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In assessing the evidence as to whether vertebrate sex steroids (e.g. testosterone, estradiol, progesterone)
have hormonal actions in mollusks, ca. 85% of research papers report at least one biological effect; and 18
out of 21 review papers (published between 1970 and 2012) express a positive view. However, just under
half of the research studies can be rejected on the grounds that they did not actually test steroids, but com-
pounds or mixtures that were only presumed to behave as steroids (or modulators of steroids) on the basis
of their effects in vertebrates (e.g. Bisphenol-A, nonylphenol and sewage treatment effluents). Of the
remaining 55 papers, some can be criticized for having no statistical analysis; some for using only a single
dose of steroid; others for having irregular dose–response curves; 40 out of the 55 for not replicating the
treatments; and 50 out of 55 for having no within-study repetition. Furthermore, most studies had very
low effect sizes in comparison to fish-based bioassays for steroids (i.e. they had a very weak ‘signal-to-
noise’ ratio). When these facts are combined with the fact that none of the studies were conducted with
rigorous randomization or ‘blinding’ procedures (implying the possibility of ‘operator bias’) one must con-
clude that there is no indisputable bioassay evidence that vertebrate sex steroids have endocrinological or
reproductive roles in mollusks. The only observation that has been independently validated is the ability of
estradiol to trigger rapid (1–5 min) lysosomal membrane breakdown in hemocytes of Mytilus spp. This is a
typical ‘inflammatory’ response, however, and is not proof that estradiol is a hormone – especially when
taken in conjunction with the evidence (discussed in a previous review) that mollusks have neither the
enzymes necessary to synthesize vertebrate steroids nor nuclear receptors with which to respond to them.
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1. Introduction

There have been three main discoveries that have driven
research on vertebrate steroids in mollusks. The first was the discov-
ery of the presence of vertebrate steroids in molluscan tissues [1–3].
It was not unreasonable at the time that people should have as-
sumed that these steroids were of endogenous origin and were pos-
sibly used as hormones in the same way as they are in vertebrates.
The second big discovery was that the anti-fouling compound tribu-
tyltin (TBT) was the main causative agent of penis growth in female
snails living in harbors and estuaries (reviewed by [4,5]). It was also
not unreasonable for people to link this overtly ‘androgenic’ effect
with the fact that testosterone (T) could be extracted from the flesh
of the same animals (reviewed by [6]) and then work on the hypoth-
esis that penis growth was mediated by alteration of T production or
metabolism by TBT (reviewed by [4]). The third big discovery was
that sewage treatment works (STWs) in the UK at the end of the
1980s were emitting large amounts of estrogenically active com-
pounds that were inducing massive production of egg yolk protein
(vitellogenin; VTG) by immature fish [7]. It was not long after this
paper was published that studies started appearing in which
researchers attempted to show similar changes in egg yolk protein
production in mollusks that had been exposed to effluents and/or
to synthetic estrogens. The results of such studies were felt by some
people to be so encouraging [8–10], that a new driver for research on
steroids in mollusks appeared. This was to develop bioassays for
estrogenic (and androgenic) endocrine disrupters using mollusks,
rather than fishes or mammals, as test animals.

The foundations of the first two research drivers have been crum-
bling for some time now. It has been known for over twenty years
that vertebrate-type steroids can be extracted from all living organ-
isms [11,12] including plants [13]. In other words, there is nothing
necessarily special or unusual about the presence of steroids in
mollusks. Also, ever since it was discovered that mollusks are rather
good at absorbing steroids from the environment and storing them
for many days in the form of fatty acid esters [14,15], the long-
standing assumption that any of the steroids that are found in
molluscan tissues are actually made by the animals themselves, or
that they have functional receptors, is increasingly being challenged
[6,16,17]. It is now also known that T has little or no role to play in
penis development in female mollusks [18,19]. As will be seen, this
negative evidence contrasts with the relatively large amount of po-
sitive evidence that vertebrate steroids are hormonally active when
administered to mollusks. This present review was undertaken to
critically assess the strength of this evidence.

Unfortunately, there is much confusion and obfuscation in this
area of research, because many people working on mollusks make
frequent use of terms that are strictly relevant to vertebrate endocri-
nology such as ‘endocrine disruption’, ‘androgens’, ‘estrogens’ and
‘xenoestrogens’. However, these terms are misleading, as they are
based purely on assumptions – one being that because STW
effluents can affect reproductive traits in mollusks and because
STW effluents contain compounds that behave as estrogens to ver-
tebrates, then it must be estrogens that are affecting the mollusks
– another being that just because certain compounds in the environ-
ment such as Bisphenol-A (BPA) and nonylphenol (NP) elicit effects
in vertebrates via binding to the estrogen receptor, then any effects
they might have in mollusks must be via the same mechanisms.
2. What is the current view on the involvement of steroids in
mollusk reproduction?

