moment, data regarding conjugation of steroids in molluscs is based primarily on in vivo
observations. Steroid sulfates have been identified in the gastropod Clione antartica (Hines et al.,
1996), and a decrease of testosterone sulfation was reported for Littorina littorea exposed to TBT
(Ronis and Mason, 1996). However, the in vitro sulfation of steroid hormones in molluscs has not
yet been studied in depth. Janer et al., (2005a) observed that digestive gland cytosolic fractions of
Mytilus galloprovincialis can form estradiol sulfates at a rate of 6 pmol/h/mg protein, and that this
activity was not affected by exposure to 17b-estradiol. Also, it has been observed that sulfatase
enzymes in the oyster C. virginica are highly expressed in digestive gland, and they may interfere
with the in-vitro determination of cytosolic sulfotransferase activity in this mollusc species (Janer
et al., 2005b).

Within this context, the study was designed to better characterize the response of the
mussel Mytilus edulis to North Sea oil, and the mixture of North Sea oil and alkylphenols, and
whether those compounds, which are found in produced water from the offshore industry, are able
to disrupt the endocrine system of mussels. To this end, testosterone and estradiol levels (free and
esterified levels) were measured in both gonad and peripheral tissue (mantle+gills), to assess
potential alterations on hormone levels. The activity of the steroidogenic enzyme P450-aromatase,
a key enzymatic activity responsible for the conversion of C, androgens into the corresponding Cis

estrogens, was determined in digestive gland and gonad microsomal fractions. An effort was made
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to characterize and determine sulfotransferase activity in digestive gland cytosolic fraction using

17b-estradiol as a substrate, as a potential pathway involved in steroid clearance in molluscs.
2. MATERIAL AND METHODS
2.1. Chemicals and biochemicals

17b-Estradiol, androstenedione, and testosterone were obtained from Sigma (Steinheim,
Germany); [4-"C]testosterone was purchased from Amersham Pharmacia Biotech, UK; [6,7-
H]17b-estradiol (40-60 Ci/mmol) and [1b-*H]androstenedione (15-30 Ci/mmol) were obtained
from PerkinElmer Life Science (Boston, MA, USA), Inc. Radioimmunoassay (RIA) kits for
testosterone and 17b-estradiol were obtained from Radim, Inc (Pomezia, Italy). All solvents and

reagents were of analytical grade from Merck (Darmstadt, Germany).
2.2. Experimental design

In an experiment performed in the Alkamiljg Center (Stavanger, Norway), mature blue
mussels (Mytilus edulis), collected in a pristine site (Fgrlandfjorden) were exposed in November-
December 2002 for 3 weeks in a continuous flow-through system to sub-lethal concentrations of
North Sea crude oil (0.5 ppm) (O group), North Sea crude oil (0.5 ppm) spiked with a mixture of
alkylated phenols (0.1 ppm) and PAHs (0.1 ppm) (OAP group), and to the carrier (2 ppb acetone)
(C group). Environmental conditions, i.e. temperature (10-12°C), salinity (34%o), and photoperiod,
simulated their origin conditions. After 3 weeks, mussels were sacrificed, the gonads, digestive
gland, and peripheral tissue (gills and mantle) dissected and stored at -80°C for enzymatic activities

(digestive gland and gonads) or steroid determinations (gonads and peripheral tissue).
2.3. Sex hormone analysis

Levels of free testosterone and free estradiol were analyzed as described in Janer et al.
(2005a). Briefly, tissue samples (0.5-1.0 g wet weight of gonad tissue and 1.0-2.0 g wet weight of
peripheral tissue) were homogenized in ethanol, and frozen overnight at -80°C. Homogenates were
then extracted with ethyl acetate twice. The organic extract was evaporated under nitrogen, and
redissolved in 80% methanol. This solution was then washed with petroleum ether to remove the
lipid fraction and evaporated to dryness. The dry residue was redissolved in 4 mL milli-Q water
and passed through a C18 cartridge (Isolute, 1g, 6 mL), that had been sequentially pre-conditioned

with methanol (4 mL) and milli-Q water (8 mL), dried, and connected to a NH2 cartridge (Waters,
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Sep-pack " Plus). The C18-NH2 system was then washed with 8 mL hexane, and the steroids eluted
with 9 mL dichloromethane:methanol (7:3). This fraction was collected and evaporated to dryness.

Total testosterone and total estradiol (free + esterified) were determined in the same tissues
(gonads and peripheral tissue) after a saponification step as described in Janer et al. (2005a).
Tissues, homogenized as for free steroid determination (see above), were extracted with ethyl
acetate (3 x 2 mL). The organic extract was evaporated under a nitrogen stream, resuspended in 1
mL methanol containing 0.1% KOH, and kept at 45°C for 3 hours. After the saponification step,
milli-Q water (4 mL) was added, and the sample extracted with dichloromethane (3 x 3 mL).

The efficiency of the extraction and delipidation procedure was 74 £ 3% for T, and 80 +
3% for E2 (Morcillo et al., 1999), and 95% (E2) to 97% (T) for the purification step (SPE
cartridges) (Janer et al., 2005a).

2.4. RIA analyses

Dry extracts were resuspended in 50 mM potassium phosphate buffer pH 7.6 containing
0.1% gelatine, and assayed for 17b-estradiol and testosterone concentration using commercial RIA
kits. Standard curves with the steroids dissolved in the same phosphate buffer were performed in
every run. The limits of detection were of 9 pg/g for E2 and 20 pg/g for T. Intra-assay coefficients
of variation were of 6.1% (T) and 3.3% (E2). Inter-assay coefficients of variation were 9.3% (T)
and 3.5% (E2).

2.5. Subcellular fractionation

Gonad tissue and digestive glands were homogenized in ice-cold 100 mM
KH,PO,/K,HPQO, buffer pH 7.4 containing 0.15 M KCI. Homogenates were centrifuged at 500-g
for 15 min, the fatty layer removed and the supernatant centrifuged at 12,000-g for 45 min. After
centrifugation at 100,000-g for 60 min, the supernatant, termed cytosol, was collected and stored at
-80°C until assays were performed. The pellet was resuspended with the same buffer and
centrifuged again at 100,000-g for 60 min. Microsomal pellets were resuspended in a small volume
of 100 mM KH,PO4/K,HPO, buffer pH 7.4 containing 0.15 M KCI and 20% w/v glycerol. Protein
concentrations were determined by the method described by Lowry et al. (1951), using bovine

serum albumin as a standard.

2.6. Determination of P450-aromatase activity
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Aromatase activity was determined in the microsomal fraction of both digestive gland and
gonad tissue by the tritiated-water release method as described in Lavado et al. (2004) with some
modifications. Microsomes (0.4 mg protein) were incubated at 25°C for 3 h in a final volume of 1
mL in the presence of 100 mM Tris-HCI buffer pH 7.6, 10 pM androstenedione (1 uCi) and 200
MM NADPH. Assay blanks containing 100 pL of buffer instead of microsomes were used for every
run. The reaction was stopped by placing the tub on ice, and organic metabolites and the excess of
substrate were immediately eliminated from the aqueous phase by extraction with methylene
chloride (3 x 3 mL). The possible remaining tritiated steroids were further eliminated by the
addition of a suspension of 2.5% (w/v) activated charcoal and 0.25% dextran in milli-Q water (4
mL). The solution was centrifuged (60 min x 3600 rpm), and two aliquots of the supernatant (1
mL) were counted for *H radioactivity. The lowest aromatase activity detected by the method was

0.04 pmol/h/mg protein.

2.7. Estradiol sulfotransferase activity

Cytosolic proteins (100 ug) isolated from both digestive glands and gonads were incubated
in 50 mM Tris-HCI buffer pH 9.0 containing 4 mM MgCl, and 2 mM Na,SO;, with 110 nM
[*H]estradiol (180,000 dpm), in a final volume of 155 uL. The reaction was initiated by the
addition of 10 uM PAPS (adenosine 3’-phosphate 5’-phosphosulfate), and incubated for 1 hour at
30°C. The reaction was stopped with 2 mL methylene chloride, after addition of 200 pL of ice-cold
50 mM Tris-HCI buffer pH 8.7. The extraction of unmetabolized estradiol was completed with 3
mL of methylene chloride, and an aliquot of the aqueous phase, where sulphated estradiol
remained, was quantified by liquid *H scintillation counting. Assay blanks containing water instead
of PAPS were used for every run.

For the characterisation of E2 sulfotransferase activity, a wide range of pH buffers (50 mM
potassium phosphate at pH 6.5; 50 mM Tris-HCI at pH 7.5, 8.0 and 9.0; and 50 mM sodium acetate
at pH 9.5 and 10.0) were used. Concentration of E2 ranged from 10 nM to 30 uM. Reaction times
checked were from 15 to 60 min; and protein content in the assay from 0.05 to 0.4 mg. Both gonad

and digestive gland tissues were assessed.

2.8. Statistical procedures

Results are presented as mean values + SEM. Hormone levels statistics were applied on log-
transformed data, because dependent variables did not satisfy parametric test’s assumptions.
Comparison of significant difference (P<0.05) was made with one-way ANOVA followed with

Tukey’s test multiple range test. All statistics were analysed using the software SPSS v11.0.
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3. RESULTS
3.1. Steroid levels
Steroid levels were determined in gonads and peripheral tissues of mussels, with and

without a saponification step, in order to differentiate between unesterified (free) and total steroid

forms (free + esterified). Free E2 levels in peripheral tissues were significantly higher in oil-
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Figure 1. Levels of free and esterified testosterone and 17b-estradiol in control (C) mussels; mussels exposed
to North Sea oil (O); and the mixture of North Sea oil, alkylphenols and PAHs (OAP). Data presented as
mean = SEM (n=6). Significant differences respect to control indicated by * P<0.05 (one way ANOVA,
Tukey’s test).
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exposed mussels than in controls (Fig. 1). However, in gonads no differences between experimental
groups were observed for free E2 levels. Esterified E2 was significantly higher (P<0.05) in gonads
of OAP-exposed mussels than in controls (11.0 £ 2.9 vs 4.5 £ 0.9 ng/g w.w., respectively), whereas
no differences were observed in peripheral tissues. In all cases, free E2 levels in gonads were much
higher than those in peripheral tissues (29 to 92-fold). In contrast, the concentration of esterified E2
was similar in both tissues.

Free levels of T were no significantly altered by exposure to oil or OAP in neither gonad
nor peripheral tissues, and similarly to E2, T levels in gonads were higher than in peripheral tissues
(18 to 26-fold). Levels of esterified T were similar in both tissues (except in organisms of OAP
group). As shown in Figure 1, esterified testosterone was significantly higher in both gonads and

peripheral tissues of mussels exposed to OAP when compared to C and O groups (1.7- to 3.1-fold).

3.2. P450-aromatase activity

The synthesis of E2 was investigated by measuring the activity of microsomal P450-
aromatase in both gonads and digestive gland. The specific activity of P450-aromatase was up to 3-
fold higher in digestive gland than in gonads, in all the studied groups (Fig. 2). A significant 3-fold
increase in P-450 aromatase activity was observed in organisms from the OAP group when

compared to C and O groups, and this increase was evident both, in digestive gland and gonads.
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3.3. Sulfotransferase activity towards 17b-estradiol

This activity had been previously determined in other invertebrate species (Hines et al.,
1996; Ronis and Mason, 1996; de Knecht et al., 2001), and was found to be rather low in molluscs
(Janer et al., 2005b). The first part of the study consisted on the optimization of the assay. The
sulfotransferase activity was determined at different pH, ranging from 6.5 to 10.0, using E2 as a

substrate at a fixed concentration (110 nM), and both gonad and digestive gland cytosolical
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Figure 3. Characterization of E2 sulfotransferase in cytosolic fractions of M. edulis. (A) pH dependence in
both gonad (3) and digestive gland (x); (B) time course of E2 sulfotransferase in digestive gland; (C)
dependence of E2 sulfotransferase on the amount of protein in assay, and (D) dependence of E2

sulfotransferase on the amount of E2 in the assay.
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fractions were used as enzyme sources. The enzymatic activity showed a maximum at pH 9.0 in
both tissues, and the specific activity was always higher in digestive gland than in gonads (up to 2-
fold) (Fig. 3A). At pH 9.0, sulfotransferase activity was lineal for at least 1 hour (r>=0.99) (Fig.
3B), and at concentration of proteins in the assay ranging from 0.05 to 0.4 mg (Fig. 3C). Finally,
different E2 concentrations, ranging from 10 nM to 30 pM, were tested using digestive gland
cytosol (0.1 mg proteins in the assay) as enzyme source, and the enzymatic activity was lineal over
the range of E2 concentrations tested (Fig. 3D).

Under the selected conditions (0.1 mg of proteins, pH 9.0, 100 nM E2, 1 hour incubation),
the sulfation of E2 by digestive gland cytosolic fractions was in the range of 0.5 to 20 pmol/h/mg
protein, and significant differences between control and exposed groups were observed (Fig. 4).
Exposed mussels (O and OAP group) had increased sulfotransferase activity, that ranged from 3.0
+ 0.7 pmol/h/mg protein in individuals from the C group, to 7.1 £ 2.0 and 8.5 + 2.6 pmol/h/mg
protein in exposed groups (O and OAP, respectively). These differences were statistically

significant (P<0.05), and indicated a strong effect of the North Sea oil on this conjugation activity.
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4. DISCUSSION

The analysis of steroids in this species showed higher levels of free steroids in gonads than
in peripheral tissues (18- and 91-fold, for T and E2, respectively), which supports the role of
gonads as a target tissue in steroid synthesis. In contrast, levels of esterified steroid were similar in
both tissues (1.6-9.6 ng/g w.w.), although they represented a higher proportion of the total levels of
steroids in the peripheral tissues (93-98%) than in the gonads (53-73%).
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Free steroid levels found in mussel gonads are in the same range of those reported for other
invertebrate species. Thus, levels of free testosterone of 1-3 ng/g wet weight have been reported in
the mud snail llyanassa obsoleta (Gooding et al., 2003); 0.7-1.2 ng/g wet weight have been
detected in the visceral coil of Bolinus brandaris (Morcillo and Porte, 1999), and 0.1-5.5 ng/g in
gonads of the sea star Asterias vulgaris (Hines et al., 1992). Similarly, free E2 levels are also in the
range of those reported in some gastropod (20-600 pg/g w.w. in Bolinus brandaris, Morcillo and
Porte, 1999) and echinoderm species (40-800 pg/g w.w. in Asterias vulgaris, Hines et al., 1992).

Exposure to North Sea oil caused a significant increase in free E2 levels in mussel
peripheral tissues, but had no effect in gonads or in free T levels. No effects on free steroid levels
were observed in OAP-exposed mussels. Aarab et al. (2004) reported that mussels exposed to
North Sea oil had increased expression of some phosphoproteins that corresponded to mussel
vitellogenin-like proteins. This increase, that was interpreted as an estrogenic effect caused by
North Sea Oil, might be linked to the increase in E2 levels observed in this study. In fact, E2 has
been shown to stimulate vitellogenin accumulation in oyster (Crassostrea gigas) oocytes (Li et al.,
1998).

Although levels of free steroids remained almost unaffected by exposure (apart from E2 in
mussels from the O-group), esterified steroids were significantly increased. Mussels from the OAP
group showed a 3-fold increase in esterified T and E2 in gonads, and a 2-fold increase in esterified
T in peripheral tissue. Fatty acid esterification is recognized as a major biotransformation pathway
for sex steroids in molluscs, since a massive biotransformation of testosterone and estradiol to fatty
acid conjugates has been reported for the gastropod I. obsoleta, and the bivalves C. virginica and
M. galloprovincialis (Gooding and LeBlanc, 2001; Janer et al., 2004; 2005a). The hypothesis exists
that fatty acid steroid conjugates may play a key role regulating physiological levels of free steroids
in tissues (Gooding and LeBlanc, 2004; Janer et al., 2005a). In fact, when the mussel M.
galloprovincialis was exposed to different concentrations of estradiol, most of the estradiol in the
tissues was detected as fatty acid esters (>78%), which sharply increased in a dose-dependent
manner (Janer et al., 2005a). Therefore, the increase in esterified steroid levels in gonads from
organisms exposed to the mixture of oil and alkylphenols (OAP-group) suggests that fatty acid
conjugation could act as a mechanism to maintain endogenous levels of steroids unchanged, and
that enhanced steroidogenesis could be occurring in OAP-exposed organisms. In fact, increases in
T production due to exposure to alkylphenols, as 4-tert-octylphenol, had been described in
vertebrates (Murono et al., 1999, 2001). Also in zebra mussel (Dreissena polymorpha), exposure to
municipal effluents where the majority of the compounds had estrogenic activity (E2, 170-
ethynylestradiol, bisphenol A and alkylphenol polyethoxylates) resulted in an increase in

cholesterol in tissues (Quinn et al., 2004), a precursor for the production on sexual steroids in M.
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edulis (De Longcamp et al., 1974). Thus, although the mechanism is still unknown, increased
cholesterol levels have the capacity of being converted into sexual steroids (Quinn et al., 2004).

P450-aromatase activity has been reported in several mollusc species (Morcillo et al., 1999;
Le Curieux-Belfond et al., 2001; Janer et al., 2005a) but the aromatization of androgens into
estrogens occurs at a very low rate (0.3 to 3.5 pmol/h/mg protein). P450-aromatase specific activity
was 3-fold higher in digestive gland than in gonads, indicating a more active role of this tissue in
the aromatization of androgens in the mussel M. edulis. It was significantly increased (3-fold) by
alkylphenols (OAP group) in both gonads and digestive gland. Similarly, vertebrate studies have
shown that some xenoestrogens, including PAHs and alkylphenols, can up-regulate and induce
P450-aromatase activity (Halm et al., 2002; Kishida et al., 2001; You et al., 2001; Kazeto et al.,
2004). The expression of CYP19A2, the aromatase isoform mainly expressed in neural tissues, was
enhanced in zebrafish (D. rerio) exposed to nonylphenol and benzo[a]pyrene (BaP) (Kazeto et al.,
2004). In M. galloprovincialis, Janer et al. (2005a) observed that P450-aromatase was significantly
reduced when organisms were exposed to low E2 concentration (20 + 2 ng/L) for 7 days, but the
trend was reversed at high E2 concentration (2988 = 730 ng/L), and organisms had significantly
higher P450-aromatase than controls. A decrease of androgen levels as a consequence of increased
estrogen production through up-regulation of aromatase enzyme activity might be hypothesized for
OAP exposed mussels. However, no such evidence was observed in terms of free or esterifed
steroids. In fact, testosterone was elevated in peripheral tissues of OAP-treated mussels, and both
esterified testosterone and estradiol were elevated in gonads. Thus, the question rises on whether
changes on aromatase activity —that is rather low in molluscs- would have a significant effect on
steroid levels and/or whether other mechanisms/pathways may contribute to a greater extent to
regulate steroid levels within the organism.

Actually, estradiol sulfation was significantly increased (up to 3-fold) in both O- and OAP-
exposed groups when compared to the control group. Sulfation of steroids may inhibit their
biological activity by decreasing their affinity for steroid receptors and increasing their rate of
elimination (Strott, 1996). Therefore, an alteration of sulfotransferase activity might also have
consequences in terms of endogenous levels of free steroids.

The susceptibility of sulfotransferases to modulation by Xenobiotics had already been
shown in several species. Sulfotransferase and UDP-glucuronosyltransferase, another phase 1l
enzyme, were up-regulated in channel catfish (Ictalurus punctatus) exposed to the model PAH (3-
methylcholanthrene) (Gaworecki et al., 2004). On the other hand, in vitro studies have generally
reported an inhibition of estradiol sulfation by alkylphenolic compounds. In fish studies,
alkylphenols acted as potent inhibitors of estrone sulfation in vitro, an apparent effect of chain
length was observed, the longer chain compounds being the most effective inhibitors in the chub

(Leuciscus leuciscus) (Kirk et al., 2003). 4-n-octylphenol and 4-n-nonylphenol exerted
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concentration-dependent inhibition on the sulfation of 17b-estradiol by zebrafish cytosolic
sulfotransferases (Ohkimoto et al., 2003). Nonylphenol inhibited estradiol sulfation by the liver
cytosolic fraction of Cyprinus carpio (Thibaut and Porte, 2004). Also, in mammals, the sulfation of
estradiol has been shown to be inhibited by several xenobiotics as hydroxylated PAHs inhibited the
human isoform SULT1E1 (Kester et al., 2000). However, apart from the present study, no data on
in-vivo effects of alkylphenol compounds is available to date.