There have been over twenty reviews that have dealt in one
way or another with the putative role of vertebrate steroids in mol-
lusks. These reviews can be split into those that contain:
a strong positive conclusion – i.e. they include firm statements
such as ‘the evidence that steroids play a functional role is strong’
[20] ‘sex steroids play important roles in molluscan reproductive
control’ [21]; modulation of vertebrate-type steroid levels in proso-
branchs plays a key role in imposex development’ [5]; ‘essentially,
molluscs use ‘true’ hormones for chemical signaling within their
body tissues, including vertebrate-type sex steroids, which they
are able to produce de novo in the gonad’ [22]; ‘steroid production
in molluscs is undisputedly similar to that in vertebrates’ [8];
‘steroids play important roles in the regulation of reproduction in
both vertebrates and invertebrates’ [23]; ‘vertebrate-type steroids
and steroid receptors are present, performing roles in molluscs
which are similar to those which they play in vertebrates’ [24];

a cautious positive conclusion – i.e. the authors make similar
positive statements, but qualify them with words such as ‘hope’,
‘indicate’, ‘suggest’, ‘potentially’, ‘possible’, ‘might’ and ‘may’; and
also tend to suggest that gaps in the data are likely to be resolved
(in a positive direction) by further research [9,10,12,25–31].

a cautious negative conclusion – i.e. the authors imply that an
endocrine role is ‘unlikely’ or that there is insufficient evidence
to draw a conclusion one way or the other [11,32]

a strong negative conclusion – i.e. the authors imply that an
endocrine role is ‘improbable’ [6,16,17].

From the above, it is hard to argue against the contention that,
among most people working in this field, there is a positive expec-
tation (i.e. a preconception) that estrogens and androgens will
cause reproductive effects when administered to mollusks. Carry-
ing out an experiment with any preconception at all means that
it is potentially ‘biased’, and this is something that has implications
for the handling, statistical analysis and presentation of experi-
mental data. It is emphasized that the word ‘bias’ in relation to
experimental science does not imply ‘bigotry’ on the part of scien-
tists, nor should it be interpreted in any way whatsoever that any
person referred to directly or indirectly in this review has ever
consciously or deliberately manipulated data. Bias is basically the
potential for an experimenter to influence the outcome of an
experiment in any way at all (whether consciously or subcon-
sciously) and is a problem that applies to all fields of experimental
science.
3. Evaluation of bioassay data

In order to evaluate the ‘quality’ of the bioassay data that
underpin the belief that steroids have hormonal actions in mol-
lusks, the following information was obtained from each paper:
species, effect measured, compound and route of exposure, time
of exposure, dose, whether there was an effect and if so, the size
of the effect, the shape (if any) of the dose–response curve,
whether or nor the data were statistically analyzed (though a posi-
tive answer does not necessarily mean that the analysis was
correct or appropriate), whether the finding was repeated with-
in-study, the number of replicates, the number of animals and
whether actual, as opposed to nominal concentrations of the com-
pound were used. Complete information is provided in a set of
tables in Supplementary Information. Only a brief summary, with
key points of interest, is included in Tables 1–3 in the main body
of the review. These are split into studies that have directly tested
the effects of steroids (Table 1); those that have tested compounds
that are not themselves steroids (Table 2), but are known to: either
act as weak estrogens (e.g. nonylphenol [NP] and Bisphenol A
[BPA]) or anti-androgens in vertebrates, are drugs that modify
the actions of steroids in vertebrates (e.g. the androgen receptor
antagonist, cyproterone acetate or aromatase inhibitors such as
Fadrozole), or are compounds that have been previously hypothe-
sized to exert their actions via affecting endogenous steroid



Table 1
Responses of mollusks to vertebrate-type steroids.

Species Steroids Effect
claimed?

Maximum
effect size

Number of doses (shape
of response curve)

Within study
repetition?

Statistics? Effect(s) measured

A. Gonad growth, fecundity, hatchability, sex ratio and secondary sexual characteristics
Dogwhelk, Nucella lapillus & netted

dogwhelk, Nassarius reticulata [53]
T Y 4 1 N N Imposex/penis growth

Mediterranean land snail, Theba pisana
[76]

T Y ? 1 N N Gonad histology

Pacific oyster, Crassostrea gigas [64] EB Y 2 1 Ya N Sex ratio
Sea snail, Murex trunculus [77] EB, TP N – 1 N N Gonad histology
Slug, Ariolimax californicus [78] DHEA, KT Y 2 1 N N Gonad weight
Slug, Arion rufus [79] P, T, E2 N – 1 N N Gonad histology
Slug, Milax gagates [80] EB, TP N – 1 N N Gonad histology
Slugs, Derocers reticulates & Limax flavus

[81]
E1, E2, T,
DHEA, Preg

Y 2 1 N N Induction of egg-laying

Terrestrial snail, Euhadra peliomphala
[82]

T, E2 Y ? 1 N N Induction of egg-laying

Coot clam, Mulinia lateralis [83] MT Y ? 3 (top dose only) N N Sex ratio
Giant ramshorn snail, Marisa

cornuarietis [84]
EE2 Y 1.5 1 N Y Fecundity

Giant ramshorn snail, Marisa
cornuarietis [85]

MT, EE2 Y 5 1 N Y Imposex/penis growth

Giant ramshorn snail, Marisa
cornuarietis [86]

EE2 N – 1 N Y Hatching success

Bloodfluke planorb, Biomphalaria
glabrata [87]

T, EV Y 4 1 N Y Fecundity

Peppery furrow shell, Scrobicularia
plana [88]

E2, EE2 Y 1.5 1 N Y Oocyte diameter

Dogwhelk, Nucella lapillus [55] T Y ? 1 N Y Imposex/penis growth
Edible snail, Helix pomatia [89] T, E1, P Y 2 1 N Y Gonad histology
Edible snail, Helix pomatia [90] Cortisol,

DOC, NorT
Y 2 1 N Y Gonad histology

NZ Mudsnail, Potamopyrgus
antipodarum [49,56]

EE2 Y 3 1 N Y Embryo production

Scallop, Mizuopecten yessoensis [91] T, E2, P Y ? 1 N Y Gonad histology
Scallop, Placopecten magellanicus [92] T, E2, P,

DHEA
Y 2 1 N Y Gonad differentiation

Giant ramshorn snail Marisa
cornuarietis [93]

MT Y 2 2 N Y Penis growth

Eastern mud snail, Ilyanassa obsoleta
[94]

T Y 3 2 N Y Imposex/penis growth

Great ramshorn snail Planorbarius
corneus [63]

E2 N – 2 N Y Fecundity
E2 Nb – 3 N Y Fecundity
E2 Yc 2 3 (high dose only) N Y Fecundity

River snail, Viviparus viviparus [63] E2 Y 2 2 (low dose only) N Y Unhatched embryosd

Great pond snail, Lymnaea stagnalis [95] MT N – 3 N Y Fecundity
Dogwhelk, Nucella lapillus [54] T Y 2 3 (top two doses) N Y Penis growth
NZ Mudsnail, Potamopyrgus

antipodarum [10]
EE2 Y 10 4 (inverted-U) N Y Embryo production

B. Induction of egg yolk protein production
Freshwater mussel, Elliptio complanata

[96]
E2, T Y 5 1 N Y ALP in hemolymph

Pacific oyster, Crassostrea gigas [97] E2 Y 1.5 1 N Y VT
Scallop, Patinopectin yessoensis [98] E2 Y 2 1 N Y VT using EIA
Sydney rock oyster, Saccostrea

glomerata [45]
EE2 Y 7 2 N Y VT using HPLC & UV

Freshwater mussel, Elliptio complanata
[99]

E2, T, P, Ad N – 3 Y Y VT using PAGE

Freshwater mussel, Elliptio complanata
[100]

E2 Y 2 3 (monotonic) N Y VT mRNA & ALP

Freshwater mussel, Elliptio complanata
[101]

E2 Y 1.5 3 (monotonic) N Y ALP in hemolymph

NZ Mudsnail, Potamopyrgus
antipodarum and Valvata piscinalis
[102]

MT Y 2 3 (flat) N Y ALP

Mussel, Mytilus edulis Swan mussel,
Anodonta cygnea [103]

E2 N – 4 N Y VT on PAGE & proteomics
E2 N – 4 N Y

Soft-shell clam, Mya arenaria [104] E2 Y 1.5 5 (inverted-U) N Y ALP in hemolymph

C. Miscellaneous physiological and molecular biological effects
Venus mercenaria and Mactra solidissima

[1]
E2 N – 1 N N Respiratory measures

Giant ramshorn snail, Marisa
cornuarietis [86]

EE2 N – 1 N Y Heart rate

Mussel, Mytilus edulis [57,58] E2 N – 1 N Y VT & nER mRNAs
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Table 1 (continued)

Species Steroids Effect
claimed?

Maximum
effect size

Number of doses (shape
of response curve)

Within study
repetition?