Overall, these results indicate that both, North Sea oil and the mixture North Sea oil +
alkylphenols, can affect endogenous levels of steroids in mussels. North Sea oil leads to increased
levels of free E2 in peripheral tissues (gills and mantle) and increased activity of E2-
sulfotransferase in digestive gland, possibly as a regulatory mechanism to inactivate the excess of
estradiol. In mussels exposed to North Sea oil in combination with alkylphenols (OAP-group)
additional alterations were observed; namely, increased P450-aromatase activity, increased levels
of esterified steroids (T and E2) mainly in gonads but also in peripheral tissue (esterified T), and
increased sulfation of E2. Both, sulfation and esterification of steroids appear as potential
mechanisms to inactivate the excess of hormones induced by the combined exposure to
alkylphenols and oil. Thus, exposure of mussels to chemicals present in produced water can lead to
alterations on key biochemical pathways that could have physiological consequences for the
organisms but, nonetheless, mussels are able to maintain gonad concentrations of free (active)

steroids almost unaltered, possibly via homeostatic mechanisms.
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Abstract

Molluscs can conjugate a variety of steroids to form fatty acid esters. In this work, the
freshwater ramshorn shail Marisa cornuarietis was used to investigate sex differences in the
endogenous levels of esterified testosterone and estradiol and in the enzyme acyl-CoA:testosterone
acyltransferase (ATAT), which catalyzes the esterification of steroids. Testosterone and estradiol in
the digestive gland/gonad complex of M. cornuarietis were mainly found in the esterified form, and
males had higher levels of esterified steroids than females (4 to 10-fold). The ability of several
xenobiotics, namely, tributyltin (TBT), methyltestosterone (MT), and fenarimol (FEN) to interfere
with the esterification of testosterone and estradiol was investigated. The three compounds induced
imposex -appearance of male sexual characteristics in females-. Exposure to TBT led to a decrease
in both esterified testosterone (60-85%) and estradiol (16-53%) in females after 100 days exposure,
but had no effect on males. FEN and MT did not alter levels of esterified steroids in females or in
males, although exposed females developed imposex after 150 days exposure. The decrease in
esterified steroids by TBT was not directly related to a decrease in ATAT activity, which was
marginally induced in organisms exposed to TBT for 50 days (1.3-fold) and significantly induced
in males and females exposed to MT for 50 days (1.8- and 1.5-fold, respectively), whereas no

effect on ATAT activity was observed after 150 days exposure.

Keywords: esterification, testosterone, estradiol, gastropod, imposex, acyl-CoA acyltransferase
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1. Introduction

Sex steroids, such as progesterone, testosterone, and estradiol, are present in molluscs [1],
and several studies have demonstrated the ability of these organisms to synthesize sex steroids from
precursors, such as cholesterol or pregnenolone [2-5]. Proteins with a high binding affinity for sex
steroids have been found in Octopus vulgaris [6], and an estrogen receptor ortholog gene has been
sequenced in the mollusc Aplysia californica [7], suggesting that steroids might function via
interaction with steroid receptors in molluscs. In addition, rapid non-genomic effects of estradiol
have been demonstrated in mussel neural tissue (increase in nitric oxide release [8]) and in mussel
hemocytes (increase in calcium concentrations and changes in the phosphorylation of signal
transducers and transcription activators [9]). Although there are still important gaps of knowledge
concerning both genomic and non-genomic actions of steroids in molluscs, the above-mentioned
observations are suggestive of a physiological role of sex steroids in these organisms. Indeed,
various studies have indicated that steroids are involved in the control of mollusc reproduction and
sex differentiation. For example, estradiol induces the accumulation of vitellin in the gonads of the
scallop Patinopecten yessoensis [10]; testosterone administration to castrated male slugs (Euhadra
prelionphala) stimulates the production of male secondary sex characteristics [11]; and the
administration of testosterone to female gastropods results in the development of imposex with
extensive penis and vas deferens formation in these organisms [12-13]. In addition, steroid levels
vary in some species of molluscs in relation to the reproductive status [3,14-15].

Steroid levels within the organism are at least partially regulated by steroidogenesis and/or
biotransformation enzymes. Hydroxylation and polar conjugation (sulfation and glucuronidation),
which are major metabolic pathways for testosterone or estradiol in vertebrates, seem to play a
minor role in the metabolism of testosterone in molluscs [16-17]. Instead, shails metabolize most of
the testosterone into fatty acid conjugates in vivo [16]. Esterification is mediated by a microsomal
acyl-coenzyme A acyltransferase enzyme, which, in addition to testosterone [16], can conjugate
other steroids, such as estradiol and dehydroepiandrostenedione, with fatty acids [18].

Esterified steroids are not easily excreted from the organism, but stored in fatty tissues. In
mammalian species, they are considered potent long acting steroids because, in comparison to
unconjugated steroids, they are metabolized and excreted at a very low rate [19]. Esterified steroids
do not bind to receptors [20], but can be hydrolyzed by esterases, again liberating the active steroid
[19]. Recent studies suggest that esterification might be an important factor in regulating the levels
of free hormones in molluscs. Thus, Gooding and LeBlanc [15] showed that exogenous
testosterone increased the retention of testosterone as fatty acid esters in llyanassa obsoleta, while
unconjugated testosterone levels did not appreciably change. Similarly, exogenously administered

estradiol was extensively esterified by the mussel Mytilus galloprovincialis, whereas unconjugated
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estradiol levels remained almost unaltered [21]. The balance between conjugated and unconjugated
steroids also appeared to control the variations in unconjugated steroid levels during the
reproductive cycle. Thus, snails at the onset or end of the reproductive period had high levels of
free testosterone coincident with low levels of testosterone fatty acid-esters [15].

Xenobiotic compounds, such as tributyltin (TBT), have been shown to interfere with the
esterification of testosterone [22]. TBT is an organotin compound that causes imposex (imposition
of male genital characters in females) in several gastropod species at very low concentrations (few
ng/L) [23]. Recently, Gooding et al. [22] showed that females experimentally exposed to 10 ng/L
TBT for 3 months showed a lower ability to conjugate testosterone with fatty acid moieties; also,
females collected in an organotin-polluted site had lower levels of esterified testosterone than those
collected in a clean site.

Apart from these studies, there is no data available on endogenous levels of esterified
steroids in other mollusc species and/or what kind of pollutants can interfere with the fatty acid
esterification of sex steroids. Thus, this study was designed to further investigate the presence and
levels of sexual steroids (testosterone and estradiol) in the freshwater gastropod Marisa
cornuarietis. Free and esterified steroid levels, together with fatty acid conjugating activities, were
analyzed and potential sexual dimorphism in these parameters was assessed. In addition, we
investigated whether steroid levels were modulated by exposure to xenobiotic compounds and the
association with the phenomenon of imposex and other biological effects. Apart from TBT, two
other compounds, fenarimol (FEN) and methyltestosterone (MT), were selected for the study.

FEN is a widely used fungicide that has the potential to interfere with the endocrine system
through several mechanisms. It acts both as an estrogen agonist and an androgen antagonist, and it
is a potent aromatase inhibitor [24]. The complexity of FEN action hampers the prediction of its in-
vivo effects. Recently, FEN was reported to have an antiandrogenic effect in rats in vivo [25]. In
contrast, the effects observed in exposed fathead minnow did not reflect either aromatase inhibition
or androgen receptor antagonism [26]. In the snail Nassarius reticulatus, FEN has been shown to
induce imposex [27]. The other compound tested, MT, is a synthetic androgen with high affinity
for the mammalian androgen receptor [28] that has been shown to cause imposex in Marisa

cornuarietis [29].

2. Experimental

2.1 Chemicals
Tributyltin chloride, fenarimol, methyltestosterone, testosterone, and estradiol were
obtained from Sigma (Steinheim, Germany). [4-**C]testosterone (specific activity 50-60

mCi/mmol) was purchased from NEN Life Science Products, Inc. (Boston, MA).
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Radioimmunoassay (RIA) kits for testosterone and 17b-estradiol were obtained from Radim
(Rome, Italy). All solvents and reagents were of analytical grade, except tributyltin chloride (96%)

and methyltestosterone (above 98%).

2.2 Animals

Ramshorn snail, Marisa cornuarietis (Mollusca: Prosobranchia: Ampullariidae), is a
subtropical species, originally inhabiting stagnant and slow running freshwater bodies in the
northern part of South America. Because ramshorn snails were used as a biological control agent in
many tropical countries for molluscs (Biomphalaria glabrata) hosting trematodes known to induce
intestinal schistosomiasis, Marisa can also be found today in the Caribbean, Central and North
America, Africa, and Asia. The species is gonochoristic and oviparous, attaining a maximum shell
diameter of up to 5 cm. Juvenile snails hatch from the eggs after 8 to 13 days and reach sexual
maturity after 6 months. First spawning of females can be observed at an age of 8 months [30].

M. cornuarietis used in this study came from our laboratory breeding stock, which was
derived from a stock at Aquazoo Dusseldorf (Germany) in 1991 with regular crossbreeding of
wild-caught animals from Florida to avoid inbreeding. Although kept under constant conditions (cf.
2.3 below) M. cornuarietis exhibits a clear reproductive seasonality in our laboratory. During the
main spawning phase, from late October to early February, snails produce 61.8 + 21.6 eggs per
female and week (mean + standard deviation). This reproductive output is significantly higher than
egg production of 9.7 + 8.5 eggs per female and week during the rest of the year (Mann Whitney
test, p<0.0001).

2.3 Experimental design

Twenty-five males and 25 females (VDS Index: 0.5) from the laboratory cultures were
collected from March to June to assess sexual dimorphism in steroid levels and steroid metabolism.

For the exposure experiments, two replicate groups of 75 sexually mature snails each were
exposed to different nominal concentrations of TBT (0, 30, 60, 125, 250, and 500 ng as Sn/L), MT
(0, 30, and 300 ng /L), and FEN (0, 300, and 3000 ng/L) for 5 months (August 2003 to January
2004) in fully reconstituted water at 24+1°C in parallel. Chemicals were added in absolute ethanol;
the concentration of ethanol in water was 0.001% in all experimental groups, including the
controls.

Test concentrations for TBT, MT and FEN were selected based on reported values in the
aquatic environment and on results from earlier effect studies with M. cornuarietis and other
prosobranch species. TBT and MT had proven to induce imposex in ramshorn snails at nominal

concentrations above 50 ng as Sn/L [31] and 100 ng/L [29], respectively. In a sediment test with
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the netted whelk Nassarius reticulatus FEN induced imposex already at the lowest test
concentration of 300 ng/kg dry wt. [27].

Exposure experiments were performed as 24 h (weekends 48 h) semi-static renewal
systems in 60 L glass aquaria, provided with an Eheim power filter and additional aeration. Tests
were performed under constant conditions regarding temperature and light dark cycles (12 : 12 h).
Water parameters (pH, conductivity, temperature, nitrite, O, concentration, and saturation) were
measured twice a week per tank.

Mortality, numbers of eggs, clutches, and eggs per clutch in the tanks were recorded daily.
Fecundity parameters were corrected for number of females per tank by taking into consideration
the number of analyzed females as well as mortality data with an assumed 1 to 1 sex ratio. Forty
specimens were analyzed at the beginning of the experiment, and 40 animals from every exposure
group at day 50, 100, and 150 after the start of the experiment. Among them, 10 males and 10
females were cooled in ice and the digestive gland/gonad complex was dissected, deep-frozen in
liquid nitrogen, and stored at -80°C for determination of steroid levels and ATAT activity. The
remaining animals were narcotized (2.5% MgCl, in distilled water) and the individual shell and
aperture height of all animals were measured to the nearest 0.1 mm before the shell was cracked
and snails were removed. Malformations such as excrescences on genital and other organs were
recorded if present. The size of all sex organs (penis, penis sheath and penis pouch; albumen and
capsule gland) were measured to the nearest 0.1 mm under a dissection microscope, and the
imposex stage of individual females recorded as described by Schulte-Oehlmann et al. [31]. The
vas deferens sequence (VDS) index, calculated as the mean value of all imposex stages in a sample,

was used to measure imposex intensities during the experiments (see [31] for details).

2.4 Sex hormone analysis

Tissue levels of testosterone (T) and estradiol (E2) were analyzed in the digestive
gland/gonad complexes of M. cornuarietis as described in Janer et al. [21], with some
modifications. Briefly, individual tissue samples (0.3-0.5 g wet weight) were homogenized in
ethanol and frozen overnight at -80°C. Homogenates were then extracted three times with ethyl
acetate. The organic extract was separated into two aliquots for determination of free and total
steroid levels.

For the determination of free steroids, the ethyl acetate aliquot was evaporated under
nitrogen and redissolved in 80% methanol. This solution was then washed with petroleum ether to
remove the lipid fraction and evaporated to dryness. The dry residue was redissolved in Milli-Q
water and passed through a C18 cartridge, which was washed with milli-Q water (8 mL), dried, and
connected to a NH2 cartridge (Waters, Sep-Pack® Plus). The C18-NH2 system was then washed
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with hexane, and the steroids were eluted with dichloromethane:methanol (7 : 3). This fraction was
collected and evaporated to dryness (see [21] for details).

For the determination of total steroids (free + esterified), the ethyl acetate aliquot was
evaporated under nitrogen and processed as described by Gooding et al. [22]. The dry residue was
resuspended in methanol containing 0.1% KOH and kept at 45°C for 3 hours. After the
saponification step, milli-Q water was added, and the sample was extracted three times with
dichloromethane.

Dry extracts (free and total steroids) were resuspended in 50 mM potassium phosphate
buffer pH 7.6 containing 0.1% gelatin and assayed for estradiol and testosterone concentrations
using commercial *°1 RIA kits (Radim, Rome, Italy). Standard curves with the steroids dissolved
in the same phosphate buffer were performed in every run. The limits of detection of the method

were 30 pg/g for E2 and 75 pg/g for T.

2.5 Subcellular fractionation

Digestive gland/gonad complexes were homogenized in ice-cold 100 mM phosphate
buffer, pH 7.4, containing 100 mM KCI, 1.0 mM EDTA, 1.0 mM dithiothreitol, 0.1 mM
phenanthroline, and 0.1 mg/mL trypsin inhibitor. Homogenates were centrifuged at 12,000 g for
30 min. After centrifugation at 100,000 g for 60 min, the pellet was resuspended in the same buffer
and centrifuged again at 100,000 g for 60 min. Microsomal pellets were resuspended in a small
volume of 100 mM phosphate buffer, pH 7.4, containing 1.0 mM EDTA, 1.0 mM dithiothreitol, 0.1
mM phenanthroline, and 0.1 mg/mL trypsin inhibitor, and 20% w/v glycerol.

Protein concentrations were determined by the method described by Lowry et al. [32] using

bovine serum albumin as a standard.

2.6 Acyl-CoA:estradiol acyltransferase activity (ATAT)

Assays were carried out on the basis of methods described by Janer et al. [18] with some
modifications. Microsomal proteins (150 mg) were incubated in 100 mM sodium acetate buffer (pH
6.0) with 10 mM [**C]testosterone (150,000 dpm) or 10 pM [*H]estradiol (150,000 dpm), 100 mM
palmitoyl-CoA, and 5 mM MgCI2 in a final volume of 250 mL. The reaction was initiated by the
addition of palmitoyl-CoA, and samples were incubated for 30 minutes at 30°C. The reaction was
stopped by adding 2 mL of ethyl acetate and extracted twice. The ethyl acetate fraction was
evaporated to dryness, and the dry residue was redissolved in methanol and injected into the HPLC
system that consisted of a PerkinElmer Binary 250 LC pump system equipped with a 250 x 4 mm
LiChrospher 100 RP-18 (5 mm) reversed-phase column (Merck, Darmstadt, Germany) protected by
a guard column LiChrospher 100 RP-18 (5 mm). Separation of testosterone (or estradiol) and its

palmitoyl-ester was performed at 1.2 mL/min with a mobile phase composed of (A) 56% water
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containing 0.1% acetic acid (pH 3.0), 13% acetonitrile, and 31% methanol, and (B) 60%
acetonitrile and 40% methanol. The run consisted of 9 minutes of isocratic 100% A, 6 minutes of a
linear gradient from 100% A to 100% B, and 25 minutes of isocratic 100% B. Chromatographic
peaks were monitored by on-line radioactivity detection with a Radioflow detector LB 509
(Berthold Technologies, Bad Wildbad, Germany) using Flo Scint 3 (Packard BioScience,
Groningen, The Netherlands) as scintillation cocktail. Metabolites were quantified by integrating
the area under the radioactive peaks and identified by comparison of the retention times with

authentic standards.

2.7 Statistical procedures

Results are mean values £ SEM. Statistical significance was assessed by using one way
ANOVA (Dunnett’s test for differences from control) for steroid levels and ATAT activities, the
Weir test for incidence of imposex, and the Mann Whitney test for seasonal differences in egg
production. Data was log transformed when distribution was not normal (Kolmogorov-Smirnov
test). EC10 were calculated with a Weibull distribution model (GraphPad Prism 4.02, San Diego,
CA).

3. Results

3.1 Total, free, and esterified steroids in digestive gland/gonad complexes

Steroid levels were determined with and without a mild saponification step in the digestive
gland/gonad complexes of adult male and female M. cornuarietis sacrificed from March to June
(low spawning period). In the absence of the saponification step, unconjugated steroids (free) were
determined; free steroids were in the range of 30 to 198 pg estradiol/g tissue and 127 to 2886 pg
testosterone/g. Levels of free estradiol were 1.5-fold higher in males than in females (p<0.05),
whereas the levels of free testosterone were similar in both sexes (Table 1). As a result of this, the
ratio between free T and E2 was lower in males than in females (7.0 £ 0.9 vs. 12.7 £ 2.1).

When a mild saponification step was applied to the extraction procedure, the ester bounds
of steroid metabolites were cleaved, and total steroids (including both esterified and free steroids)
were measured. Total steroid levels were significantly higher in males than in females (4- and 7-
fold for estradiol and testosterone, respectively, p<0.05). Total estradiol was in the range of 2.7 to
67.8 ng/g in males and 1.0 to 13.1 ng/g in females, and total testosterone ranged from 5.1 to 42.2
ng/g in males and 1.8 to 5.7 ng/g in females. Most of the sex steroids extracted from M.
cornuarietis digestive gland/gonad complexes were in the esterified form, and free steroids only
represented a minor proportion of the steroids extracted from the tissue. In addition, the proportion

of testosterone found as fatty acid esters was higher in males (96 £ 1%) than in females (69 £ 4%,
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p<0.05). The proportion of estradiol in an esterified form was even higher, representing >98% of
total estradiol levels in both males and females (Table 1). The differences observed in total steroid
levels between males and females were due to sex differences in esterified steroids levels (4- to 10-
fold higher in males than in females).

Table 1. Steroid levels (total, free and esterified) in the digestive gland/gonad complex of M. cornuarietis
(male and female). Values are mean = SEM (n=20-21) expressed in ng/g w.w. Significant differences

between males and females are indicated by * (Student's t-test, p<0.05).

Males Females

Testosterone

Free 08+0.1 1.0+0.1

Total 228+1.9 3.3+0.2*

Esterified 220+1.9 2.3 +0.2*

% esterified 96.0+0.7 69.6 £ 4.4*
Estradiol

Free 0.12+0.01 0.08 £ 0.01*

Total 252141 5.7+0.8*

Esterified 25.1+4.1 56 £0.7*

% esterified 99.2+0.2 98.2 +0.2*

3.2 Acyl-CoA:steroid acyltransferase

The activity of acyl-CoA acyltransferase, the enzyme that converts steroids to steroid-fatty
acid esters, was determined in microsomal fractions isolated from digestive gland/gonad complexes
of M. cornuarietis collected from March to June (low spawning season). Acyl-CoA acyltransferase
activity was first measured using both testosterone and estradiol as substrates to determine whether
both compounds were similarly conjugated with palmitic acid. The formation rates of testosterone-
and estradiol-palmitoate were similar (19 to 69 pmol/min/mg protein for testosterone and 24 to 105
pmol/min/mg protein for estradiol), and a significant correlation (r*= 0.87, p<0.05) was observed
between the activities determined using testosterone and estradiol as substrates (Figure 1).
Thereafter, only acyl-CoA:testosterone acyltransferase (ATAT) was determined along the different
experimental treatments.