Statistics? Effect(s) measured

Mussel, Mytilus edulis [52] E2 Ye 100 2 N Y Serotonin receptor & COX
mRNAE2 Yf 100 2 N Y

EE2 Ye 100 2 N Y
EB Ye 100 1 N Y

Mussel, Mytilus edulis [51] E2 Ye 1000 3 (inverted-U) N Y VT & nER mRNA
E2 Nf – 2 Y Y
EE2 Ye 100 2 (both doses) N Y
EB Ye 1000 1 N Y

Mussel, Mytilus galloprovincialis
[105,106]

E2 Y 3 3 (monotonic, U-
shaped)

N Y Esterifying enzymes &
aromatase

Mussel, Mytilus galloprovincialis [31] T Y 3 3 (monotonic) N Y Esterifying enzymes

D. Short-term effects (minutes to hours; mainly in vitro)
Octopus, Octopus vulgaris [107] P Y 2 1 N Y VT & oocyte proliferation

marker
Octopus, Octopus vulgaris [108] P Y ? 1 N N Sperm activation
Mussel, Mytilus edulis [43] E2 Y 15 3 (monotonic) N N NO production
Mussel, Mytilus galloprovincialis [109] EE2 Y 3 1 & 3 (monotonic) N Y Lysosomal membrane

stability & kinases
Mussel, Mytilus edulis [66] E2, P,

Cortisol
Y 3 1 N Y Lysosomal membrane

stability
Mussel, Mytilus galloprovincialis [67] E2 Y 10 1 & 4 (monotonic) N Y Lysosomal membrane

stability & cytosolic Ca++

Slug, Laevicaulis alte [110] E2, T Y ? 1 N Y Various enzymes
Mussel, Mytilus galloprovincialis [44] E2 Y 9 3 (monotonic, inverted-

U)
N Y Lysosomal membrane

stability
Scallop, Placopecten magellanicus [111] E2, T, P Y 3 5 (inverted-U) N Y In vitro gamete release

Note: This is an abbreviated table. The full table on which it is based and which contains extra information (such as dosage, routes of exposure, experimental duration and
whether doses were nominal or actual) is available in Supplementary Information.
Abbreviation used: Y, Yes; N, No; Ad, Androstenedione; ALP, Alkaline-labile phosphate (i.e. phosphate assumed to be part of the egg yolk protein); Aromatase, CYP19, the
enzyme that converts T ? E2; COX, Cyclooygenase; DHEA, Dehydroepiandrosterone (part of the steroid biosynthetic pathway in vertebrates; precursor to androstenedione;
DOC, 11-deoxycorticosterone; E1, Estrone (main metabolite of E2 and common in the environment); E2, 17b-Estradiol (the main vertebrate estrogen); EB, 17b-Estradiol
benzoate (a more water-soluble version of E2); EE2, Ethinyl estradiol (a potent synthetic estrogen used in ‘the Pill’); EIA, Enzyme Immunoassay; EV, 17b-Estradiol valerate (a
more water-soluble version of E2); HPLC, High Performance Liquid Chromatography; Imposex, the existence of male characteristics (e.g. a penis) in female mollusks; KT, 11-
ketotestosterone (the main androgen in teleost fishes); mRNA, messenger RNA; MT, Methyltestosterone (a potent synthetic androgen); nER, nuclear estrogen receptor, NO,
Nitric oxide; norT, 19-nortestosterone (intermediate in the aromatization of T ? E2); P, Progesterone (the main progestin in mammals); PAGE, Polyacrylamide Gel Elec-
trophoresis; Preg, Pregnenolone; T, Testosterone (the main androgen in mammals); TP, Testosterone propionate (a more water soluble version of T); UV, Ultraviolet; VT,
Vitellin (egg yolk).

a Effect noted in 2 out of 3 experiments (animals in negative experiment were immature).
b Simulated summer conditions.
c Simulated autumn conditions.
d No effect noted for neonates or hatched eggs.
e Immature animals.
f Mature animals.
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production in mollusks (e.g. TBT); or are studies that have tested
the effects of effluents (Table 3), on the basis that, in the majority
of these papers, it was suggested that effects were due to the
presence of ‘estrogens’ or ‘anti-androgens’ in the effluent (or of
compounds that were presumed to affect endogenous steroid
production).

Within Tables 1 and 2, the studies are divided into those that
show: (A) the effects of steroids on gonad development and sec-
ondary sexual characteristics in mollusks; (B) the effects of steroids
on vitellin (egg yolk protein) production in mollusks; (C) the effects
of steroids on various other physiological and molecular endpoints
in mollusks; and (D) very short-term (minutes to hours) effects of
steroids in mollusks.

From the outset, it must be made absolutely clear that none of
the studies that are included in Tables 2 and 3 can be accepted as
evidence for the involvement of vertebrate steroids in mollusk
reproduction. Although compounds like NP and BPA are weak
estrogen agonists in vertebrates, it has only ever been an assump-
tion that any effect that they might have in mollusks is via similar
mechanisms. It is also only an assumption that drugs, such as
cyproterone acetate and aromatase inhibitors, which affect the
binding or synthesis of steroids in vertebrates, necessarily exert
their actions in the same way in mollusks. Similarly, it has never
been more than a hypothesis (Section 12) that TBT exerts its unde-
niable effects on mollusc reproduction via interference with T
production in mollusks. Up until about 2007, these assumptions
could be described as plausible – as they were based mainly on
the widespread presence of vertebrate steroids in molluscan
tissues. However, in the past five years it has become increasingly
clear that the presence of steroids in mollusks can be readily
explained by their penchant for taking up (and then storing) verte-
brate steroids from the environment (see review by [6]); and that
the ‘mollusk genome’ does not contain the genes for critical steroid
synthetic enzymes (such as aromatase) or for functional steroid
nuclear receptors [17,33]. In the face of this negative evidence, it
is apparent that if (as they appear to do) compounds such as aro-
matase inhibitors and NP are able to elicit effects in mollusks, then
they must do so by mechanisms which are unrelated to their dem-
onstrated mechanism of action in vertebrates (i.e. interfering with
steroid synthesis or receptor binding).

The total number of publications in Table 1 (i.e. those that have
specifically tested natural or synthetic vertebrate steroids) is 55 (of
which two are abstracts). Since quite a few of these papers have
investigated more than one steroid in more than one species, there
have actually been ca. 100 exposure experiments on steroids. Sev-
eral of these papers have measured more than one end-point,
which means that there are data on ca. 150 steroid-effect relation-
ship experiments in mollusks.



Table 2
Responses of mollusks to compounds that are not themselves vertebrate steroids (but are assumed, whether rightly or wrongly, to modify their function).

Species Compounds Effect
claimed?

Maximum
effect

Number of doses
(shape of response
curve)

Within study
repetition?

Statistics? Effect(s)
measured

A. Gonad growth, fecundity, hatchability, sex ratio and secondary sexual characteristics
Dogwhelk, Nucella lapillus & netted

dogwhelk, Nassarius reticulata [53]
TBT
CPA

Y 2
6

3 (monotonic)
1

N N Imposex/penis growth

Giant ramshorn snail, Marisa
cornuarietis [85]

TBT
CPA

Y
Y

3
2

1
1

N Y Imposex

Netted dogwhelk, Hinia reticulata [85] CPA Y 1.5 1 N Y Penis growth
Peppery furrow shell, Scrobicularia

plana [88]
NP, OP
(+ E2, EE2)

Y 1.3 1 Ya Y Intersex & oocyte
diameter

Dogwhelk, Nucella lapillus [112] TBT
CPA

Y
Y

10
2–8

1
1

N Y Imposex/penis growth

Dogwhelk, Nucella lapillus [55] TBT
APGW

Y
N

10
–

1
1

N
N

Y
Y

Imposex/penis growth

Dogwhelk, Nucella lapillus [75] TBT
CPA

Y
Y

5
2

1
1

N Y Imposex

Dogwhelk, Nucella lapillus [85] TBT
CPA

Y 1.2 3 (flat)
1

N Y Imposex/penis growth

Giant ramshorn snail, Marisa
cornuarietis [86]

BPA Y 1.1 1 N Y Hatching

Eastern mud snail, Ilyanassa obsoleta
[94]

TBT
APGW

Y
Y

4
3

3 (inverted-U)
4 (flat)

N Y Imposex/penis growth

Great pond snail, Lymnaea stagnalis
[95]

NP N – 3 N Y Fecundity & hatching

Dogwhelk, Nucella lapillus [85] VZ Y 1.5 3 (flat) N Y Penis & prostate
growth

Dogwhelk, Nucella lapillus [39] BPA, OP Y 1.3 3 (flat) N Y Imposex
NZ mudsnail, Potamopyrgus

antipodarum [113]
FAD Y 2–5 4 (flat) Y Y Embryo production

NZ Mudsnail, Potamopyrgus
antipodarum [10]

BPA, OP Y 10 4 (inverted-U) N Y Embryo production

NZ Mudsnail, Potamopyrgus
antipodarum [49,56]

BPA
OP
NP

Y
Y
Y

2
1.3
1.3

5 (monotonic)
5 (monotonic)
6 (inverted-U)

N Y Embryo production

Giant ramshorn snail, Marisa
cornuarietis [93]

TBT
FEN

Y
Y

3.5
2.5

5 (flat)
2

N
N

Y
Y

Imposex

Giant ramshorn snail, Marisa
cornuarietis [35,36]

BPA N – 5 Y Y Fecundity &
hatchability

Giant ramshorn snail, Marisa
cornuarietis [39,84]

BPA Y 1.8 4 & 6 (partly
monotonic, flat)

Y Y Fecundity

Great pond snail, Lymnaea stagnalis
[114]

VZ Y 3 6 (top two doses
only)

N Y Fecundity & fertility

NZ Mudsnail, Potamopyrgus
antipodarum [56,115]

TPT
TBT

Y
Y

4
8

7 (monotonic)
7 (monotonic)

N Y Embryo production

B. Induction of egg yolk protein production
Mussel, Mytilus edulis [116] BPA N – 1 N N ALP & histology
NZ Mudsnail, Potamopyrgus

antipodarum and Valvata piscinalis
[102]

BPA
OP

Y
Y

2
2–8

3 (flat)
3 (lowest dose)