ATAT activity was measured in male and female M. cornuarietis in order to investigate
whether the higher levels of esterified steroids detected in males were related to higher conjugating
rates. However, ATAT activity determined in males and females was similar (36 £ 5 and 39 + 5

pmol/min/mg protein, respectively, n=16).
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Figure 1. Relationship between the acyl-CoA:estradiol acyltransferase activity and acyl-CoA:testosterone
acyltransferase activity evaluated in microsomal fractions isolated from digestive gland/gonad complex of

Marisa cornuarietis.

ATAT activity was measured in male and female M. cornuarietis in order to investigate
whether the higher levels of esterified steroids detected in males were related to higher conjugating
rates. However, ATAT activity determined in males and females was similar (36 £ 5 and 39 + 5

pmol/min/mg protein, respectively, n=16).

3.3 Imposex and other biological effects induced by TBT, fenarimol and methyltestosterone

Exposure to different concentrations of TBT, FEN, and MT significantly induced imposex
in females of M. cornuarietis (Table 2). TBT was the most potent of the three compounds tested,
and females exposed to the highest concentration (500 ng as Sn/L) developed imposex after 50
days exposure. At the end of the exposure experiment (150 days), females exposed to all TBT
concentrations (30 to 500 ng as Sn/L) and to the highest concentration of FEN (3000 ng/L) and MT
(300 ng/L) had significantly higher imposex intensities than controls. The VDS index recorded in
females after 150 days of exposure to MT (300 ng/L; VDS: 1.5) and FEN (3000 ng/L; VDS: 1.9)
was in the range of those VDS index recorded for medium and low TBT concentrations (30 to 125
ng as Sn/L; VDS: 1.5 to 1.9). The highest potency of TBT in inducing imposex is supported by the
EC,o for the 3 test compounds with values of 4.16 ng as Sn/L, 26.6 ng/L and 30.0 ng/L for TBT,
FEN and MT, respectively.

The concentration ranges of the compounds tested in the experiment did not affect
mortality, the size of sex organs in males or females (except for the development of imposex), but
caused a significant reduction of fecundity. The clutch size (number of eggs per clutch), number of
clutches per female and number of eggs per female were significantly lower in all exposure groups
when compared with controls (one way ANOVA with Dunnett’s test, p<0.05), so that the LOEC
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(lowest observed effect concentration) was 30 ng/L for each of the three compounds. EC,, values
for egg production were 18.1 ng as Sn/L, 11.4. ng/L and 1.73 ng/L for TBT, FEN and MT,
respectively, indicating that MT was the most potent compound inhibiting reproduction.

Table 2. VDS index in the different experimental treatments. Number of females (n) is shown in brackets.

Significant differences versus control indicated by * (Weir-test, p<0.05).

Concentration Exposure length

(ng/L) 50 days 100 days 150 days

Control 0.7 (9) 0.7 (17) 0.7 (25)

TBT 30 0.6 (9) 1.5 (18)* 1.5 (12)*
60 0.7 (10) 1.9 (16)* 1.9 (14)*

125 0.8 (15) 1.4 (25) 1.5 (21)*

250 1.2 (17) 1.6 (22)* 2.2 (21)*
500 2.2 (19)* 2.4 (22)* 2.4 (31)*

Fenarimol 300 0.5 (11) 0.7 (15) 1.1 (20)*
3000 0.9 (8) 1.3 (20) 1.9 (14)*

MT 30 0.8 (15) 1.0 (23) 0.9 (17)
300 0.8 (18) 1.2 (16) 1.5 (14)*

3.4 Effect of TBT, fenarimol, and methyltestosterone on steroid levels

Esterified testosterone levels were measured in snails exposed for 100 days to a range of
concentrations of TBT, MT, and FEN. Exposure of M. cornuarietis to TBT led to a significant
decrease of esterified testosterone in females, whereas no significant effect was observed in males
(Figure 2). The observed decrease was specific for TBT exposure, since neither MT nor FEN led to
a significant change in esterified testosterone levels (Figure 2).

In addition, esterified estradiol was determined in the different treatment groups in order to
investigate whether TBT specifically reduced the levels of esterified testosterone or affected those
of other sex steroids. Esterified estradiol was also significantly decreased in females exposed to
125 and 500 ng/L TBT, although this decrease (~50%) was not as pronounced as that observed for
esterified testosterone (75-85%). Females exposed to MT (30 and 300 ng/L) showed a marginal,
although not significant, decrease in esterified estradiol levels, and no effect was observed in males

or in FEN exposed organisms, irrespective of sex (Figure 2).
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Figure 2. Esterified testosterone (top) and estradiol (bottom) levels determined in the digestive gland/gonad
complex of Marisa cornuarietis exposed to different concentrations of TBT, fenarimol, and MT for 100 days.
Values are mean + SEM (n= 4). C: control; FEN: fenarimol. Significant differences versus control are
indicated by * (ANOVA, Dunnett's test, p<0.05).

Thereafter, levels of free (unesterified) testosterone and estradiol were measured in control
and exposed animals to investigate whether the changes in esterified steroids affected endogenous
levels of free steroids. Levels of free testosterone (0.8 - 1.1 ng/g) and estradiol (0.016 - 0.012 ng/g)
were in the range of the values previously determined in this study in specimens collected during
the low spawning season (see Table 1) and were not significantly affected by exposure.
Nevertheless, the decrease in esterified testosterone levels induced by TBT resulted in an increase
in the proportion of free out of total testosterone that was present in female M. cornuarietis (Figure
3). This effect was not observed in males exposed to TBT, which showed a non-significant
tendency to a lower proportion of free testosterone. Exposure to MT or FEN did not significantly
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alter the proportion of free out of total testosterone in males or in females (Figure 3). The
proportion of estradiol found in free form was not significantly affected in those experimental
groups (0.2 to 0.5% in males and 0.5 to 1.5% in females). Finally, the ratios of free T versus free
E2 were evaluated in exposed animals, and no significant differences between controls and exposed
organisms were observed, despite a trend towards higher T/E2 ratios in both males and females
exposed to TBT and MT (Figure 4).
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Figure 3. Proportion of testosterone unesterified out of the total testosterone (esterified + unesterified) in the
digestive gland/gonad complex of Marisa cornuarietis exposed to different concentrations of TBT,
fenarimol, and MT for 100 days. Values are mean + SEM (n= 4). C: control; FEN: fenarimol. Significant
differences versus control are indicated by * (ANOVA, Dunnett’s test, p<0.05).
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Figure 4. Ratios between free testosterone and free estradiol levels determined in the digestive gland/gonad
complex of Marisa cornuarietis exposed to different concentrations of TBT, fenarimol, and MT for 100 days.
Values are mean = SEM (n= 4). C: control; FEN: fenarimol. No significant differences versus control were
observed (ANOVA, Dunnett’s test, p>0.05).
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3.5 Effects of xenoandrogens on ATAT activity

ATAT activity was measured in microsomal fractions isolated from digestive gland/gonad
complexes of M. cornuarietis exposed to different concentrations of TBT, MT, and FEN for 50
days. These animals were collected in late October, during the high spawning season, and ATAT
activity in all the organisms, including the control group, was up to 5-fold higher than in those
collected in the period March to June —low spawning season- (see Table 1). In addition, significant
sex differences were observed, males showing higher activities (168 + 18 pmol/min/mg protein,

n=12) than females (90 £ 7 pmol/min/mg protein, n=10).
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Figure 5. ATAT activity determined in microsomal fractions isolated from the digestive gland/gonad
complex of Marisa cornuarietis exposed to different concentrations of TBT, FEN, and MT for 50 days
(males and females) and 150 days (females). Values are the mean + SEM (n = 5-6 for females; n = 6 for

males). C: control. Significant differences versus control are indicated by * (ANOVA, Dunnett’s test,

p<0.05).
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ATAT activity was significantly induced in males and females exposed to MT for 50 days
(Figure 5). This induction was concentration-dependent and was higher in females than in males
(1.8- and 1.5-fold increase vs. controls in females and males, respectively). ATAT activity
measured in MT exposed females (175 £ 14 pmol/min/mg protein) increased up to the values
recorded in control males (163 £ 15 pmol/min/mg protein). Exposure to high TBT concentrations
(250-500 ng as Sn/L) also induced ATAT activity in males and females, although the increase was
only statistically significant in males exposed to 500 ng/L TBT (1.3-fold increase vs. controls). No
statistically significant effect was observed for FEN.

ATAT activity was further determined in females after 150 days exposure to the different
chemicals. However, the increase in ATAT activity in MT- and TBT-exposed females was no

longer observed (Figure 5).

4. Discussion

This study shows that most of the testosterone in M. cornuarietis digestive gland/gonad
complex extracts is found in an esterified form, confirming previous findings in another gastropod
species, llyanassa obsoleta [15,22]. In addition, it also shows that estradiol is found mainly in an
esterified form. Thus, free (unesterified) testosterone represented only 4-30% of the total
testosterone measured in the snail tissue, and free estradiol represented 1-2% of total estradiol.

Additionally, the levels of esterified steroids were considerably higher in males than in
females, independently of the sampling season (see Table 1 and Figure 2). However, the observed
differences in esterified steroid levels were not directly associated to corresponding differences in
free steroid levels, i.e., the 4- to 10-fold lower levels of esterified steroids in females when
compared to males did not co-occur with markedly higher levels of free steroids in females. Indeed,
free steroid levels did not show a clear sexual dimorphism (Table 1). The levels of free steroids
measured in this study were similar to the values reported by Schulte-Oehlmann et al. [31] in
females of M. cornuarietis: 500 to 1900 pg free T/g and 20 to 120 pg free E2/g. Similarly to
vertebrates, sex differences in the levels of free steroids during the reproductive season have been
found in the echinoderm Asterias rubens for progesterone and estrone [33] and in the metazoan
Remilla koellikeri for estradiol [34], but there is no clear evidence of such a dimorphism in
molluscs for progesterone [14,35], testosterone, or estradiol ([10], Porte C, personal
communication). Nevertheless, more detailed studies (several samplings along the reproductive
cycle) are needed to conclude whether sex differences in free steroids do or do not occur in M.

cornuarietis.
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The equilibrium between esterified and free steroids is probably determined by the action
of acyl-CoA steroid acyltransferases and steroid-fatty acid esterases. Existing evidence suggests
that acyltransferases specific for sex steroids do exist in mammals: the acyl-CoA acyltransferase
enzyme that esterifies cholesterol is not responsible for the esterification of testosterone,
dehydroepidandrostenedione, or estradiol [36], and the enzyme that forms corticosterone esters is
different from the one that produces estradiol esters [37]. Nevertheless, sex steroid acyltransferases
have not yet been fully characterized, and it is uncertain whether they are specific for a single sex
steroid or if they can conjugate different sex steroids. In this study, a significant correlation
(p<0.05) was observed between testosterone and estradiol esterification, possibly indicating that a
single enzyme conjugates both steroids. In a previous work, a similar profile of fatty acid esters
was found when C. virginica digestive gland microsomes were incubated with estradiol and
dehydroepiandrosterone in the presence of ATP and coenzyme A (endogenous esterification); and
similar conjugation rates and affinity parameters were calculated with different fatty acyl-
coenzyme A [18], which supports the hypothesis that a single enzyme conjugates different sex
steroids and that it can do so with different fatty acid moieties.

Sexual differences in ATAT activity were only detected during the main spawning season
(samples collected from August to January, exposure experiment), and not during the low
spawning period (samples collected form March to June, characterization study); the observed
differences (2-fold higher specific activity in males) were not as pronounced as those in esterified
steroid levels (4- to 10-fold higher levels in males).

Both free and esterified steroid levels have been shown to follow seasonal variations in
snails and the highest proportion of steroids conjugated to fatty acids was found during the
reproductive period (Gooding and LeBlanc, 2004). Similarly, in this study, esterified steroid levels
were higher in males and females collected during the high spawning season —exposure
experiment- (Figure 2), than in those collected from March to June —low spawning season- (Table
1). Nevertheless, no significant differences in levels of free steroids between animals collected in
both seasons were observed.

Apart from sex and seasonal variations along the biological cycle, certain contaminants can
alter levels of free and esterified steroids. Thus, females exposed to TBT for 100 days showed a
significant decrease in esterified steroids; the decrease in esterified testosterone was greater than
that of esterified estradiol. These changes in esterified steroid levels were not accompanied by
statistically significant changes in free steroids, although a higher proportion of testosterone in the
free form and a trend towards a higher free testosterone/estradiol ratio was observed in TBT-
exposed females (Figures 3 & 4). The relatively low sample size per sex and exposure group (n=4)
in combination with the high inter-individual variability observed in the levels of free steroids

might have prevented the detection of statistically significant differences in those parameters. In
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accordance with the trend observed for the testosterone/estradiol ratio, earlier studies had reported
an increase in free testosterone levels in TBT exposed female snails [12-13,22] and in free
testosterone/ free estradiol ratios [31]. On the other hand, the finding that TBT decreased esterified
testosterone levels confirms previous indications that exposure to TBT might impair the ability of
females to esterify testosterone. Thus, I. obsoleta exposed to TBT (10 ng/L) for 3 months
conjugated less testosterone to fatty acid esters [22].

The decrease in esterified steroids was specific for TBT-exposed females, as no changes in
esterified steroids were observed in TBT-exposed males. Neither MT nor FEN exposure led to a
significant alteration of esterified steroids. However, exposure to all three compounds caused the
development of imposex and a reduction of fecundity in M. cornuarietis. TBT was the most potent
compound in the induction of imposex, with an EC,4 (4.16 ng/L), 6- to 7-fold lower than those for
FEN or MT, whereas MT was the most potent compound affecting fecundity parameters with an
ECy (1.73 ng/L), 7- to 10-fold lower than those for FEN or TBT.

Thus, although the association between the decrease of esterified steroids in females and
TBT exposure is clearly demonstrated, the relationship between the observed decrease in esterified
steroids and the development of imposex -measured as an increase in the VDS index- is
guestionable. After 100 days exposure (when steroids were determined) a significant increase in the
VDS index was observed in females exposed to 30 and 500 ng/L TBT (VDS = 1.5 and 2.4,
respectively), but not in those exposed to 125 ng/L (VDS = 1.4). At that time, the VDS index in
females exposed to the highest concentrations of MT (300 ng/L) and FEN (3000 ng/L), which
showed no decrease in esterified steroids, were of 1.2 and 1.3 vs 0.7 in controls (Table 2).

Additionally, the precise mechanism by which TBT decreases the esterification of
testosterone and estradiol in M. cornuarietis is not well established. A previous work did
demonstrate that TBT had a rather low inhibitory effect on ATAT activity in-vitro, the enzyme
responsible for the fatty acid esterification of testosterone [17], and we have observed here that
TBT does not suppress levels of the microsomal enzyme, as determined through enzymatic assays
following in vivo exposure to TBT. In fact, exposure to TBT (and MT) had an opposite effect, since
both compounds significantly induced ATAT activity after 50 days exposure. The possibility
remains that prolonged exposure to TBT is required for either inhibition or suppression of the
enzyme. Nevertheless, after 150 days exposure the induction was no longer evident and no
significant effect was observed, even though all three chemicals have caused the development of
imposex. Thus, other factors, such as esterases or the availability of cofactors (i.e., fatty acids and
acyl-CoA) that might regulate the equilibrium between free and esterified steroids, might have been
affected by TBT-exposure and have led to reduced levels of esterified steroids in females. Apart
from alterations in the esterification of sex steroids, other hypotheses exist to explain the

mechanism of imposex induction. For instance, TBT might inhibit aromatase activity leading to a
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decrease in the ratio estradiol/testosterone in female snails as a result of TBT exposure [31], as
suggested in this study (Figure 4). In addition to alterations in steroid hormones, TBT might induce
imposex by increasing the secretion of a neuropeptide, a penis morphogenic factor, in female snails
[38]. Recently, TBT was shown to bind the RXR receptor in the snail Thais clavigera, and the
exposure to the RXR ligand 9-cis retinoid acid led to the appearance of imposex in this snail
species [39]. The function of RXR in molluscs is not known, however, in vertebrates RXR
dimerizes with several other nuclear receptors, including those involved in lipid metabolism [40-
42]. Therefore, it might be expected that an interaction of TBT with the RXR receptor led to
alterations in lipid profiles and indirectly to alterations in the esterification of steroids.

The physiological role of esterified steroids can only be speculated. Recent studies showed
that esterification might act as a homeostatic mechanism in molluscs to help them to maintain
levels of free steroids stable [15,21]. In addition to the regulation of free steroids, the high levels of
esterified steroids present in snails and the sexual dimorphism observed in the present study
support the hypothesis that esterified steroids may have a physiological function. In insects,
ecdysteroid esters are transferred to the eggs where they may represent a storage form of
ecdysteroid hormone, which supplies free steroid during embryogenesis [43,44]. Thus, it might be
that M. cornuarietis females transferred esterified steroids to their eggs, leading to lower levels of
esterified steroids in maternal tissues. Indeed, levels of testosterone fatty acid esters in I. obsoleta
were lowest at the end of the egg laying period, and then, most testosterone was found in the free
form [15], which might be indicative of the transfer of esterified steroid to the developing embryo.

In conclusion, this study shows that esterified testosterone and estradiol are major steroids
in digestive gland/gonad extracts of M. cornuarietis. These steroids are present at much higher
levels in males than in females, and, in females, they are decreased by exposure to the organotin
TBT, but not to other xenobiotics, such as FEN or MT. Additional studies are needed to fully
understand the role of esterified steroids in M. cornuarietis, the physiological consequences of the
strong reduction induced by exposure to TBT, and the possible connection of this reduction to the

endocrine disrupting properties of TBT.
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ABSTRACT

In a recent study, we demonstrated that androstenedione was mainly converted to
testosterone (T) and 5a-dihydrotestosterone (DHT) by microsomal fractions isolated from male
Marisa cornuarietis, whereas it was primarily metabolized to 5a-dihydroandrostenedione (DHA)
by females. In the present work, the sexual dimorphic metabolism of androstenedione was further
investigated, and attributed to a higher 17b-hydroxysteroid dehydrogenase activity in males than in
females. Thereafter, the hypothesis was tested that the metabolism of androstenedione might be
affected by exposure to tributyltin (TBT) and triphenyltin (TPT), which are known to induce the
development of imposex in several gastropod species. The in vitro metabolism of androstenedione,
particularly the formation of DHA and DHT, was inhibited by both compounds. In vivo
experiments showed no significant alteration in the metabolism of androstenedione in males, but a
marginal (TBT) and a significant (TPT) inhibition of the formation of DHA in females exposed for
150 days to concentrations that had significantly induced imposex. The ratio DHT+T/DHA, a
possible indicator of metabolic androgenization, tended to increase (0.43 vs. 0.35, p=0.06) in
females exposed to TPT for 50 days. However, these ratios never reached values comparable to

those found in males (11 + 1), regardless of their imposex condition.

Keywords: androstenedione, steroidogenesis, organotin, imposex, gastropod
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1. INTRODUCTION

A recent study demonstrated that in contrast to vertebrates and other invertebrates, which
readily metabolize androstenedione to T through a 17b-hydroxysteroid dehydrogenase (17b-HSD)
catalyzed pathway [1], microsomal fractions isolated from digestive gland/gonad complex of the
freshwater ramshorn snail Marisa cornuarietis, metabolized androstenedione mainly to 5a-
dihydroandrostenedione (DHA) in females, and to 5a-dihydrotestosterone (DHT) and testosterone
(T) in males [2].

Androstenedione has been detected in different invertebrate species and tissues [3-6]. In the
mussel Mytilus edulis, androstenedione was one of the sex steroids found at highest concentrations
[6]. Although it is not considered an active androgen in vertebrates due to its low affinity for the
androgen receptor, it can be converted to T by the action of 17b-HSD [1]. The function of sex
steroids in molluscs is not well known, however, there are indications that androgens are involved
in mollusc reproduction and sex differentiation. For example, T administration to castrated male
slugs (Euhadra prelionphala) stimulated the production of male secondary sex characteristics [7]
and caused female gastropods to develop imposex with extensive penis and vas deferens formation
[8-10]. Other vertebrate androgens, such as 11-ketotestosterone (11-kT) and DHT, stimulated
spermatogenesis in male slugs [11]. In addition, T levels vary in some molluscs species in relation
to the reproductive status of the organisms [12-13].

Apart from T, very low concentrations of organotin compounds (few ng/L) have been
reported to induce imposex in female gastropods [14]. Besides, some studies have shown that T
levels are elevated in female gastropods exposed to organotin compounds [8-9,15]. Based on these
observations, several studies have investigated the possible interferences of organotin compounds
with the metabolism of T, as a potential mechanism leading to alterations in T levels, and
consequently to the induction of imposex. In vitro studies showed that TBT inhibited the oxidative
metabolism of T and the aromatization of androgens in bivalve molluscs [16-17]. Similarly, the
aromatization of T to estradiol [18-19], and its conjugation with sulphate [20] or fatty acid groups
[15] were shown to be inhibited in female gastropods exposed to organotin compounds or
inhabiting organotin polluted sites. Nevertheless, there is no available information on the effect of
organotin compounds on the formation of T from precursors, such as androstenedione, which might
as well regulate the levels of T and other androgenic metabolites within the organism. In addition,
the finding that androstenedione is metabolized in a sexually dimorphic manner in M. cornuarietis,
raises the hypothesis that alterations in this pathway might have consequences in sex differentiation
and/or that imposex females might have a masculinized metabolism of androstenedione. Indeed,
the metabolism of androstenedione is the only sexual dimorphic pathway detected so far in

gastropods, since neither aromatization nor sulfation of T showed any clear sexual dimorphism in
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M. cornuarietis, and only transient differences were found in the conjugation rate of T with fatty
acid moieties (Janer et al., unpublished data).

Thus, in this study, we further characterized the metabolism of androstenedione in male
and female M. cornuarietis by looking at the kinetics of the enzymatic reactions. Thereafter, we
investigated whether the metabolism of androstenedione could be modulated in vitro and in vivo by
organotin compounds. To this end, male and female M. cornuarietis were exposed to different
concentrations of TBT and TPT (30 to 500 ng as Sn/L) for up to 150 days and the metabolism of

androstenedione together with the development of imposex were evaluated.

2. MATHERIAL AND METHODS

2.1. Chemicals

Tributyltin chloride (TBT) was obtained from Sigma (Steinheim, Germany) and
triphenyltin chloride (TPT) was purchased from Merck (Darmstadt, Germany). [1b-*H]-
androstenedione (15-30 Ci/mmol) was purchased from Perkin Elmer Life Sciences (Boston, MA,
USA). Unlabeled steroids were obtained from Sigma (Steinheim, Germany), and Steraloids Inc
(Wilton, NH, USA). NADPH was obtained from Sigma (Steinheim, Germany). All solvents and
reagents were of analytical grade, except TBT (96%) and TPT (for synthesis).

2.2. Animals

Ramshorn snails, Marisa cornuarietis (Mollusca: Prosobranchia: Ampullariidae), came
from our laboratory breeding stock which was derived from a stock at Aquazoo Ddusseldorf
(Germany) in 1991 with regular cross-breeding of wild-caught animals from Florida (USA) to

avoid inbreeding.

2.3. Design of exposure experiments

Exposure experiments were performed as 24 h (weekend 48 h) semi-static renewal systems
in 60 L glass tanks, provided with an Eheim filter system and additional aeration. Tests were
carried out under constant conditions regarding temperature and light dark cycle (12 : 12 h). Water
parameters (pH, conductivity, temperature, nitrite, O, concentration and saturation) were measured
twice a week.

For the exposure experiments, two replicate groups of 75 sexually mature snails each were
exposed to different nominal concentrations of both TBT and TPT (30, 60, 125, 250 and 500 ng as
Sn/L for five months in fully reconstituted water at 24 + 1°C. Chemicals were added in absolute

ethanol; the ethanol concentration was of 0.001% in all exposure groups, including control.



-180 - Chapter 3

At least 40 specimens were analyzed both at the beginning of the experiment and from
every exposure group at day 50 and 150 after the start of the experiment for determination of
imposex. From these, 10 males and 10 females were cooled in ice, the digestive gland/gonad
complex was dissected, deep-frozen in liquid nitrogen and stored at —80°C for determination of
androstenedione metabolism. The remaining animals were narcotized (2.5% MgCl, in deionised
water). Individual shell and aperture height of all animals were measured to the nearest 0.1 mm
before the shell was cracked and snails were removed. The extension of all sex organs were
measured to the nearest 0.1 mm under a dissection microscope and the imposex stage of individual
females recorded as described by Schulte-Oehlmann et al. [21]. The vas deferens sequence index
(VDSI), calculated as the mean of imposex stages in a sample or population, was used to measure

imposex development during the experiment (cf. Schulte-Oehlmann et al. [21] for details).

2.4. Sample preparation

Digestive gland/gonad complexes were homogenized in ice-cold 100 mM phosphate buffer
pH 7.4 containing 100 mM KCI, 1.0 mM EDTA, 1.0 mM dithiothreitol, 0.1 mM phenanthroline,
and 0.1 mg/mL trypsin inhibitor. Homogenates were centrifuged at 12,000-g for 30 min. After
centrifugation at 100,000-g for 60 min, the pellet was resuspended in the same buffer and
centrifuged again at 100,000-g for 60 min. Microsomal pellets were resuspended in a small volume
of 100 mM phosphate buffer pH 7.4, containing 1.0 mM EDTA, 1.0 mM dithiothreitol, 0.1 mM
phenanthroline, and 0.1 mg/mL trypsin inhibitor, and 20% w/v glycerol.

Protein concentrations were determined by the method described by Lowry et al. [22],

using bovine serum albumin as a standard.

2.5. Androstenedione metabolism

Androstenedione metabolism was assessed by incubating microsomal proteins (150-200
mg) in 10 mM potassium phosphate buffer pH 7.4, containing 1.0 mM EDTA, 0.2 mM [*H]-
androstenedione (150,000 dpm), and 1.0 mM NADPH, in a final volume of 250 mL. 0.01 to 10 mM
[*H]-androstenedione (150,000-300,000 dpm) was used for kinetic analysis. The reaction was
initiated by the addition of NADPH and incubated in constant shaking for 60 min at 30°C.
Incubations were stopped by adding 250 pL of acetonitrile and after centrifugation (1,500-g, 10
min), 200 pL of supernatant were injected onto the RP-HPLC column.

In order to investigate the metabolic fate of DHT, T, and DHA, the three metabolites were
enzymatically generated by using digestive gland/gonad complex microsomes of Marisa
cornuarietis, purified by HPLC, and further incubated with digestive gland/gonad complex
microsomes of M. cornuarietis as described for androstenedione (0.02-0.04 mM; 15,000-30,000

dpm per incubation).
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2.6. In vitro effect of organotin compounds on the metabolism of androstenedione

To evaluate the effect of TBT and TPT on androstenedione metabolism, microsomes were
pre-incubated for 5 min in the presence of different concentrations of the chemicals (0.01, 0.1, 1.0,
and 10 mM). The organotins, dissolved in ethanol, were added into the test tubes, evaporated, and
redissolved in assay buffer; the microsomal proteins were added and incubated for 5 min.

Thereafter, androstenedione metabolism was assessed as described in 2.4.

2.7. HPLC-radiometric detection

Separation of androstenedione metabolites was performed as described in Janer et al. [2] on
a Perkin Elmer Binary LC pump 250 system equipped with a 250 x 4 mm LiChrospher 100 RP-18
(5 um) reversed-phase column (Merck, Darmstadt Germany) protected by a guard column
LiChrospher 100 RP-18 (5 um). The mobile phase (1 mL/min) was composed of (A) 75% water
and 25% acetonitrile and (B) 25% water and 75% acetonitrile. The run consisted on a linear
gradient from 100% A to 100% B (0-30 min), followed by isocratic mode 100% B (5 min), linear
gradient from 100% B to 100% A (5 min), and isocratic mode 100% A (5 min). Radioactive
metabolite peaks were monitored by online radioactivity detection with a Radioflow detector LB
509 (Berthold Technologies, Bad Wildbad, Germany) using Flo-Scint 3 (Packard BioScience,
Groningen, The Netherlands) as scintillation cocktail. Metabolites were quantified by integrating
the area under the radioactive peaks.

2.8. Data analysis

The Michaelis-Menten  parameters (Km and Vmax) were estimated as
Y=Vmax*X/(Km+X) using the kinetics module of Prism 4 (GraphPad Software, San Diego,
California, USA). Statistical significance was assessed by ANOVA with Dunnett’s test for
differences from controls (in vitro androstenedione metabolism), Student’s t-test (in vivo

androstenedione metabolism) and by Weir test (imposex index) at a level of significance p<0.05.

3. RESULTS

3.1. The metabolism of androstenedione in Marisa cornuarietis

The metabolism of androstenedione by microsomal fractions isolated from the digestive
gland/gonad complex of M. cornuarietis led mainly to the formation of DHA in females and to T
and DHT in males (Table 1). Interestingly, the ratio 17b-reduced metabolites (DHT and T) versus

DHA was, in all cases, much higher in males (3 to 42) than in females (0.13 to 0.78), regardless of
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their sampling time. Individuals for this study were sampled in the months of March to June and
September to December.

The detected metabolites (DHA, DHT and T) were collected from the HPLC system and
further incubated with male and female microsomal fractions for 60 min at concentrations of 0.02
to 0.04 mM. Under these experimental conditions, DHA (the major metabolite detected in females)
was metabolized to DHT, both in males and females, but this conversion was faster in males (92
3% of the DHA metabolized to DHT, n=4) than in females (48 = 1%, n=4) (Figure 1). In contrast,
when the metabolism of DHT and T was assayed, no metabolites were observed after 60 min

incubation.

Table 1. Metabolism of androstenedione in male and female Marisa cornuarietis. 200 mg microsomal protein
isolated from digestive gland/gonad complex was incubated for 1 h at 30°C. Values are mean + SEM (n = 25
males and 35 females). Ranges are given in brackets.

DHA DHT T (DHT+T)/DHA

Male 46+0.6 249+18 6.0+25 116+2.1
(0.6-14.4)  (136-464)  (1.6-10.1) (2.9 - 42.1)

Female 284+15 110+ 1.1 08+0.1 0.40 + 0.02
(143-486)  (3.0-27.1) (n.d.-2.1) (0.13 - 0.78)

n.d.: below detection limit.

3.2. Kinetics and time course of androstenedione metabolism

The Kkinetics for b5a-reductase were evaluated in digestive gland/gonad complex
microsomes of M. cornuarietis considering the sum of the amount of DHA and DHT formed. Km
and Vmax were 1.2 + 0.5 mM and 250 + 96 pmol/h/mg, respectively (mean + SEM, n= 4 animals),
and did not differ between males and females. The kinetics for 17b-HSD could not be evaluated
because the rate of formation of DHT was greatly determined by the rate of formation of DHA
(Figure 1), and the formation of T, which was only formed in a significant amount in males, was
linear throughout the range of concentrations of androstenedione tested (0.01 to 10 mM). The
metabolism of androstenedione was assessed after different incubation times (ranging from 10 to

120 minutes) and results indicated that the metabolic rate was linear up to 60 minutes incubation.
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Figure 1. The metabolism of androstenedione by digestive gland/gonad complex of M. cornuarietis. Width

of the arrows is indicative of the rate of conversion for each metabolite.

3.3. In vitro effects of organotin compounds

The interaction of TBT and TPT with the metabolism of androstenedione was investigated
by incubating M. cornuarietis digestive gland/gonad complex microsomes with androstenedione
and different concentrations of the organotin compounds (0.01 to 10 mM). The metabolism of
androstenedione was significantly inhibited by TBT (0.01 and 10 mM) and TPT (1 and 10 mM)
(Figure 2A). TPT caused a stronger inhibition than TBT in both males (50 + 11% vs. 27 £ 16% for
TPT and TBT, respectively) and females (69 + 12% vs. 43 + 14%, respectively). Generally,
females were more sensitive to inhibition than males. The inhibitory effect on AD metabolism was
further evidenced when looking at the formation of DHA and DHT (Figure 2B & C), which was
decreased. Nonetheless, the formation of T (only determined in males) was not affected (Figure
2D). These results indicate that the observed decrease in androstenedione metabolism is mainly due
to the inhibition of 5a-reductase, and that the lower rate of formation of DHT possibly occurred as

a consequence of the lower rate of formation of DHA.

3.4. Induction of imposex by TPT and TBT

Females exposed to the highest concentration of TPT and TBT (500 ng as Sn/L) for 50
days developed imposex (VDS index significantly higher than in controls, p<0.05). After 150 days
exposure, females of the 250 ng TPT as Sn/L group and of all the TBT groups (30 to 250 ng as
Sn/L) had also developed imposex (Figure 3). In order to assess the effects of organotin exposure
on androstenedione metabolism, and its potential link with imposex development, females were

grouped into controls (C), females exposed to concentrations that did not significantly induce
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imposex (low concentration group -L-: 30 to 250 ng TPT and TBT as Sn/L after 50 days
exposure; 30 to 125 ng TPT as Sn/L after 150 days exposure), and females exposed to
concentrations that significantly induced imposex (high concentration group -H-: 500 ng TPT as
Sn/L and 500 ng TBT as Sn/L after 50 days exposure; 250 and 500 ng TPT as Sn/L and 30 to 500
ng TBT as Sn/L after 150 days exposure) (see figure 3). Exposed males were classified exactly as

described above for females.

Figure 2. (Next page). In vitro effect of TBT and TPT on androstenedione metabolism by digestive
gland/gonad complex of Marisa cornuarietis. Total androstenedione metabolized (A) and formation rate of
DHA (B), DHT (C) and T (D) is shown. Males are shown in open circles and females in black circles. Data
are expressed as mean + SEM (n=4 for males) and mean + standard error (n=2 for females). Testosterone was
not quantified in females due to the low formation rate. *Indicates statistically significant differences respect

to control (ANOVA, Dunnett’s test, p<0.05); data for males and females were pooled for statistical analyses.
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Figure 3. Imposex intensities, measured as the vas deferens sequence (VDS) index, in TPT and TBT exposed
female Marisa cornuarietis. Exposure concentrations are provided as nominal values. Data are expressed as

mean + SEM (n=9-39). *Indicates statistically significant differences respect to control (Weir test, p<0.05).

3.5. In vivo effect of TPT on androstenedione metabolism

Total metabolism of androstenedione in male and female M. cornuarietis exposed to TPT
for 50 days was not significantly different from that in control organisms, nor were differences
found between females having developed imposex (exposed to 500 ng TPT as Sn/L; H group) and
exposed females without imposex (30 to 250 ng TPT as Sn/L; L group). The metabolism of
androstenedione was also assessed after 150 days exposure, and at this point of time, the rate of
metabolism of androstenedione was generally lower in exposed females than in controls, and
reached statistically significance (p<0.05) in those females that had developed imposex (Figure 4).

No significant differences were observed for males.
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Figure 4. Percentage of androstenedione metabolized by microsomal fractions isolated from digestive
gland/gonad complex of male and female Marisa cornuarietis exposed to different concentrations of TPT for
50 and 150 days. Data is expressed as mean + SEM (n = 4 to 17). Low and high concentration groups are
defined as those where females had not or had imposex, respectively (see text for further details). *Indicates
statistically significant differences respect to control (Student’s t-test, p<0.05).

When looking at the formation of DHA, no significant differences between control and
exposed males were observed after 50 and 150 days exposure. Similarly, the formation of DHA
was not affected in females exposed for 50 days, however, it was significantly inhibited (p<0.05) in
females showing imposex after exposure to TPT for 150 days. The rates of formation of DHT and
T were not significantly affected in any of the exposed groups (Figure 5).

Finally, the ratio between 17b-reduced metabolites (T and DHT) and 17b-oxidated
metabolites (DHA) formed from androstenedione, which is about 30-fold higher in males than in
females, was considered to evaluate a possible ‘androgenization’ of the androstenedione metabolic
pattern. No significant effect on this ratio was observed in any of the experimental groups, although
a tendency towards lower ratios was observed in exposed males (i.e. 5 in males exposed for 50
days to high concentration vs. 14 in control males, p=0.17) and the opposite tendency was observed
in exposed females (0.43 in females exposed for 50 days vs. 0.35 in control females, p =0.06)
(Figure 6).
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Figure 5. Rate of formation of DHA, DHT and T by microsomal fractions isolated from digestive

gland/gonad complex of male and female Marisa cornuarietis exposed to different concentrations of TPT for

50 and 150 days. Data are expressed as mean + SEM (n = 4 to 17). *Statistically significant difference

respect to control (Student’s t-test, p<0.05).
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Figure 6. Ratio of 17b-hydroxylated metabolites (DHT+T) vs. 17-keto metabolites (DHA) in male and

female Marisa cornuarietis exposed to different concentrations of TPT for 50 and 150 days. Data are

expressed as mean £ SEM (n = 4 to 17). No significant differences to controls were observed.
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3.6. In vivo effect of TBT on androstenedione metabolism

The in vivo effect of TBT on
androstenedione metabolism was only evaluated in
females, since males had not shown any significant
alteration on androstenedione metabolism when
exposed to TPT. Exposure to TBT did not
significantly ~ alter ~ the  metabolism  of
androstenedione (Figure 7A), however, similarly to
the effects observed in TPT-exposed females, the
rate of metabolism of androstenedione and the
formation of DHA and DHT were generally lower
in females exposed to TBT for 150 days (with
imposex) than in controls (Figure 7B).

When the ratio between DHT and DHA
was assessed, no significant effect was observed
(Figure 7C), despite a trend towards lower values
in exposed females, which is in contrast with the
data obtained for TPT (Figure 6).

Figure 7. Metabolism of androstenedione by digestive
gland/gonad complex of female Marisa cornuarietis
exposed to different concentrations of TBT for 50 and
150 days. A) Percentage of androstenedione
metabolized; B) Rate of formation of DHA and DHT;
C) Ratio DHT vs. DHA. Data are expressed as mean +
SEM (n = 4 to 16). After 150 days exposure, all
concentrations had induced imposex in females. No

significant differences to controls were observed.

4. DISCUSSION
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In an earlier study we reported that the profile of metabolites obtained when incubating

digestive gland/gonad complex of M. cornuarietis with androstenedione was different between males
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and females [2]. Thus, the formation of DHT and T occurred at a much higher rate in males than in
females. The present study confirmed these findings in all individuals analyzed, regardless of the time
of the year when they were sampled. Similarly to other mollusc species [11,24], T was not the major
androstenedione metabolite in M. cornuarietis. Instead, androstenedione was mainly converted to
DHA, through a 5a-reductase-catalyzed pathway. This is a major difference with most invertebrate
and vertebrate species that readily convert androstenedione to T (e.g. [2,23]). In molluscs, DHA is
later metabolized by 17b-HSD to DHT (Figure 1), or by 3a/b-HSD to epiandrosterone [24], or by both
HSDs to form 5a-androstane-3a/b,17b-diols [11].