N
N

Y
Y

ALP & VT on PAGE

Freshwater mussel, Elliptio
complanata [96]

Cop Y 2.5 3 (inverted-U) N Y ALP in hemolymph

Mussel, Mytilus galloprovincialis [117] NP Y 30 4 (one dose) N Y ALP
Sydney rock oyster, Saccostrea

glomerata [45]
NP Y 1.5 2 (top dose only) N Y VT using HPLC & UV

Cockle, Cerastoderma glaucum [50] NP Y 2–10 4 (all shapes) Y Y ALP
Manila clam, Tapes philippinarum

[118]
NP Y 3 4 (monotonic) N Y ALP

Soft-shell clam, Mya arenaria [104] NP Y 4 3 (monotonic) N Y ALP
Freshwater mussel, Elliptio

complanata [101]
NP Y 1.6 3 (monotonic) N Y ALP

Valvata piscinalis [102] BPA
OP

N
N

–
–

3
3

Y Y ALP

C. Miscellaneous physiological and molecular biological effects
Giant ramshorn snail, Marisa

cornuarietis [86]
BPA Y 1.2 2 N Y Heart rate

Freshwater mussel, Dreissena
polymorpha [119]

NP Y 2 3 (flat) N Y Oxidative stress
enzymes,
T & E2

Dogwhelk, Nucella lapillus & netted
dogwhelk, Nassarius reticulata [53]

TBT Y 2 3 (monotonic) N N T & E2

Giant ramshorn snail, Marisa
cornuarietis [93]

TBT
FEN

Y
N

5
–

5 (flat)
2

N Y Esterification of T & E2
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Table 2 (continued)

Species Compounds Effect
claimed?

Maximum
effect

Number of doses
(shape of response
curve)

Within study
repetition?

Statistics? Effect(s)
measured

D. Short-term effects (minutes to hours; mainly in vitro)
Mussel, Mytilus galloprovincialis [109] DES, BPA, Gen, NP Y 2.5 3 (monotonic) N Y Lysosomal membrane

breakdown & kinases
Mussel, Mytilus edulis [43] TAM Y 15 1 N N NO release from pedal

ganglion
Mussel, Mytilus galloprovincialis [67] TAM Y 10 1 N Y Lysosomal membrane

breakdown

The full table on which it is based and which contains extra information (such as dosage, routes of exposure, experimental duration and whether doses were nominal or
actual) is available in Supplementary Information. a10-fold difference in doses between experiments.
Abbreviations used: Y, Yes; N, No; ALP, Alkaline-labile phosphate (i.e. phosphate assumed to be part of the egg yolk protein); APGW, Alanine-proline-glycine-tryptophan, a
neuropeptide found in mollusks; BPA, Bisphenol-A (an exceedingly weak estrogen in vertebrates); Cop, Coprostanol, a metabolite of cholesterol formed in the gut (common
constituent of sewage effluent); CPA, Cyproterone acetate (an antagonist of the vertebrate nuclear androgen receptor; DES, Diethylstilbestrol (a potent non-steroidal estrogenic
drug no longer in use); FAD, Fadrozole (an aromatase inhibitor); FEN, Fenitrothione (an insecticide with anti-androgenic properties in vertebrates); Gen, Genistein, a weak
estrogen present in some plants; HPLC, High Performance Liquid Chromatography; Imposex, the existence of male characteristics (e.g. a penis) in female mollusks; mRNA,
messenger RNA; nER, nuclear estrogen receptor; NP, Nonylphenol (a synthetic surfactant – once widely used, but now banned in Europe); OP, Octylphenol (a synthetic surfactant
– once widely used, but now banned in Europe); PAGE, Polyacrylamide Gel Electrophoresis; TAM, Tamoxifen (an estrogen receptor antagonist used as a medicine); TBT, Tributyl
Tin (an anti-foulant); TPT, Triphenyl Tin (another anti-foulant); UV, Ultraviolet; VT, Vitellin (egg yolk); VZ, Vinclozolin (a fungicide with anti-androgenic activity in vertebrates).

Table 3
Field exposure studies in mollusks in which the effects have been ascribed to the presence of steroid-mimicking or steroid-modifying endocrine disrupters.

Species Exposure to: Effect Effect
size

Within study
repetition?