Affinity constants (Km) and specific activities for 5a-reductase did not differ between male
and female M. cornuarietis. The Km obtained (1.2 mM), determined as the sum of DHA and DHT,
was similar to that reported for mammalian 5a-reductasel (2.8 mM for androstenedione [25]).
Nevertheless, mammalian 5a-reductasel presents similar specific activities for androstenedione and T
[25], which contrasts with the low specific activity of M. cornuarietis 5a-reductase towards T (<0.5
pmol/h/mg protein when incubated at 0.04 mM) versus androstenedione (8 + 1 pmol/h/mg protein
when incubated at 0.04 mM). A higher 5a-reductase activity towards androstenedione than towards T
has also been found in the bivalve M. galloprovincialis (Janer et al., unpublished data), suggesting that
this feature might be common to molluscs. Kinetic parameters for 17b-HSD could not be evaluated
because the synthesis of DHT was greatly determined by the amount of DHA formed, and the
synthesis of T from androstenedione was linear in the range of concentrations tested. However, the
data gathered in this study indicate that 17b-HSD activities are higher in males than in females, and
that this difference leads to the different metabolic pattern observed between sexes (Figure 1). The
substrate specificity of 17b-HSD (i.e., <0.5 to 1.1 vs. 35 + 4 pmol/h/mg protein for androstenedione
and DHA, respectively when incubated at 0.04 mM), contrasts with the high affinity of other
invertebrate and vertebrate 17b-HSDs for androstenedione. The unusual substrate affinities of 5a-
reductase and 17b-HSD suggest that significant differences in androgen metabolism between this and
other invertebrate groups exist, and points out the need to investigate the role that 5a-reduced
androgens, DHT and DHA, might have in molluscs.

The metabolism of androstenedione might be a potential target for organotin compounds, and
alterations on its sexually dimorphic pattern might be linked to the development of imposex. Both TPT
and TBT (1-10 mM) decreased the rate of formation of DHA and DHT in vitro, possibly by inhibiting
5a-reductase. In fact, the decreased synthesis of DHT is likely to be a consequence of the lower
formation of DHA, rather than an inhibition of 17b-HSD, since the formation of T was not altered
(Figure 2). The susceptibility of 5a-reductase to inhibition by organotin compounds has already been
reported for vertebrate species [23,26]). In contrast, 17b-HSDs were only affected at high
concentrations of TPT (4.2 and 10.5 mM for 17b-HSDs vs. 0.95 mM for 5a-reductase) in human



In vivo effects of xenobiotics on steroid levels and steroid metabolism -191 -

microsomes [26]; and they were not affected in fish microsomes incubated with up to 100 mM TBT or
TPT [23], in agreement with the observations in M. cornuarietis.

However, when the metabolism of androstenedione was investigated in exposed organisms, no
significant effect was detected in snails after 50 days, despite of the fact that females had developed
imposex (Figure 3). After 150 days, an inhibition of the total metabolism of androstenedione and a
decrease in the formation of the major androstenedione metabolite, DHA, was observed in imposex
females exposed to TPT (Figure 4 & 5). A marginal inhibition was also observed in imposex females
exposed to TBT for 150 days (Figure 7). The fact that TPT had a stronger effect than TBT in vivo
(31% vs. 16% inhibition of DHA synthesis, respectively) is consistent with the higher ability of TPT
to inhibit 5a-reductase activity in vitro.

The sexually dimorphic metabolism of androstenedione in M. cornuarietis is clearly depicted
by the ratio between 17b-reduced androstenedione metabolites and DHA (DHT+T/DHA), that is much
higher in males (12 = 2) than in females (0.40 = 0.02). Thus, an increase of this ratio might be
considered as an indication of ‘metabolic androgenization’. The use of alterations in steroid metabolic
profiles to assess the effect of endocrine disruptors is not a new concept. Thus, other studies [27-29]
assessing the effects of endocrine disruptors used an androgenization ratio, defined by Baldwin et al.
[27] as the rate of production of reduced and dehydrogenated metabolites of T (preferentially retained
in Daphnia magna tissues) versus the rate of production of hydroxylated, sulphated and glycosidated
metabolites (preferentially excreted). In the present study, the ratio (DHT+T)/DHA was not
significantly altered in exposed females, although there was a trend towards a higher ratio in females
that have been exposed to TPT for 50 days and in those exposed for 150 days showing imposex
(Figure 6). Nevertheless, these nearly significant increases of the ratio (e.g. 0.43 in females exposed to
TPT for 50 days vs. 0.35 in control females, p=0.06) never reached values comparable to those found
in males (Table 1). Therefore, neither the exposure to organotin compounds nor the development of
imposex resulted in a major androgenization of androstenedione metabolism in females.

Overall, this study describing the sexual-dimorphic metabolism of androstenedione in M.
cornuarietis, shows the susceptibility of 5a-reductase to inhibition by organotin compounds, both in
vitro and in vivo (in females), and reports on the inability of organotin compounds to lead to a
significant in vivo masculinization of androstenedione metabolism in females (increased synthesis of

DHT and T), regardless of imposex induction.
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4. SUMMARY AND GENERAL DISCUSSION

Recapitulating the scope of this dissertation, this thesis evaluated the potential effects of some
xenobiotics on steroid metabolic pathways in invertebrate species. Metabolic pathways that may
regulate steroid levels in invertebrates were investigated. Thus, phase | and phase Il metabolism of
sex steroids was identified in an echinoderm (Paracentrotus lividus), a crustacean (Hyalella azteca)
and in five molluscan species (Mytilus galloprovincialis, Mytilus edulis, Crassostrea virginica,
llyanassa obsoleta and M. cornuarietis); and the enzyme systems responsible were partly
characterized (results in papers 1 to 4). Thereafter, the effect of organotin compounds (TBT and
TPT) and fenarimol on those enzymatic pathways was investigated in vitro (results in papers 1, 4
and 8). And finally, the effects of several xenobiotics, classified as xenoandrogens (TBT, TPT, and
fenarimol), xeno(anti)estrogens (alkylphenols and PAHs), and model steroids (estradiol and
methyl-testosterone) were investigated in vivo (papers 5 to 8). The main results and conclusions

obtained in this dissertation are summarized below.

4.1 Characterization of steroid metabolism in invertebrates

4.1.1 Phase | metabolism of androgens

The existence of different androgen metabolic pathways was demonstrated in the invertebrate
species investigated: 5a-reductase, 17b-HSD, 3b-HSD, and several P450 isoforms catalyzing
different hydroxylations. One of the major differences between the androgen metabolic profiles
detected in this study and those reported for vertebrates is the much lower contribution of
hydroxylation to the metabolism of testosterone in invertebrates (e.g. Wilson and LeBlanc, 1998;
Parks and LeBlanc, 1998). Apart from this, similarities were found between the species used in this
study and vertebrate species. Most of the steroid metabolites identified in this thesis are common
vertebrate metabolites, with the exception of 4-androstene-3b,17b-diol (formed by P. lividus and H.

azteca).

In addition differences between invertebrate species belonging to different phyla were observed.
Thus, the assessment of androstenedione metabolism revealed that important differences exist
between molluscs (M. cornuarietis and M. galloprovincialis) and the other invertebrates tested (H.
azteca and P. lividus). The molluscs formed mainly 5a-reduced metabolites, namely, 5a-
androstanedione and 5a-dihydrotestosterone. In contrast, the echinoderm and the crustacean

studied readily converted androstenedione to testosterone (Figure 4.1), in a similar manner that
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fish and other vertebrates metabolize androstenedione (Thibaut and Porte, 2004). Data available in
the literature for other mollusc species, i.e. Clione antarctica and Ariolimax californicus, also
indicated that testosterone is not a major metabolite of androstenedione (Hines et al., 1996;
Gottfried and Dorfman, 1970).

Regarding testosterone metabolism, P. lividus had a higher and more complex metabolism -
involving a variety of pathways- while M. cornuarietis had a limited ability to metabolize
testosterone. An intermediate situation was found for H. azteca (Figure 4.1). Testosterone
metabolism was not evaluated in mollusc species other than M. cornuarietis, however published
work on M. galloprovincialis is available (Morcillo et al., 1998) and shows that, similar to M.
cornuarietis, the ability of this bivalve to metabolize testosterone is limited. The low metabolic
activities evidenced in M. cornuarietis in comparison with the other species tested, are supported
by the fact that no hydroxylated, oxidated or reduced metabolites were observed in the incubation

media after in vivo exposure of M. cornuarietis to **C-testosterone (Janer et al., unpublished data).

Despite P. lividus, M. cornuarietis and M. galloprovincialis displayed significant levels of 5a-
reductase and 17b-HSD activities, the isoforms differed in substrate affinity and kinetic parameters
(Table 4.1). The low affinity of 17b-HSD for androstenedione in the mollusc species raises the
hypothesis that either testosterone is not a major androgen in this gastropod species, or that
alternative biosynthetic pathways for T exist (e.g. dehydroepiandrosterone to 3b,17b-

androstenediol to T) in these organisms.

Table 4.1. Characteristics of 5a-reductase and 17b-HSD in P. lividus and M. cornuarietis.

Metabolic pathway catalyzed Km (mM)
P. lividus M. cornuarietis P. lividus M. cornuarietis
5a-reductase T A DHT AD A DHA 69+3 1.2+05
17b-HSD TAADAT DHA A DHT - A

"Activity increased linearly in the range of substrate concentrations used, and Km could not be estimated.

The conversion of androgens to estrogens occurs at very low rates in invertebrates, therefore, the
tritiated-water-release method, which has a very high sensitivity, was used to determine aromatase
activity. The activities recorded for the molluscs investigated were in the range of those reported in

earlier studies (0.2 to 0.6 pmol/h/mg protein; Le Curieux-Belfond, 2001; Morcillo et al., 1999).

Similar to vertebrates, steroid metabolizing enzymes were differently distributed among tissues in
P. lividus. Thus, enzymes leading to the biosynthesis of active steroids were mainly found in the
gonads, whereas those that inactivate steroid hormones were mainly found in the liver (Norman
and Litwack, 1997). In contrast, in the bivalve molluscs, aromatase activity was higher in the

digestive gland than in the gonads.
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Figure 4.1. In vitro metabolism of androstendione and testosterone in Paracentrotus lividus (gonad
and digestive tube), Hyalella azteca (whole body), Marisa cornuarietis (digestive gland/gonad
complex), and Mytilus galloprovincialis (digestive gland). Data for testosterone metabolism in M.

galloprovincialis is from Morcillo et al., (1998).
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Sex differences in androgen metabolism were observed in M. cornuarietis (Figure 4.1) and
reflected the pattern observed in vertebrate species, leading to a higher formation of active
androgens in males than in females. A trend towards a higher formation of 5a-A-diols in female P.

lividus than in males was also observed, although it was not statistically significant.

Finally, indications were gathered that some of these steroid metabolizing pathways presented
seasonal variability. For instance, 5a-reductase activity in M. cornuarietis varied up to 1.6-fold
depending on the sampling season. Although it was not in the scope of this thesis, a detailed study
on the seasonal variability of these parameters and their relationship with other reproductive
endpoints would be of great interest to progress on the understanding of their physiological function

and should be the subject of further research.

4.1.2 Phase Il metabolism of steroids

Microsomal fractions isolated from gonads and/or digestive gland of all the invertebrate species
studied in this thesis (M. cornuarietis, Mytilus sp., H. azteca, and P. lividus) had the ability to form
fatty acid conjugates of steroids when incubated with fatty acid acyl-CoA. The affinity of acyl-CoA
acyltransferase towards testosterone differed between species. Thus, the enzyme saturated at
lower concentrations of testosterone (i.e. they had a higher affinity for steroids) in M. cornuarietis (4
mM) than in the H. azteca or P. lividus (19 to 41 mM). The affinity for estradiol did not differ among
all mollusc species evaluated (7-10 mM; in C. virginica, M. cornuarietis and |. obsoleta) and it was

similar to that for testosterone in M. cornuarietis.

The high affinity of molluscan acyltransferases for steroids together with the higher levels of
hydroxylases and oxido/reductases described in crustaceans in comparison to molluscs, might
explain why fatty acid conjugation has a greater contribution to the fate of sex steroids in molluscs
than in crustaceans. Thus, when molluscs were exposed to steroids in vivo, they converted these
steroids mainly to fatty acid conjugates (this thesis; Gooding and LeBlanc, 2001), whereas fatty
acid conjugates were minor metabolites in crustaceans (this thesis; Baldwin and LeBlanc, 1994b;
Verslycke et al., 2002).

Several sex steroids were shown to be substrates for acyltransferases. Thus, C. virginica
microsomes isolated from digestive gland and gonads esterified E2 and DHEA; |. obsoleta and M.
cornuarietis visceral coil microsomes esterified testosterone and estradiol, and a series of
additional steroids showed the ability to compete for the esterification of testosterone in I. obsoleta,
suggesting that they might also be substrates of this enzyme. Similarly, C. virginica acyl-CoA
acyltransferases could use a variety of fatty acid acyl-CoA substrates, including totally saturated
fatty acids (C18:0 and C16:0), monounsaturated fatty acids (C18:1 and C16:1), and

polyunsaturated fatty acids (C18:2 and C20:4). Therefore, steroid acyl-CoA acyltransferases seem
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to have a broad substrate affinity regarding both the sex steroid and the fatty acid moiety, although
a certain degree of substrate specificity existed (e.g. pregnenolone did not interfere with

testosterone esterification in I. obsoleta).

Similar to phase | metabolic pathways, ATAT activity varied up to 5-fold depending on the sampling
season. In addition, ATAT activity was higher in males than in females (1.8-fold) in Spring, when

high specific activities were recorded.

In contrast to the widely conserved apolar conjugation, the formation of polar conjugates was only
detected in some of the investigated species. Thus, cytosolic sulfotransferase activity towards
testosterone was high in the digestive tube of P. lividus (137 + 22 pmol/min/mg at 10 mM
testosterone), whereas it was low in Mytilus (0.6 pmol/min/mg at 3 mM estradiol) and nearly
undetectable in M. cornuarietis and H. azteca (0.05 to 0.18 pmol/min/mg at 10 mM testosterone)
(Table 4.2). SULT exhibited high affinity for testosterone in P. lividus (140 pmol/min/mg protein at 5
mM testosterone) although, at high concentrations of the substrate, the conjugation rates

decreased, suggesting that testosterone or testosterone-sulfate might act as SULT inhibitors.

These in vitro observations are supported by the fact that low rates of in vivo testosterone-sulfate
conjugation have been reported in both crustacean and mollusc species (Hines et al., 1996; Ronis
and Mason, 1996; Baldwin et al., 1998). In addition, the high sulfatase activity that was measured
in cytosolic preparations from the oyster Crassostrea virginica is likely to interfere with the in vitro
determination of sulfotransferase activity. Similarly, the presence of sulfatase activity in lobster
cytosol (Homarus americanus) (Li and James, 2000), and the fact that SULT enzymes are high
affinity/low capacity enzymes in crustaceans (de Knecht et al., 2001), might explain the low levels

of SULT activity measured in crustaceans in general, and in H. azteca in this study.

Additionally, the formation of glucuronyl or glucosyl conjugates was low or undetectable in all
tested species (Table 4.2). In contrast, indications that alternative conjugating pathways might
occur in molluscs and other invertebrates were gathered. A recent report by Stroomberg et al.
(2004) showed that isopods metabolized pyrene to form the conjugate pyrene-1-O-(6"-O-
malonyl)glucoside, and opened the possibility that conjugates other than the classical ones
(sulfates, glucuronides, glucosides, glutathione derived conjugates, acetylates, and amino acid
conjugates; James, 1987) might also be formed in invertebrate species. The observation within this
thesis that a conjugate of estradiol was formed when sucrose was present in the microsomal
buffer, suggested that new phase Il metabolites can be formed in invertebrates. Similarly, the
testosterone metabolite that was observed in incubations with M. cornuarietis cytosol might be an

additional phase Il metabolite, possibly unique for this species (Table 4.2).
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Table 4.2. Summary of the different conjugates detected in the invertebrate species of interest. The metabolic
pathways were classified according to the percentage of the substrate that was metabolized as shown in the
legend. M1 is the microsomal metabolite formed in the presence of sucrose and M2 is the cytosolic conjugate
formed in the presence of NADPH (see section 2.5). n.a. not assessed.

) ] Fatty acid
Species Sulfate Glucuronide  Glucose M1 )
conjugate
Mollusc
M. cornuarietis n.a.

M. galloprovincialis

Echinoderm
P. lividus - n.a.
Crustacea
H. azteca n.a. n.a.

% of substrate Code
metabolized
<0.1%

0.1t0 2%
2 to 10%

S

The comparative evaluation in Table 4.2 is based on in vitro data, therefore it shows the potential
contribution of the different conjugating pathways to steroid metabolism. However, it does not
necessarily reflect the situation in vivo. In this last case, the subcellular distribution of the enzymes
and the substrates, and the availability of cofactors will condition the relative contribution of each
pathway to total metabolism. Indeed, the data obtained when H. azteca and M. cornuarietis were
exposed to testosterone in vivo, indicated that whereas an unidentified polar conjugate was the
major metabolite formed by H. azteca, fatty-acid conjugates were the major metabolites formed by

M. cornuarietis.

4.1.3 Implications for the sensibility to xenobiotics

Altogether, the results on phase | and phase Il metabolism of androgens suggest that the pathways
involved in the synthesis/metabolism of steroids are notably different among invertebrate species.
Some of the metabolic pathways investigated are also involved in the metabolism of xenobiotics.
The biotransformation of xenobiotics usually leads to the conversion of the parent compound into a
more water soluble form. As a result these more hydrophilic compounds may be more easily

excreted from the body than the parent compound. However, in some cases (e.g. conjugation with
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fatty acids) the biotransformation product might be less water soluble than the parent compound,
and therefore have a higher bioaccumulation potential. In addition, when the chemical structure of
a compound is altered, many properties of the compound are likely to be altered as well. Hence the
biotransformation product can have different toxic actions and will behave differently within the
organism with respect to tissue distribution, bioaccumulation, persistence, route and rate of
excretion. Therefore, the differences observed in the metabolic pathways present in the
invertebrate species investigated, might also lead to differences in their susceptibility to toxic

effects by xenobiotics.

In addition to the above mentioned generalities for all xenobiotics, in the case of endocrine
disruptors, it should be added that if they alter one of the metabolic pathways described, they could
lead to a significant change in active steroid levels in one species, while not in another species. For
example, if a chemical affects the esterification of steroids, the molluscs are likely to be more

sensitive to that chemical than the other invertebrate species investigated.

From a risk assessment point of view, the considerations described above suggest that species
representing different phyla and thus showing different metabolic activities towards xenobiotics and
steroids, should be included in toxicity testing, specially in the case of potential endocrine

disrupting substances.

4.2 Steroid levels in molluscs

Levels of free testosterone and estradiol determined in this thesis were in the range of those
reported in previous studies with other mollusc species (Table 4.3). This table shows that levels of
testosterone are similar to those of 5a-DHT and androstenedione in molluscs and this contrasts
with the low metabolic rate observed for the conversion of androstenedione to testosterone.
Testosterone was identified by GC-MS in M. edulis, therefore there is no doubt of its presence in
some mollusc species, however, the quantifications reported in Table 4.3 were performed by RIA,
therefore, cross-reactivity with other steroids cannot be excluded (e.g. Zhu et al., 2003). If we
assume that the testosterone-like compounds identified by RIA are indeed testosterone, then it
suggests that alternative pathways that lead to the formation of testosterone, probably from a
precursor other than androstenedione exist in molluscs. The second observation in Table 4.3, is
that, in agreement with the results we obtained for M. edulis, the levels of free estradiol and
testosterone are higher in gonadal tissues than in peripheral tissues in molluscs. This suggests that
gonads might be either a steroidogenic tissue or a target tissue in M. edulis. Finally it should be
noticed that similar to previous data for other mollusc species and tissues, levels of testosterone
were much higher (about one order of magnitude) than those of estradiol in M. cornuarietis
(digestive gland-gonad complex) and M. edulis (whole tissue excluding digestive gland and gonad).
Nevertheless, similar levels of estradiol and testosterone are found in gonads of M. edulis (this

thesis), and in some reproductive tissues (e.g. prostate) in Octopus vulgaris (D’Aniello et al., 1996).
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This might be an indication that estradiol is primarily produced in the reproductive tissues, but we
cannot explain the apparent contradiction with the observation that aromatase activity was higher in

digestive gland than in gonads of M. edulis.