Effect(s) measured

Calico scallop, Argopecten gibbus [120] Municipal dump Y 2 N ALP
Dogwhelk, Nucella lapillus [121] Raw sewage Y (incremental, inverted-

U)
3 N % Mature females & nER

mRNA
Dogwhelk, Nucella lapillus [122] Sewage effluent + TBT N 3 N Imposex/penis growth
Freshwater mussel, Elliptio complanata

[123]
Sewage effluent Y 1.5 N ALP & sex ratio

Great ramshorn snail Planorbarius corneus
[38]

Sewage effluent Y (U-shaped) 3 Y Fecundity

Mussel, Mytilus edulis [124] North sea
oil + AP + PAH

Y 3 N Steroids & aromatase

Mussel, Mytilus edulis [125] North sea
oil + AP + PAH

Y (oil alone) 7 N ALP

NZ mudsnail, Potamopyrgus antipodarum
[126]

River sediments Y 2 N Embryo production

NZ mudsnail, Potamopyrgus antipodarum
[127]

Sediment fractions Y 3 N Embryo production

NZ mudsnail, Potamopyrgus antipodarum
[10]

Sewage effluent Y (city skyline) 2 N Embryo production

NZ mudsnail, Potamopyrgus antipodarum
[128]

Sewage effluent Y 4 N Embryo production &
steroids

NZ mudsnail, Potamopyrgus antipodarum
[129]

Zinc ore treatment
plant

Y 3 N Embryo production &
steroids

NZ mudsnail, Potamopyrgus antipodarum
[130]

Coal waste sediments Y (U-shaped) 2 N Embryo production

Peppery furrow shell, Scrobicularia plana
[131]

Pollution Y 2 N Gonad weight & steroids

Soft-shell clam, Mya arenaria [132] Inshore seawater Y 1.5 N ALP
Zebra mussel, Dreissena polymorpha [133] Sewage effluent Y 3 N ALP

Abbreviations used: Y, Yes; N, No; ALP, Alkaline-labile phosphate (i.e. phosphate assumed to be part of the egg yolk protein); AP, Alkylphenols; mRNA, messenger RNA; nER,
nuclear estrogen receptor; PAH, Polyaromatic Hydrocarbons; TBT, Tributyltin.
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4. Why should one doubt results even if they are statistically
significant at the 5% level?

Twelve out of the 55 papers listed in Table 1 lack any form of
statistical analysis. These studies must be considered as providing
the lowest grade of proof of the actions of steroids on mollusks
(and have been sorted so that they are listed at the top of each
section in Table 1).

If one dismisses publications that do not include statistical anal-
ysis, one must consider whether the studies that do include statis-
tical analysis are necessarily any more reliable. In a paper entitled
‘Why most published research findings are false’, Ioannidis [34]
states that ‘the high rate of non-replication (lack of confirmation)
of research discoveries is a consequence of the convenient yet ill-
founded strategy of claiming conclusive research findings solely
on the basis of a single study assessed by formal statistical
significance, typically for a p value less than 0.05. The author
demonstrates this mathematically and proposes an equation to
calculate a much more conservative value (which he terms the
‘Positive Predictive Value’) that goes beyond the p value by adding
another factor, which, in effect, is whether the experiment could
have been open to bias. Ioannidis lists six ‘corollaries’ that arise
from the new equation (all of which are as appropriate to studies
on mollusks as they are to all other areas of experimental science).
These are, quoted directly from his paper:

(1) ‘The smaller the studies conducted in a scientific field, the
less likely the research findings are to be true’.
In the case of mollusk studies, the majority have involved
fairly reasonable animal numbers (15+). However, there is
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a problem in that at least 40 out of 55 of the papers involving
steroids (full details in Table 1 in Supplementary Informa-
tion) appear not to have used any replication (i.e. all the test
animals within each treatment were held together in one
tank or enclosure). When all animals in any one treatment
are held together in the same container, it is impossible to
determine whether any results were due to the treatment
or to ‘tank effects’ (which could be any number of things,
including the position of the tanks in a room, or the presence
of a single individual carrying an infectious disease in one of
the tanks). In such a situation (referred to by many people as
‘pseudoreplication’), it does not matter how many animals
are in each container, the results of statistical analysis are
effectively meaningless.

(2) ‘The smaller the effect sizes in a scientific field, the less likely
the research findings are to be true’.
As will be discussed in more detail below, the effect size in
most mollusk steroid bioassays is very small in comparison
to the estrogen and androgen bioassays conducted with fish.
The combination of sample size, effect size and expected
standard deviation of the data effectively determines the
‘statistical power’ of the study. The larger the effect size,
the smaller the number of animals needed and vice versa.
Only one research group in the mollusk field [35–37], has
taken into account statistical power at the stage of designing
experiments. Their sobering conclusion (from the point of
view of effort and cost) was that to show that a 26% increase
in fecundity of the Giant Ramshorn (or Apple) snail, Marisa
cornuarietis was significant at the 5% level, one needed to
use at least ten animals per tank, four treatment doses and
one control, with six replicates per treatment and twelve
replicates for the control.

(3) ‘The greater the number and the lesser the selection of
tested relationships in a scientific field, the less likely the
research findings are to be true’.
Just one example in the mollusk research field is that on the
study of treated sewage effluent on reproduction in the
Great Ramshorn snail, Planorbarius corneus [38]. In that
study, the animals were measured every two weeks over a
three-month period. This effectively gave the authors seven
separate opportunities to demonstrate significant differ-
ences between the treatments (with an eighth opportunity
provided by combining all the data). Basically, the more
opportunities there are to make measurements and the
more things that can be measured, the more likely one is
to find significant differences at the p = 0.05 level.