In addition, this thesis shows that most testosterone and estradiol are found in an esterified form in
the gastropod M. cornuarietis digestive gland/gonad complex extracts. Thus, levels of free
(unesterified) testosterone and estradiol were only 4-30% and 1-2% of total testosterone and
estradiol, respectively. A comparable distribution of free and esterified steroids was observed in the
mussel M. edulis, although with noticeable tissue differences. Thus, 0.7-2.1% estradiol and 4-7%
testosterone were found in the free form in peripheral tissues, whereas this percentage increased
to 6-46% and 15-87% (for estradiol and testosterone, respectively) in the gonadal tissues. In
contrast, much lower levels of esterified steroids (0 to 27%) were observed in the mussel M.
galloprovincialis. It is also important to indicate that seasonal variations can occur in the levels of
esterified steroids. A recent report (Gooding and LeBlanc, 2004) showed that marked seasonal
variations in free and esterified testosterone levels, in parallel with the reproductive cycle, exist in a
gastropod snail, and similarly esterified steroid levels in M. cornuarietis were higher in individuals
collected in Autumn (season with the highest egg production) than in those collected in Spring. The
insufficient data on tissue and seasonal variations of esterified steroids in the animals of study
prevented a conclusion on whether the differences that were observed between species (e.g. much
higher levels of esterified steroids in M. cornuarietis than in M. galloprovincialis) were real

interspecies differences or reflected tissue or seasonal variations.

Independently of the sampling time, the levels of esterified testosterone and estradiol were
considerably higher in M. cornuarietis males than in females. In Mytilus sp, sexual differences were
not assessed. The coefficients of variation in the gonad of Mytilus sp. (80 to 88%) were similar to
those found in M. cornuarietis (59 to 72%, variability mainly due to differences between sexes), and
much higher than in Mytilus sp peripheral tissues (24 to 48%) showing that inter-individual
variability in esterified steroid levels was high in Mytilus sp. gonads. Whether this variability reflects
gender differences, reproductive stages, or other factors requires further investigation. The
differences observed in M. cornuarietis esterified steroid levels were not associated to
correspondent differences in free steroid levels, i.e. higher esterified steroids in males were not
associated to lower levels of free steroids. Indeed, free steroid levels did not show a clear sexual
dimorphism, and only estradiol was significantly higher in males than in females. As in vertebrates,
sex differences in the levels of free steroids during the reproductive season have been found in the
echinoderm Asterias rubens for progesterone and estrone (Voogt and Dieleman, 1984), and in the
anthozoan Remilla koellikeri, a primitive invertebrate, for estradiol (Pernet and Anctil, 2002), but
there are no clear evidences of such a dimorphism in molluscs for progesterone (Reis-Henriques
and Coimbra, 1990; Siah et al., 2002), testosterone or estradiol (Osada et al., 2004; Porte,
personal communication). A more detailed study (several samplings along the reproductive cycle)
is needed to conclude whether sex differences in free steroids occur in M. cornuarietis.
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4.3 In vitro effects of endocrine disruptors

Organotin compounds showed the ability to interfere with several steroid metabolic pathways. They
strongly inhibited 5a-reductase activity towards androstenedione in M. cornuarietis digestive
gland/gonad complex. Nevertheless, TBT and TPT at concentrations as high as 100 mM, did not
cause major changes in phase | metabolism of testosterone by microsomal fractions of P. lividus
and H. azteca (Table 4.4.).

The susceptibility of M. cornuarietis 5a-reductase to inhibition by organotin compounds had already
been reported in vertebrate species (Lo et al., 2003; Thibaut and Porte, 2004), and contrasts with
the lower sensibility to organotin compounds of other phase | metabolic enzymes, as observed in
this thesis and in the literature. For instance, cytosolic 17b-HSD from human placenta was only
affected at high concentrations of TPT (Lo et al., 2003); and microsomal 17b-HSD from fish testes
was not affected when incubated with up to 100 mM TBT or TPT (Thibaut and Porte, 2004). The
fact that 5a-reductase was not inhibited in P. lividus and H.azteca further supports that important
differences exist in the characteristics of the 5a-reductase enzymes in these species when

compared to M. cornuarietis.

Table 4.4. In vitro effects of organotin compounds and fenarimol on enzymes involved in steroid metabolism in
Marisa cornuarietis, Hyalella azteca and Paracentrotus lividus. 3b-HSD and SULT could not be assessed in all

species due to very low or undetectable enzymatic activity.

Enzymes Species TBT TPT Fenarimol
17b-HSD M. cornuarietis = =
H. azteca = = =
P. lividus = = =
'3b-HSD  H.azteca = = =
P. lividus c = =
‘Sa-reductase M. cornuarietis c c
H. azteca = = =
P. lividus = = a
"ATAT M. cornuarietis c = =
H. azteca c = =
P. lividus c c =
SuLT  P.lividus c c c

Except for M. cornuarietis, phase Il metabolism of testosterone was much more sensitive to
inhibition by TBT and TPT than phase | metabolism (Table 4.4). TBT and TPT strongly inhibited
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testosterone esterification in P. lividus gonad microsomes, although they had lower or no effect in
M. cornuarietis and H. azteca. SULT activity was inhibited by the organotins in P. lividus digestive
gland, suggesting that similarly to estradiol sulfation (see Chapter 1, Table 1.4), testosterone

sulfation might be a target for endocrine disruptors.

The inhibitory effects observed in P. lividus conjugating activities and in M. cornuarietis 5a-
reductase occurred at concentrations of organotin compounds in the range of those reported in
vertebrate species for other steroid metabolic pathways. Namely, in mammals, the following 1C50
were obtained: 4 mM TPT for 3b-hydroxysteroid dehydrogenase (3b-HSD), 10 mM TPT for 17b-HSD
(Lo et al., 2003), 6.2 mM TBT for P450 aromatase (Heidrich et al., 2001), 20 mM TBT for 5a-
reductasel, and 11 mM TBT for 5a-reductase2 (Doering et al., 2002). Concentrations of TBT and
TPT higher than 1 mg/kg (°3mM) have been reported in molluscs collected from contaminated sites
(Fent, 1996), and although in vitro and in vivo effective concentrations are not directly comparable,
environmental concentrations of TPT and TBT might be sufficiently high (due to the high
bioconcentration factors reported for these substances; Fent, 1996) to affect sex steroid

conjugating pathways in invertebrates.

Fenarimol did not alter metabolism of testosterone in M. cornuarietis or H. azteca, but had a strong
effect on P. lividus enhancing the synthesis of DHT and 5a-A-diol and inhibiting testosterone
sulfotransferase (Table 4.4). This activation was evident at concentrations higher than 10 uM. In
vitro activation of steroid-metabolizing enzymes has been reported previously (Korzekwa et al.,
1998). The mechanism by which fenarimol enhances 5a-reductase activity is not known, and
requires further investigation. The in vitro effects of fenarimol occurred at comparable
concentrations as those reported to inhibit P450-aromatase activity in microsomes of human
placenta or rat ovaries (Vinggaard et al., 2000; Hirsch et al., 1987), and ecdysteroid 26-hydroxylase
in Manduca sexta midgut mitochondria (Williams et al., 2000). The inhibition of P450-aromatase
might lead to the reproductive abnormalities observed in male rats exposed to fenarimol (Hirsch et
al., 1987), and ecdysteroid 26-hydroxylase might be the cause of the reduced ecdysteroid levels

and altered embryo development observed in exposed crustaceans (Mu and LeBlanc, 2002).

4.4 In vivo effects of endocrine disruptors

Finally, the effects of endocrine disruptors on both, steroid metabolic pathways and steroid levels,
were evaluated after in vivo exposures to a series of model steroids and xenobiotics. Mytilus sp.
were exposed to estradiol (a model estrogen), crude oil (containing a mixture of PAHSs), and the
mixture of crude oil and alkylphenolic compounds. On the other hand, M. cornuarietis were
exposed to methyltestosterone (a model androgen), tributyltin, triphenyltin, and fenarimol. An

overview of the effects observed is shown in Table 4.5, and is discussed below.
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Table 4.5. Summary of the in vivo effects on steroid levels and steroid metabolism in mollusc species exposed

to model steroids and endocrine disruptorsl.

Endpoint Species Estradiol  Oil Oil & TBT TPT FEN MT
APs

Estradiol (free) M. a
galloprovincialis

M. edulis a =

M. cornuarietis = = =

Testosterone M. =
(free) galloprovincialis

M. edulis = =

M. cornuarietis = = =

Estradiol M. a
(esterified) galloprovincialis

M. edulis a a

M. cornuarietis e e = =
Testosterone M. =
(esterified) galloprovincialis

M. edulis a a

M. cornuarietis e é = =
17b-HSD M. =
galloprovincialis

M. cornuarietis = = =

5a-reductase M. a
galloprovincialis

M. cornuarietis = ¢ =

Aromatase M. Ca
galloprovincialis

M. edulis a a
M. cornuarietis = =

Sulfotransferase M. a
galloprovincialis
M. edulis a a

ATAT M. a
galloprovincialis

M. edulis = a

M. cornuarietis a._ = = a

'Some of the data presented in this table and discussed in the text was not included in the papers from
chapters 2 & 3, but has been included in this chapter in order to help providing a general overview of the

changes on steroid levels and metabolism induced by the tested xenobiotics.
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4.4.1 In vivo effects of exposure to estradiol, crude oil and the mixture of crude oil and

alkylphenolic compounds

Mussels exposed to estradiol were able to maintain almost stable tissue levels of free E2, except
for the highest exposure group that exhibited a significant 10-fold increase. However, esterified E2
markedly increased in mussels from the M and H exposure tanks, suggesting that esterification of
E2 with fatty acids might act as a homeostatic mechanism to maintain endogenous levels of free
E2 stable. Similarly, esterification of testosterone is the major factor in the regulation of testosterone
levels in snails (Gooding and LeBlanc, 2004). The increased esterification of E2 in organisms from
the M and H exposure tanks co-occurred with an increase of fatty acyl-CoA:estradiol
acyltransferase activity, suggesting that this was at least one of the factors responsible for the
increase of esterified estradiol levels. It is likely that these mechanisms contribute to the regulation of
steroid levels in other invertebrates, and it would be of great interest to know which role the

esterification of steroids can play in vertebrate species.

E2 exposure significantly increased the formation of androstenedione 5a-reduced metabolites (5a-
DHT and 5a-DHA), by digestive gland microsomal fractions of exposed organisms, while

testosterone synthesis -a 17b-HSD catalyzed pathway-, remained unchanged.

The aromatization of androgens into estrogens was also affected by E2 exposure. When mussels
were exposed to low levels of exogenous E2, the activity was significantly reduced, thus, estrogen
synthesis decreased, in an attempt to lower endogenous levels of E2. However, the effect was
reversed at high E2 doses; organisms from the H-group had significantly higher P-450 aromatase
activity than controls. Similarly, the exposure to the mixture of oil and alkylphenolic compounds led to a

significant increase of P450 activity.

Finally, estradiol sulfation marginally increased in animals exposed to the highest concentration of
E2, and significantly in animals exposed to crude oil and to the mixture of crude oil and
alkylphenolic compounds. Phase Il metabolic pathways are known to be induced after exposure to
xenobiotics in an attempt to favor the elimination of such compounds (Van der Oost et al., 2005).
Thus, in vertebrates, the Ah gene battery (which induces phase | metabolic enzymes that act upon
xenobiotics) also comprises phase Il genes like GST and UDPGT (Lindros et al., 1998; Okey et al.,
2005). Invertebrates do have AhR-homologue genes, but these do not bind dioxins or related
chemicals (Hahn, 2002). Nevertheless, the induction of sulfotransferase activity observed suggests
that mechanisms exist for the induction of phase Il metabolic pathways in order to accelerate the

elimination of xenobiotics.
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In addition to the described alterations on steroid levels and steroid metabolism, exposure of
mussels to low E2 concentrations induced gametogenesis. Gonadal histopathological responses of
mussels exposed to the crude oil and the mixture of crude oil and alkylphenols were not analyzed
within this thesis, but have been published elsewhere (Aarab et al., 2004). Similarly to the effects
observed in mussels exposed to low concentrations of estradiol, larger and more humerous ovarian
follicles suggesting a more precocious development were observed in animals exposed to the
crude oil. These results were also supported by elevated vitellogenin-like levels in animals of this
exposure group (5- to 8-fold) (Aarab et al., 2004). In contrast, gonads of mussels exposed to the
mixture of crude oil and alkylphenols displayed numerous degenerating ovarian follicles indicative

of a toxic effect of this mixture on gonads (Aarab et al., 2004).

The responses observed in mussels exposed to crude oil and the mixture of crude oil and
alkylphenols resembled that of mussels exposed to high doses of estradiol: i.e. aromatase and
sulfotransferase activity and levels of esterified estradiol increased. This pattern of response is
likely to be related to the estrogenic action of these xenobiotics either directly (alkylphenolic
compounds bind the estrogen receptor in vertebrate species; Soto et al., 1991; White et al., 1994)
or indirectly (crude oil led to an elevation of free estradiol levels in exposed mussels; see Table
4.5).

Despite similar patterns of response to estrogenic compounds could be observed, none of the
parameters evaluated could readily be used as a biomarker of exposure to estrogenic compounds
in mussels, for several reasons: the magnitude of the response was limited, there is no knowledge
on the natural variability of these parameters, on the physiological relevance of some of them, and
on the mechanism by which these parameters are modulated by estrogenic compounds. Further
research on basic endocrinology is needed in order to define biomarkers of estrogenic exposure in
invertebrates. Until this is accomplished, vitellogenin levels in male fish will probably continue to be

the most suitable biomarker of estrogenic exposure in the aquatic environment.

442. In vivo effects of exposure to triphenyltin, tributyltin, fenarimol and

methyltestosterone

Exposure to all four chemicals, i.e. TBT, TPT, MT and FEN, caused imposex in female M.
cornuarietis (Table 4.6). High doses of TBT and TPT induced imposex after only 50 days exposure
and led to the highest VDS index among all experimental groups after 150 days. Throughout the
exposure experiment, females exposed to the highest doses of MT (300 ng/L) and fenarimol (3000
ng/L) had VDS index similar to those found in females exposed to low doses of TBT, and they

developed imposex after 150 days exposure (Table 4.6).
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Table 4.6. VDS Index in female M. cornuarietis exposed for different lengths of time to TPT, TBT, fenarimol

and methyl-testosterone. Values are mean of n= 9 to 39 females.

Chemical Exposure length

exposure (ng/L) 50 days 100 days 150 days
TPT 30
60

125

250

500

TBT 30

VDS Code
60 Index
125 05to1

.
250 11015
500 ﬂ 15102
FEN 300 2102.5
3000
MT 30

300

Among the chemical and biochemical parameters investigated, the strongest effect observed in
shails exposed to organotin compounds was a decrease in the levels of esterified steroids.
Females exposed to TBT and high doses of TPT for 50 to 100 days showed a significant decrease
in esterified testosterone and estradiol levels. In contrast, no significant decrease in esterified
steroids was observed in males. Thus, neither esterified testosterone nor esterified estradiol were
significantly different between control and TBT-exposed males, and esterified testosterone even
increased in some groups of TPT-exposed males. Conversely, esterified steroid levels remained
stable in males or females exposed to MT and fenarimol. Thus, the effect on esterified testosterone

and estradiol levels appears to be specific for organotin compounds.

Previous studies had investigated the effects of tributyltin on the levels of esterified testosterone in
female snails (Gooding et al., 2003; Santos et al., 2005). These studies reported a slight decrease
of esterified testosterone levels (~5-12%) in exposed females, although it was not statistically
significant. Despite the fact that these trends are in agreement with the effects we observed in
females, the magnitude of the response is notably different. The differences might be attributed to
the time at which the effects were analysed. Indeed, the decrease in esterified testosterone levels
in females exposed to TPT was not a permanent effect, but was no longer observed after 150 days
exposure. Another relevant difference among the experiments performed in this thesis and those
by Gooding et al. (2003) and Santos et al. (2005) is the fact that the digestive gland/gonad complex
was used in this thesis, but the whole body tissue was used in the previous studies.
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There was not a clear parallelism between the decrease in esterified steroid levels in an exposure
group and the future occurrence of imposex. This lack of correlation between alterations in
esterified steroid levels and imposex index does not exclude the involvement of such alterations in
the development of imposex, but proves that they are not a sufficient factor for the induction of this
phenomena. On the other hand, MT- and FEN-exposed females developed imposex without
showing alterations in the levels of esterified steroids. Therefore, alterations on esterified steroids
appear to be specific for exposure to organotin compounds, and if they are linked to the

development of imposex, MT and FEN act upon alternative targets for the induction of imposex.

The changes in esterified steroid levels were not accompanied by statistically significant changes in
free steroids, although a trend towards a higher free testosterone/estradiol ratio in TBT-exposed
females and in TPT-exposed males was observed. We have to indicate that the relatively low
sample size per sex and exposure group (n=4-7) in combination with the high inter-individual
variability observed in the levels of free steroids, might have prevented the detection of statistically
significant differences in these parameters. In accordance with the trends observed, earlier studies
had reported an increase in free testosterone levels in TBT-exposed female snails (Spooner et al.,
1991; Bettin et al., 1996; Gooding et al., 2003; Santos et al., 2005), and/or in the free testosterone/

free estradiol ratio (Schulte-Oehlmann et al., 1995).

In vitro studies showed that ATAT activity was inhibited by organotin compounds in P. lividus and
up to certain extent also in M. cornuarietis, which might explain the decreases observed in
esterified steroids. Nevertheless, ATAT activity was significantly induced in organisms exposed to
MT and TBT. Two hypotheses could explain the apparent incongruity between the effect observed
in esterified steroid levels and in ATAT activity. First, it might be that the decrease in esterified
steroid levels was not directly related to ATAT, but to other factors, such as esterases or availability
of cofactors (i.e. fatty acids or acyl-CoA) that are also involved in the equilibrium between free and
esterified steroids, or that earlier steps on the biosynthesis of steroids or the elimination of steroid-
esters (e.g. through the eggs) had been affected by TBT or TPT. Alternatively, it might be that
ATAT activity had been initially inhibited by organotin compounds leading to a decrease in
esterified steroids, and that later, ATAT activity was induced in an attempt to ‘compensate’ this

decrease.

The finding that the metabolism of androstendione is sexually dimorphic in M. cornuarietis, and that
5a-reductase was inhibited by organotin compounds (0.1 to 10 mM) in vitro, led us to formulate and
test the hypothesis that the metabolism of androstenedione might be altered by organotin
exposure, and be possibly related to the phenomena of imposex, or that alterations in
androstenedione metabolism might be observed as a consequence of imposex. In fact, the
metabolism of androstenedione was not altered in males nor in females exposed to the organotin
compounds for 50 days, regardless of the development of imposex. After 150 days exposure, an

inhibition of the total androstenedione metabolized and a decrease in the formation of the major
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metabolite DHA was observed in females exposed to TPT that had developed imposex (high dose

group). A marginal inhibition was also observed in females exposed to TBT for 150 days.

The specific inhibition of 5a-reductase observed in the in vitro studies might lead to an increased
ratio between 17b-reduced androstenedione metabolites and DHA (DHT+T/DHA). This ratio is
higher in males (12 £ 2) than in females (0.40 + 0.02), therefore an increase in this ratio might be
considered as a ‘metabolic androgenization’ of females. Nevertheless, when females were
exposed to TBT or TPT for up to 150 days, neither exposure to organotin compounds nor the
development of imposex resulted in a major androgenization of androstenedione metabolism in
females. It should be mentioned that if changes in metabolism had occurred in a specific
reproductive tissue, these might have been diluted by assessing metabolism in the whole digestive

gland/gonad complex.

Aromatase activity was induced in M. cornuarietis exposed to high doses of TPT and TBT.
Evidence supports that organotin compounds inhibit aromatase in vitro in vertebrate (Cooke, 2002;
Heidrich et al., 2001; Lo et al., 2003) and invertebrate species (LeCurieux-Belfond et al., 2001,
Morcillo et al., 1998). However, Nakanishi et al. (2002) showed that TBT and TPT upregulate the
expression of aromatase in a dose-dependent manner in three different human choriocarcinoma
cell lines, JAR, JEG-3, and BeWo, suggesting that an induction of aromatase might occur in vivo as
a response of the animals to the inhibition of aromatase activity at the enzyme level, in an attempt

to re-establish normal levels of estrogens.

The length of the exposure was shown to be a major factor in the assessment of the effects of
endocrine disruptors. As discussed above, aromatase activity and acyl-CoA acyltransferase activity
were induced in M. cornuarietis after 50 days exposure to organotin compounds or
methyltestosterone. Nevertheless, in both cases, no effects were observed after 150 days
exposure. In contrast, the effects of organotins on the metabolism of androstenedione only

appeared after 150 days exposure.

Figure 4.2 summarizes the effects of TBT, FEN, and MT in Marisa cornuarietis and hypothesizes
possible connections to the phenomena of imposex. While the biochemical alterations observed
differed between the three compounds, all of them induced imposex. In vitro, TBT inhibits
aromatase (LeCurieux-Belfond, 2001), ATAT, and 5a-reductase (this thesis). These alterations
might lead to an increase in the levels of free testosterone and a decrease in the levels of free
estradiol, as suggested by the trends observed in TBT-exposed females and by the changes in
steroid levels shown in earlier studies (Bettin et al., 1996; Schulte-Oehlmann et al., 1995). On the
other hand, ATAT and aromatase activity were induced after in vivo exposure to TBT/TPT for 50
days. These responses might be explained as homeostatic responses of the organism in an

attempt to regulate the altered levels of free estradiol, and the altered balance between free and
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conjugated steroids. The major effect on steroid metabolism detected in snails exposed to MT was
the induction of ATAT activity. The ability of MT to inhibit ATAT activity in vitro has not been tested,
but it is likely that MT is a potent inhibitor of ATAT because other androgens (e.g. DHT and 5a-
androstane-3b,17b-diol) were ATAT inhibitors in |. obsoleta (see Section 2.3). Despite the fact that
esterified steroid levels were not significantly decreased in MT-exposed snails, there was certainly
a trend towards lower values than in controls (levels in MT-exposed females were 69 to 84% of
those in control females). Therefore, this data would be consistent with a certain inhibition of ATAT
activity by MT, and the later upregulation of this enzyme observed after 50 days exposure. All
these hypotheses are based on the involvement of elevated testosterone and/or decrease estradiol
levels in the development of imposex. The action of these steroids might be mediated through
steroid receptors. The androgen receptor has not been found in invertebrates yet, despite intensive
efforts by several research groups. However, an estrogen receptor-like has been cloned in Aplysia
californica (Thornton et al., 2003) and a partial sequence of this receptor has also been obtained in

M. cornuarietis (Jobling et al., personal communiation).

In addition to the targets evaluated, it is likely that these xenobiotics also acted through other
targets, which might also be involved in the development of imposex. Thus, TBT was shown to bind
the RXR receptor in the snail Thais clavigera, and the exposure to the RXR ligand 9-cis retinoid
acid led to the appearance of imposex in this snail species (Nishikawa et a., 2004). The function of
RXR in molluscs is not known, however it might be linked to some of the alterations observed in
this study. For instance, in vertebrates RXR modulates aromatase activity (Yanase et al., 2001)
and dimerizes with several other nuclear receptors, including those involved in lipid, xenobiotic and
hormone metabolism (Krey et al., 1995; Chawla et al., 2001; Ahuja et al., 2003; Kliewer, 2003).
Therefore, it might be expected that an interaction of TBT with the RXR receptor led to alterations
on steroid metabolism and in lipid profiles, which indirectly could alter the esterification of steroids.
Currently, the lipid profiles are being analyzed in tissues of snails exposed to TBT, FEN and MT in
order to further understand the possible connections between the induction of RXR receptor and

the alterations in the esterification of steroids and/or the phenomena of imposex.

In order to evaluate whether the targets in vitro were indeed primary targets in vivo, a much shorter
exposure should have been performed so that regulatory mechanisms were not masking the direct
effects of the chemicals evaluated. In order to do so, the effects of a 7-days exposure to TPT on M.

cornuarietis are currently being evaluated.

Overall, the in vivo studies showed that the xenobiotics included in the study induced imposex and
altered a series of biochemical targets, that some of these effects differed between males and
females and that most of them were transient effects. Therefore, it is evidenced that the endocrine
system of these molluscs was altered by the exposure to the xenobiotics, and that indirect

regulatory mechanisms were activated to set physiological parameters at their normal levels.
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5. CONCLUSIONS

1. Invertebrates are able to form a series of phase | metabolites of testosterone that are also
found in vertebrates, with the exception of 4-androstene-3b,17b-diol, a metabolite formed by
P. lividus and H. azteca. One of the major differences with vertebrate species was the lower
contribution of hydroxylases in the metabolism of testosterone in all the invertebrates

investigated.

2. The metabolism of androstenedione in molluscs, which leads mainly to 5a-
dihydroandrostenedione and b5a-dihydrotestosterone, differed from that in crustaceans,

echinoderms and vertebrates, which leads mainly to testosterone.

3. Steroid levels and some metabolic pathways presented tissue and sex differences as well as
seasonal variations in some invertebrate species. These data represent additional evidence
for a physiological role of sex steroids in invertebrates.

4. Low or undetectable levels of sulfo-, glucosyl- and glucuronyl-transferases towards steroid
substrates are present in the molluscs species investigated. In contrast, indications were
obtained that these invertebrates are able to form polar metabolites through alternative
pathways, such as conjugation with Cg sugar chains in the presence of sucrose, which had not

been previously reported in the literature.

5. The conjugation of steroids with fatty acid moieties is a well-conserved pathway through
evolution. Acyl-CoA:steroid acyltransferases presented broad substrate affinity both towards
steroids and fatty acid moieties. Nevertheless, they appeared to have a special relevance in
the regulation of steroid levels in molluscs.

6. Some xenobiotics modulate steroid metabolic pathways in invertebrates in vitro. Among the
pathways investigated, 5a-reductase and sulfotransferase showed the highest sensitivity to
inhibition/activation by organotin compounds and fenarimol. The in vitro effects on these
parameters occurred at concentrations similar to other in vitro effects that have been

mechanistically associated to physiological abnormalities in in vivo exposures.

7. Estradiol, crude oil, and the mixture of crude oil and alkylphenolic compounds induced a series
of alterations in steroid levels and steroid metabolism in the bivalve molluscs Mytilus sp. The
effects of estradiol depended greatly on the concentration. Some of the responses observed in
mussels exposed to crude oil and the mixture of crude oil and alkylphenols were similar to

those observed in mussels exposed to the highest concentrations of estradiol.
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8. Organotin compounds decreased esterified steroid levels in females of M. cornuarietis, but not
in males. This effect was not induced by other chemicals that had also induced imposex in this
species. In addition, the strong decrease in esterified steroid levels was not observed after a
longer exposure time and the changes observed in these levels were not coincident with
parallel changes in free steroid levels. Overall, the connection between a decrease of

esterified steroids and the phenomena of imposex could not be proved.

9. A long-term exposure to TPT inhibited 5a-reductase in female M. cornuarietis. However,
neither TPT nor TBT altered the sexual dimorphism in androstenedione metabolism that exists

in the digestive gland/gonad complex of this snail species.
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ANNEX. A MOLECULAR APPROACH TO STUDY ENDOCRINE
DISRUPTION IN INVERTEBRATES.

A.1l. Introduction

It can be expected that almost all pollutants that cause adverse effects will do so by interfering with
gene expression. Thus, chemicals that cause endocrine and/or reproductive alterations are likely to
interfere with some of the genes involved in gonadogenesis, gametogenesis, and/or
steroidogenesis. An increasing number of studies on mammalian models and fish focus on the
effect of environmental chemicals at the transcription level, with the aim to analyze cellular
response mechanisms to a particular toxicant (e.g. Roberts et al., 2003; Yokota et al., 2005;
Vetillard et al., 2005), or to develop new biomarkers (e.g. George et al., 2004; Lampe et al., 2004).
However there is virtually nothing known about transcriptomic effects of environmental chemicals

in echinoderm species.

One of the major difficulties when working with echinoderms is the limited number of genes for
which partial or complete sequences are available. The genome project for the echinoid
Strongylocentrotus purpuratus is how ongoing (http://sugp.caltech.edu), and will become a major

contribution to echinoderm molecular biology.

Paracentrotus lividus, an echinoid, is an edible species of great commercial interest, and is widely
used in embryotoxicity tests. For these reasons it was selected as model echinoderm species in
the COMPRENDO project. P. lividus and S. purpuratus belong to the same order, but not to the
same family. Therefore, similarities in their genome are expected, but only to a certain extent when
it comes to sequence identities.

The last period of the doctoral training was directed to learn the techniques and approaches used
in molecular biology to study the effect of toxicants on gene transcription. The study was performed
as part of a bigger project, which is developing a microarray for analysing gene expression in
several aquatic species, including P. lividus, after exposure to endocrine disruptor compounds. The
specific objectives of this work were to generate sequence information for some of the genes to be

included in the microarray.

The genes chosen for study included genes known to play a role in gonadogenesis and/or
steroidogenesis in vertebrates and which potentially have similar roles in invertebrates. In addition,

beta actin, a housekeeping gene, was chosen to serve as a positive control.
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A.2. Materials and Methods

Animals

Paracentrotus lividus were collected from the Ligurian coast (Italy) and taken to the laboratory.
Gonads were dissected and immediately deep-frozen and stored at -80°C until processed for RNA

extraction.

RNA-extraction

Total RNA of female (n= 4) and male (n= 4) adult P. lividus was isolated from the gonads using
TRI® reagent method according to the manufacturer’s instructions (Sigma, Germany). Similarly,
total RNA was isolated from whole juvenile P. lividus (n= 3). The RNA content was determined
using a GeneQuant photometer (Pharmacia Biotech, UK) and the purity was examined on a 1 to 2
% agarose gel using gel-electrophoresis (Fig. A.1). RNA (2ug) was treated with DNase (Promega,

UK), followed by a reverse transcription using M-MLV reverse transcriptase (Promega, UK).

Figure A.1. Example of an agarose gel with RNA extracted from the sea urchin.

Selection of Genes

The genes chosen for study included genes known to play a role in gonadogenesis and/or
steroidogenesis in vertebrates and which potentially have similar roles in invertebrates. In addition,

beta actin, a housekeeping gene, was chosen to serve as a positive control.

Literature and sequence databases were screened for information on genes that potentially could
play a role in reproductive development of P. lividus and the genes selected for this study are

summarised in Table A.1.
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Table A.1. Genes selected for the study

Nomenclature Other names in the
used in this NCBI database

study
Related to gonadogenesis and/or steroidogenesis
Steroidogenic Acute Regulatory protein StAR
Cytochrome P450 aromatase CYP19 CYP19Al
Cyt. P450 steroid 17U-hydroxylase/17,20 lyase CYP17 CYPcl7
Steroidogenic factor 1 SF-1 NR5A1; FTZF1; FTZ1
Vasa Vasa DEAD/H BOX 4; DDX4
Double-sex- and MAB3-related transcription DMRT1 DMT1
factor 1
Controlgene
b-actin b-actin ACTB

The key function(s) of each of the chosen genes and the current status on their presence in

vertebrates and invertebrates is summarised below:

1 Steroidogenic Acute Requlatory protein (StAR). All steroid hormones are synthesised from a

common precursor: cholesterol. Cholesterol is a lipophilic substrate that cannot move freely
inside the aqueous intracellular environment. StAR is the major protein involved in cholesterol
transport from the outer membrane to the inner membrane of mitochondria (Stocco and Clark,
1996). The gene encoding for StAR has been cloned and sequenced in several vertebrates,
and a mIin64 N-terminal homolog (which shares the StAR box) has been cloned in C. elegans
(gi:25148448).

1 Cytochrome P450 steroid 17U-hydroxylase/17,20 lyase (CYP17). CYP17 is a key regulator of

steroidogenesis. Depending on the presence/absence of each of the CYP17 activities, it can

direct pregnenolone towards C-21 17-deoxysteroids (e.g. aldosterone), C-21 17-
hydroxysteroids (e.g. cortisol), or C-19 steroids (e.g. androstenedione) (Miller et al., 2002). The
gene encoding for CYP17 has been cloned and sequenced in several vertebrates, but not in

invertebrates.

1 Cytochrome P450 aromatase (CYP19). The CYP19 gene encodes an enzyme controlling the
synthesis of estrogens from androgens, by catalysing the conversions of androstenedione to
estrone, and of testosterone to 17b-estradiol. Sequence data for CYP19 is available for several

vertebrates, but not in invertebrates.
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Steroidogenic factor 1 (SF-1). SF-1 is a nuclear orphan receptor and a member of the steroid

receptor super-family (Parker and Schimmer, 1997). Proteins in this family share a common
structural organisation which includes a DNA binding domain, a consensus binding recognition
site, a ligand binding domain, and an activation domain. These domains in SF-1 are highly
conserved across many taxa, except for the ligand-binding domain (Parker and Schimmer,
1997). The extraordinary conservation of the SF-1 protein sequence suggests that it arose
early in evolution, and there are highly conserved functions for this receptor. Indeed, SF-1 was
first described in invertebrates (e.g. gi:8980870; 31213472), but has now been sequenced in

several vertebrates species.

Vasa. The Drosophila gene vasa has a central role in several aspects of germ cell
development. It encodes a member of the DEAD (Asp-Glu-Ala-Asp) box family of ATP-
dependent RNA helicases. The vasa protein appears to regulate the translation of multiple
downstream mMRNAs. Vasa protein is an essential component of germ plasm, a poorly
understood complex of RNA and proteins that is required for germ cell determination. The vasa
gene has been sequenced in several vertebrate and invertebrate species (e.g. 40891624;
10039328).

Double-sex- and MAB3-related transcription factor 1 (DMRT1). The DMRTL1 gene is implicated

in testis determination and has a gonad-specific and sexually dimorphic expression profile
during embryogenesis in vertebrates and invertebrates (insects and nematodes), therefore
DMRT1 must represent an ancient, conserved component of the sex-determining pathway
(Smith et al., 1999). DMRT1 was first described in invertebrates (e.g. 24644933), but it has

also been cloned in numerous vertebrate species.

b-actin. b-actin is a component of the cytoskeleton and functions as mediator of internal cell
motility. Because of this, it is widely employed as internal control gene, with the assumption
that it is expressed constitutively to similar degrees in different cells and tissues and under
different experimental conditions. Several actin genes have been cloned in echinoderms

(Kissinger et al., 1997), but not in P. lividus.

Primer Design

Aminoacid and nucleotide sequences of phylogenetically distant organisms were obtained from

NCBI databases and aligned (Clustalw, EBI), in order to identify conserved regions, and

degenerated primers or specific primers towards a related species were designed. More detailed

information on the choice of primers can be found in the results and discussion section.



A molecular approach to study endocrine disruption - 249 -

Amplification and isolation of the genes of interest

The PCR reactions were performed using PCR Master Mix X2 (Promega, UK), 1 ul primer (100
pmol/ul) and 2 to 10.5 pl P. lividus cDNA to a final volume of 25ul per reaction. The general
conditions for the PCR were 94°C for 5 minutes, 30 to 45 cycles of 94°C for 30 seconds, 42°C for
30 seconds, and 72°C for 1 minute, followed by 72°C for 10 minutes. PCR products were analysed
on 1.5 to 2 % agarose gels and bands of interest were cut out of the gel and purified using the
Wizard ® DNA Clean-Up System (Promega, UK), according to the supplier’s instructions. An

aliquot of the purified product was sequenced (Lark Sequencing, UK).
Cloning

The purified PCR products were cloned with TOPO TA Cloning (Invitrogen, UK) using One Shot®

TOP10 chemically competent E. coli according to the manufacturer’s instructions.

Briefly, the (purified) PCR products (2 mL) were incubated for 30 min at room temperature with the
vector (0.5 mL) and the salt solution (0.5 mL). 2 mL of the mixtures were added to the cells (50 mL)
to allow for transformation, and subsequently cells were incubated for 30 min on ice and heat
shocked for 15 to 20 seconds at 42°C. Finally, 250 mL of SOC medium (Invitrogen, UK) were
carefully added to the cells, and the cell mixtures were incubated in a horizontal orbital shaker-

incubator for 2 hours at 37°C.

The cultures were spread on Agar plates (containing 100pg/ml ampicilin and 1.6 mg X-Gal) and
incubated overnight at 37°C. PCRs using the following conditions: 94°C for 10 minutes, 20 cycles
of 92°C for 1 min, 50 °C for 1 min, 72°C for 1 minutes, and a final step of 72 °C for 10 minutes,
were performed on 10 to 15 white colonies using specific primers for the vector (M13Forward and
M13Reverse). The PCR products were separated on an agarose gel and three colonies containing
the insert of interest were selected and incubated in L-Broth in a horizontal orbital shaker-incubator
overnight at 37°C. Lysates were made from these cultures and the plasmids were isolated using
the Wizard ® Plus SV Miniprep DNA Purification System (Promega, UK).

The sequencing of the plasmids was performed by Lark technologies (UK). The obtained
sequences were blasted in nucleotide and aminoacid databases

(http://www.ncbi.nlm.nih.gov/BLAST/) in order to compare these sequences with previously

characterised genes, based on sequence similarities.
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A.3. Results/discussion

Selection of genes and primer design

Highly conserved regions were found for StAR in vertebrates, but when the StAR-like sequence for
C. elegans was added to the alignment, the conserved regions were too short for designing highly
conserved primers. In addition, no match for this gene could be identified on the
Strongylocentrotus purpuratus genome database. Therefore, no further work on StAR was

performed.

Gene sequence for CYP19-aromatase is only available for vertebrates. Indeed, searches in the
genome of Caenorhabditis elegans, Drosophila melanogaster or Ciona intestinalis could not
identify any CYP19 homolog (Baker et al., 2004). Therefore, it is quite unlikely that CYP19 is

present in echinoderms and no further work on it was performed.

DMRT has been cloned in several vertebrate and invertebrate species, and it is likely that it is also
present in echinoderms. One of the major difficulties in working with DMRT is the limited length of
the conserved region (about 50 aminoacids). This is probably the reason why this gene has not yet
been identified in the S. purpuratus genome database. Moreover, we could not identify a single
work that had used a primer approach to first identify this gene in a species. Instead, published
work used cDNA libraries (e.g. Kondo et al.,, 2002; Veith et al., 2003). Since a cDNA library
approach was not feasible in this study, degenerated primers were designed on both ends of the
conserved region by aligning (Clustalw, EBI) eight aminoacid sequences of phylogenetically
distant organisms (obtained from NCBI databases) (Figure A.2.A).

SF1 has been cloned in several vertebrate and invertebrate species, it contains highly conserved
regions, and it is likely that it is present in echinoderms. As an initial attempt, primers were
designed on the sites used for SF1 isolation in other species (Li et al., 2000), by aligning aminoacid
sequences of six phylogenetically distant organisms (Figure A.2.B). In addition, in order to reduce
the number of degeneracies of the primers, seven nucleotide sequences were aligned and two
further sets of primers were designed (Figure A.3.A). There is no rule on the number of
degeneracies that a primer should have. Deciding on the number of degeneracies is always a
compromise between minimizing non-specific primer sequences, primer dimerisation, and dilution
of the specific primer in a pool of non-specific primers, and maximizing the probability that the
sequence of interest will be present in one of the pool of primer sequences. When exploring the

sea urchin genome database, no matched for SF1 were found.
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Figure A.2. Aminoacid sequence alignments for (A) DMRT and (B) SF1.
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B) SF-1
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Figure A.3. Nucleotide sequence alignments for (A) SF1, (B) CYP17 and (C) vasa.
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B) CYP17
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C) Vasa
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CYP17 has up to now only been cloned in vertebrate species. Indeed, searches in the genome of
Caenorhabditis elegans, Drosophila melanogaster or Ciona intestinalis could not identify any
CYP17 homolog (Baker et al., 2004). However, there are genomic sequences in the S. purpuratus
database with high homology to CYP17. Therefore, we selected the genomic sequence with lower
E score (gnl\ti\201957509) and aligned it towards seven vertebrate nucleotide sequences for
CYP17 to identify highly conserved regions. Then, we designed specific primers towards S.

purpuratus on these regions (Figure A.3.B).

Vasa has been cloned in several vertebrate and invertebrate species, suggesting that this gene is
present in echinoderms. In addition, there are a few genomic sequences in the S. purpuratus
database with high similarity to vasa. Therefore, we selected the genomic sequence with lower E
score (gnl\ti\250606936) and aligned it together with eight nucleotide sequences for vasa of
phylogenetically distant organisms in order to identify highly conserved regions (Figure A.3.C).
Then, we designed specific primers for S. purpuratus for these regions. One of the problems faced
when working with genomic databases is the presence of introns. In fact, despite that the vasa
fragment available for S. purpuratus consisted on 1199 nucleotides, there were only two conserved

regions and they were separated by an intron.

b-actin is a highly conserved gene, therefore specific primers for Pimephales promelas b-actin,

already available in the laboratory, were used.

All primer sequences designed are presented in Table A.2. For all genes, the expected length of

the fragments of interest ranged from 111 to 960 Bp .

Amplification, isolation and cloning of the genes of interest.

For most PCR reactions, a band corresponding to a gene fragment of expected size was obtained
and purified (Figure A.4). Sometimes a regular (single) PCR did not result in bands of expected
size and a second PCR was performed using 1ml of the first PCR product as template. The PCR
conditions and combinations of primers used for each of the obtained gene fragments are

summarised in Table A.3.
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Table A.2. Primer sequences.

Gene of PrimerID

Primer sequence (5’-3’)

Based Degeneracies

interest on? (length)

b-actin b-act-f ATG AGA CCG CTT ACAACAGC 1 0 (20)
b-act-r ATC CAC ATC TGC TGG AAG GT 1 0 (20)

SF1 SF1-f1 “GYCCNGTNTGY GGN GAY AAR . 2 1024 (20)
SF1-f2 AT NGG NCC RAAYTT RTT NCK 2 1024 (20)
SF1-f3 ACS TGY GAR WSS TGY AAG GG 3 128 (20)
SF1-f4 SST GYA AGG GMT TYT TYA AG 3 64 (20)
SF1-r1 GN AAY AARTTY GGN CCN ATG 2 1024 (20)
SF1-r2 TG NAR NAR YTT CAT YTG RTC 2 1024 (20)
SF1-r3 GCM CKR TCB CKY TTG TAC AT 3 96 (20)
SF1-r4 TAC ATB GGB CCR AAY TTRTT 3 72 (20)

DMRT  DMRT-f  CCNAARTGY KCNMGNTGY MG | 2 4098 (20)
DMRT-r AR NGC NAC YTG NGC NGC CAT 2 1024 (20)

CYP17 CYP17-f  GTTCAAGATGAGTTGGATGC . 4 0(0)
CYP17-f TCATGATGAACAGCCCACAG 4 0 (20)

vasa vasa-f  AACAGGATCTGGAAAGACGG - 4  0(0)
vasa-r ATGAGGGCCAGTGGTTCCTG 4 0 (20)

%1: Fathead minnow b-actin sequence; 2: Multispecies aminoacid sequences alignment; 3:

Multispecies nucleotide sequences alignment; 4: Strongylocentrotus purpuratus BACs.

Figure A.4. Agarose gels of the PCR
products obtained using SF1, vasa, b-
actin and DMRT primers. All gels
included a 100 bp ladder.
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After two consecutive PCR reactions, a band of expected size was obtained for CYP17, but this

band was very faint (possibly due to primer depletion by other non-specific products) and it was not

possible to purify it (Figure A.5).
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Table A.3. PCR products obtained.

Gene of Primer Expected PCR conditions’ Approximate
interest  ID size size of the
bands
obtained
b-actin  b-act-f 247 35 ¢: 94°C (30"), 42°C (30"), 72°C (1) 250
b-act-r
SF1 SF1-f4 197 35 ¢: 94°C (30™), 42°C (30™), 72°C (1) 140
SF1-r3
DMRT DMRT-f 134 2 PCR reactions, 35 c.: 94°C (30”), 37°C for 130
DMRT-r 7 c. and 42°C for 28 cycles (30™), 72°C (1)).
35 c.: 94°C (30™), 42°C (30"), 72°C (1)
CYP17 CYP17f 224 2 PCR reactions, both 35 c.: 94°C (30”), 220
CYP17-f 37°C (7 c.) and 42°C (28 c.) (30"), 72°C
).
vasa vasa-f 111° 40 c.: 94°C (30"), 52°C (307), 72°C (1)). 110
vasa-r

Tc: cycles; “minutes; ":seconds

Once introns have been excluded from the S. purpuratus genomic sequence.

Figure A.5. Agarose gel of the PCR product obtained with
CYPL17 primers.

Putative ¥
CYP17 band
Non-specific
products ' . .
t

CYP17

Direct sequencing was performed for those genes where enough quantity of product was obtained
after purification. Alternatively, the bands were cloned. In addition, when the direct sequencing
confirmed that the PCR product belonged to the gene of interest, it was cloned in order to obtain a
longer sequence. For all cloning reactions, white and blue colonies were obtained. While colonies
were collected, the plasmids were amplified by PCR using M13 primers, and the bands were
separated in agarose gels (1%) (as an example, see Figure A.6). Up to three colonies containing

the right size insert were selected, grown overnight, purified, and sequenced.
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Figure A.6. Cloning of b-actin. Colonies 1
to 7 and 10 to 15 contain inserts of the right
size, whereas colonies 8 and 9 do not
contain inserts.

Sequence analysis

The nucleotide sequence obtained for vasa showed high similarity to the vasa-like gene from S.
purpuratus. Two different nucleotide sequences were obtained for actin and they both showed high
similarity to actin genes of the echinoderm and/or fish species. The nucleotide sequences of the
putative DMRT and SF1 gene fragments did not result in high similarities with the sequence
information available for these genes (see Table A.4).

Two different sequences were obtained using the b-actin primers. One of the sequences was
similar to S. purpuratus Cyllb (gi: 47551036; 95% and 100% nucleotide and aminoacid identities,
respectively) and to vertebrate b-actin genes (e.g. in Fundulus heteroclitus, gi:52430329, 90% and
96% nucleotide and aminoacid identities, respectively). The second sequence was similar to fish a-
actin (e.g. in Sphyraena idiastes, gi: 27733680, 88% and 96% nucleotide and aminoacid identities,
respectively). A definitive identification of the first actin gene as Cyllb homolog is not possible due
to the high similarity among the different cytoplasmic actin genes in S. purpuratus (97 to 99%
identity; Kissinger et al., 1997), and therefore we identified this gene as ‘P. lividus b-actin-like’.
Similarly, the identification of the second gene is problematic since it shares 81 to 85% identities
with other S. purpuratus actins (Cyllla, Cylllb, and Cyllb), therefore, we identified it as ‘P. lividus a-
actin-like’. Unfortunately, the nomenclature for actin genes is not standardised in echinoderms. The
sequences obtained can be used to design specific primers against P. lividus actin genes and
obtain their complete sequences by a Race approach. Actin genes are widely used as control
genes in transcriptomic studies. However, a basic characterization of their expression in different
tissues and developmental/reproductive stages in P. lividus would be desirable prior to their use as
control genes.
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Table A.4. Sequences of the cloned fragments. Primers are bolded.

Gene  Nucleotide sequence Significant Blast
-5
results (E<107)
DMRT 1o zo 30 40 50 50 70 None
1 [ e T T T e e |
AGTGCAACTTGTGCTGCCATAGGGGTATAGGTAGAGGCGARATGTCTGGCAGCCCCTTCGAT GAAGRATC
=du 20 100 110 1z0 1z0 140
1 [ e T T T e e |
ATCTCGAAGATTGHGGTAAGGAATCCGATCATTGGATAGGCCATTGATGTGTCCARAATATTCCTTCCCAGG
GCGAATTCA
SF-1 10 z0 30 40 50 60 70 None
T T T e T e |
GGTGCAAGGGCTTTTTCAAGAGT TACCTCTCACGEGAALT GEAC CAGCAAGCGAACAGTCTGT CCCAAARD
a0 a0 100 1la 1z0 130 140
T T T e T e |
TGATCAACCAARATTGGATAAGCACATAATGAATGGGGATGGTCATTCACCATTGAAGGACTCTTCTCLR
150 le0 170 130 120 Z0o z1lo
aooa(aeoe(leacallaaaafasaclaacallacaalasaclcaca(laaaallasaalaacalaaaa[acas
AGTGAACATTIGGT TACGTCTCCAGT TATAGAATCGGC CAGGCAACCRACRACT GGG CACACRAGCCTTA
ZEZ0
AMARRTCCCTTACACC
b-aCtIn 10 z0 30 40 50 &0 70 Ac‘“n
agoaasacfeeaafaeaaasaa(laaaa(lcacalaaaalaaas(|eacalaaaalacaa(aaaajaaaall
ATGAGACCGCT TACAA CAGCAT CATGAAGTGCGATGTTGACAT CCGTAAGGAT CTETACGC CAACACCGT
Similar to
a0 a0 100 110 120 130 140
e e L e L T [ H
CCTCTCTGGAGERTTCCACCATGTITCCCAGRRAT CGC COGACAGEAT G CAGARGGAGAT CACCGCCCTTRCT eChInOderm Cy”b
1t0 1e0 170 1z0 130 zoo zlo
cooallacooleacalldenalaaaalaaoalaaaalldaca laaaallaooallacaalecaallaaas laoaall
CCACCAACCATGAAGAT CAAGATCAT CGCCCCACCAGAALGGARATACTCTGTATGGATCGEAGGCT CCA
220 230 240
e e T [
TCCTTGCTTCTCTCTCCACCTTCCAGCAGAT GTGGAT
b-actin ----|----l|0----|----2|D----|----3|D----|----4|D----|----5|D----|----6|D----|----7|D Actin
TAGAGACCGCTTACAA CAGCATCATGAAGTGTGAC GTAGACAT CCGTCOTGACCTCTACGC CAACACAGT
Similar to fish a-
a0 20 100 110 120 1z0 140
e 1 T T T T e T T ti
CCTATCAGGAGGCACCACCATGTACCCTGGCATTGCTGATCGTATGCAGAAGGAGAT CACTGCACTGGCT actin
150 le0 170 lg0 120 Zoo Z10
e 1 T T T T e T T
CCAAGCACCATGAAGAT CAAGATCATTGCTCCACCCGAGAGGAAATACT CCGTCTGEATCHGGTGHCTCCA
ZE0 Zz0 z40
e T e [ I
TCCTTGCTTCCCTCTCTACCTTCCAGCAGAT GTGGAT
vasa 10 20 30 40 50 &0 70 Vasa

L T T T T e e T e e [
ARCAGGATCTGEAAAGACEGCTGCCTTCCTGCTACCGAT CAT TACCARCATGATARACGARGGCTGCATC

80 20 100
L T T T T T
AGCACCTTCAACGTCATCCAGGAACCACTGGCCCTCAT
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The sequence obtained with the vasa primers was aligned with that of S. purpuratus (Figure A.7).
The high similarity between the two sequences (83% identities, both in nucleotide and aminoacid
sequences) indicates that this is a well-conserved gene. The obtained fragment is part of the
centre of the gene (according to sequences for other organisms), with 1000 to 1400 bp towards it
3’ end, and 1100 to 1800 bp towards its 5’ end. Despite the fact that the length of this sequence is
relatively short, it allows for the design of specific nested primers to undertake a 3'Race and

5’Race approach in order toobtain the complete sequence for this gene.

Figure A.7. Nucleotide (A) and aminoacid (B) alignment of P. lividus and S. purpuratus vasa sequences. The
arrow indicates where the intron in S. purpuratus was located.
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A.4. Future work

Further work should focus on obtaining the whole lengths of vasa and actin genes, and thereafter

characterise their expression, in order to include them in the microarray.

For DMRT, a band of the expected size was obtained, however, the clone sequenced did not
correspond to DMRT. The aminoacid sequence from which the primers were designed was highly
specific for DMRT, however, the low temperatures used during the PCR reaction combined with
the high level of degeneracies (thousands) included in the primers, can explain why unspecific
products were obtained. By increasing the annealing temperature in the PCR reaction, the
specificity of the PCR towards DMRT would increase, and there is the possibility that the DMRT

fragment could be cloned.

For CYP17, a band of the expected size was obtained, however at a very low yield. The low
amplification of the band of interest could be due to the low presence of CYP17 template in the

reaction, or to the competition for the primers by unspecific short bands. In a PCR reaction, shorter
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bands are amplified faster, and can decrease the amount of primer available for longer bands—in
this case, the gene of interest. Future work would need to design other primers, with a higher

specificity towards CYP17.

For SF1, we could never obtain a band of approximately the expected size. Since, multiple PCR
conditions and templates were already used without success, new primers should be designed to
continue the work. Alternatively, the sea urchin EST database could be further explored for

possible matches with SF1 that were not identified in the searches performed within this study.
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RESUM

El invertebrats constitueixen el 95% de les espécies animals i, com en el cas dels vertebrats, sén
susceptibles a I'efecte dels disruptors endocrins (DESs). Tot i aix0, la comprensio d’aquest fenomen
esta limitada pel desconeixement del sistema endocri dels invertebrats. L'alteracié de la sintesis i
metabolisme d’hormones esteroides és un dels possibles mecanismes d'accié dels DEs. En
aquesta tesi s’ha caracteritzat el metabolisme d’hormones esteroides en diferents espécies
d’invertebrats per tal d'avaluar I'efecte in vitro de DEs en aquestes especies, i finalment investigar
I'efecte in vivo de DEs en els nivells i el metabolisme d'esteroides en espéecies d'un filum
seleccionat (Mol-lusca). Les espécies investigades (Mollusca: Marisa cornuarietis, Mytilus sp., i/o
Crassostrea virginica; Crustacea: Hyalella azteca; i Echinoderma: Paracentrotus lividus) van
metabolitzar la testosterona a una serie de metabolits de fase | que també son formats per
vertebrats, amb I'excepcié de 4-androstene-3b,17b-diol, un metabolit format per P. lividus i H.
azteca. Una de les diferéncies més importants amb els vertebrats va ser la baixa contribuci6 de les
hidroxilacions en el metabolisme de testosterona, i en el cas dels molluscs, el metabolisme
d’androstenediona (reducci6 en 5a en comptes de reduccié en 17b). Pel que fa al metabolisme de
testosterona de fase I, les sulfotransferases es trobaven en nivells alts en P. lividus, pero baixos o
indetectables en H. azteca i totes les especies de mol-luscs investigades. En canvi, tots els
invertebrats estudiats presentaven una gran capacitat de conjugacié d’hormones esteroides amb
acid grassos, una via que sembla que ha estat ben conservada al llarg de I'evolucié. Els nivells
d’hormones esteroides i algunes de les vies enzimatiques que les metabolitzen van mostrar
diferéncies estacionals, entre diferents teixits i entre sexes, fet que recolza la possible funcié
fisiologica de les hormones esteroides en invertebrats. Alguns xenobiotics van interferir in vitro
amb els enzims que metabolitzen les hormones esteroides. Entre les vies investigades, la 5a-
reductasa i la sulfotransferasa, van mostrar la sensibilitat més alta a inhibicié/activacié per
tributilestany (TBT), trifenilestany (TPT) i fenarimol. Per ultim es va investigar I'efecte de I'exposicid
a estradiol, petroli, i la barreja de petroli i compostos alquilfendlics en bivalves Mytilus sp., i
I'exposicid a metiltestosterona, TBT, TPT i fenarimol en el gasteropode M. cornuarietis. El tipus
d’efectes induits per I'estradiol van dependre en gran mesura de la seva concentracid. Algunes de
les respostes observades en els musclos exposats a petroli o la barreja de petroli i alquilfenols,
van ser similars a les que s’havien observat per concentracions altes d’estradiol. En aquests
experiments es va observar també el possible rol que juga la conjugacié d’'esteroides amb acid
grassos en la regulacioé dels nivells d’esteroides lliures. L'exposicié als compostos organoestannics
(TBT i TPT) va causar l'aparicio d'imposex i va resultar en una reduccio del nivell d’esteroides en

forma esterificada en femelles de M. cornuarietis, perd no en mascles. Els altres compostos
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avaluats (metiltestosterona i fenarimol) van induir imposex en femelles, perd no van mostrar
alteracions en els nivells d’esteroides esterificats, de manera que no es va poder demostrar la
connexio entre la davallada dels nivells d’esteroides conjugats amb acids grassos i el fenomen de
'imposex. L'exposicié a TPT va inhibir 5a-reductasa en femelles de M. cornuarietis. Tot i aixi, cap
dels dos organoestannics va alterar el dimorfisme sexual en el metabolisme d’androstenedione
gue existeix en el complex glandula digestiva/gonada d'aquest gasteropode. En resum, aquesta
tesi contribueix al coneixement del metabolisme d’androgens en invertebrats i identifica dianes on

poden actuar els disruptors endocrins.
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ABSTRACT

Ninety-five percent of all animal species are invertebrates, and like vertebrates, they are
susceptible to endocrine disruption. Nevertheless, there are important gaps on the knowledge of
the endocrine system of invertebrates that hinder the understanding of the endocrine disruption
phenomena in those species. Steroid synthesis and metabolism is one of several possible targets
of endocrine disruptors. This thesis aimed to characterize sex steroid metabolism in different
invertebrate species, to test the in vitro effect of model endocrine disruptors in those species, and
to test the in vivo effect of model endocrine disruptors on steroid levels and metabolism in species
from a selected phyla (Mollusca). The species investigated (Mollusca: Marisa cornuarietis, Mytilus
sp., and/or Crassostrea virginica; Crustacea: Hyalella azteca; and Echinoderma: Paracentrotus
lividus) were able to form a series of phase | metabolites of testosterone that are also formed by
vertebrates, with the exception of 4-androstene-3b,17b-diol, a metabolite formed by P. lividus and
H. azteca. One of the major differences with vertebrate species was the lower contribution of
hydroxylases in the metabolism of testosterone, and the metabolic fate of androstenedione in
molluscs (5a-reduction instead of 17b-reduction). Regarding phase Il metabolism of testosterone,
sulfotransferases were found at high levels in P. lividus, but low or undetectable levels were
present in H. azteca and the molluscan species investigated. In contrast, the conjugation of
steroids with fatty acid moieties was present in all invertebrates investigated, showing that acyl-
CoA:steroid acyltransferases are well-conserved through evolution. Steroid levels and the
enzymatic activities for some metabolic pathways showed differences between males and females,
among tissues, and between seasons in some invertebrate species, which adds further evidence
for a physiological role of sex steroids in invertebrates. Some xenobiotics modulated steroid
metabolic pathways in invertebrates in vitro. Among the pathways investigated, 5a-reductase and
sulfotransferase showed the highest sensitivity to inhibition/activation by tributyltin (TBT),
triphenyltin (TPT) and fenarimol. Finally, the effects of the exposure to estradiol, crude oil, and the
mixture of crude oil and alkylphenolic compounds in Mytilus sp. and the exposure to
methyltestosterone, TBT, TPT and fenarimol in the gastropod M. cornuarietis were investigated.
The type of effects induced by estradiol depended greatly on the concentration. Some of the
responses observed in mussels exposed to crude oil and the mixture of crude oil and alkylphenols
were similar to those observed in mussels exposed to the highest concentrations of estradiol.
Those experiments also showed that esterification seems to play a key role in the regulation of free
steroid levels in bivalve molluscs. The exposure to the organotin compounds (TBT and TPT)
caused imposex and decreased esterified steroid levels in females of M. cornuarietis, but not in

males. Methyltestosterone and fenarimol induced imposex in females, but did not lead to
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alterations in esterified steroid levels. Therefore, the connection between a decrease of esterified
steroids and the phenomena of imposex could not be proved. The exposure to TPT inhibited 5a-
reductase in female M. cornuarietis. However, neither TPT nor TBT altered the sexual dimorphism
in androstenedione metabolism that exists in the digestive gland/gonad complex of this snail
species. Overall, this thesis contributes to the knowledge of androgen metabolism in invertebrate

species and identifies possible targets of endocrine disruption.