(4) ‘The greater the flexibility in designs, definitions, outcomes,
and analytical modes in a scientific field, the less likely the
research findings are to be true’.
An examination of Table 1 exposes the fact that very little, if
any, of the methodology is standardized. There are only a
handful of papers that are based on studies carried out on
any one species. There is no consistency in how the experi-
ments are carried out. The animals are more likely than
not to have been derived from wild stocks (with potential
disease problems that might affect the outcome of the
experiment). To be fair, this deficiency – the lack of a stan-
dardized operating procedure for testing chemicals (i.e. not
necessarily ‘vertebrate-type endocrine disrupters’) in mol-
lusks is well recognized [8] and steps are being taken to
resolve the problem.

(5) ‘The greater the financial and other interests and prejudices
in a scientific field, the less likely the research finding are to
be true’.
In most countries nowadays, experiments on vertebrates are
covered by complex rules and hugely expensive legislation
(and continuous pressure from animal welfare groups). The
prospect of finding an invertebrate that is responsive to verte-
brate-type estrogens and androgens is very attractive to sci-
entists and regulators alike (not least because the financial
rewards would be considerable). In fact, the existence of an
invertebrate bioassay for a vertebrate-type steroid could be
described as the ‘holy grail’ of endocrine disruption research.

(6) ‘The hotter a scientific field (with more scientific teams
involved), the less likely the research findings are to be true’.
Work on mollusks can probably not be called ‘hot’. The closest
the field has come to be being ‘hot’ is when it was reported
[39] that relatively low doses of BPA were able to induce
‘superfeminization’ (basically an increase in female fecun-
dity) in M. cornuarietis. This sparked a great deal of interest
among environmentalists (as it appeared to add considerable
weight to their arguments that this chemical was bad not just
for human health and vertebrate wildlife [40], but also for
invertebrate wildlife). When the observation was not inde-
pendently verified [35] it sparked controversy and ongoing
arguments over how the experiments should be carried out
(including the correct temperature, the source of animals
and the use or lack of use of positive controls) [41,42].

5. The lack of within-study repetition

Astonishingly, only 5 out of the 55 papers listed in Table 1 appear
to have attempted to repeat any findings ‘within-study’ or ‘between-
study’. The majority of papers have published the results of single
experiments only. Although, several of these [43–45] repeated
procedures several times, the results were combined for statistical
analysis (i.e. they were effectively part of a single experiment). It is
difficult to understand (a ‘lack of funding’ notwithstanding) why
anyone should want to carry out and then publish the results
of just one experiment. It shows an extraordinary trust in one’s
own or ones collaborators’ abilities not to have made any mistakes
or miscalculations; and also a faith that there were no confounding
factors that might have produced the final results (e.g. uncontrolled
variables such as whether a tank was near a door or not; or, more
prosaically, whether a passing workman might have dropped a cig-
arette in one of the tanks and fished it out before anyone noticed!).
6. The importance of a monotonic dose–response relationship

If one wants to test the effect of potential endocrine disrupters
in any species, it is very important that the effect is related in some
way to the dose. Ideally, one would like to find a ‘dose–response’
relationship that is regularly incremental (or decremental) – i.e.
for each increase in dose, there should be a graded increase (or de-
crease) in response, except of course when doses are too low to
cause a response or are so high that the factor being measured
can respond no further. Essentially, when such response data is
plotted against dose on a logarithmic scale, it should ideally pro-
duce a ‘sigmoid’ (i.e. S-shaped) curve. Good examples of bioassays
that produce sigmoid curves are those involving estrogen stimula-
tion of VTG production in teleosts [46] and androgen stimulation of
spiggin production in the stickleback, Gasterosteus aculeatus [47].
For the purposes of this review, such curves will be referred to
hereafter as ‘monotonic’. A key outcome of bioassays with mono-
tonic dose–response curves (providing they can be repeated con-
sistently) is that it is possible to calculate accurately the ‘Lowest
effect’ and ‘No effect’ concentrations of compounds. These are
considered important for accurate risk assessment (in, for example,
current European Chemical Legislation).

One of the most perplexing questions in the endocrine disrup-
tion field is how one copes with data in which the dose–response
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is non-monotonic. Although there are numerous examples of non-
monotonic curves in research papers in the field of ecotoxicology
[48], there are no known examples of statutory test procedures
using vertebrates that operate with non-monotonic response
curves. Of the 150 individual steroid-effect relationships tested in
mollusks, 99 elicited an effect. Of these, 57 involved a single dose
only, 12 involved two doses and 30 involved three or more doses.
In this final group, only eight had curves that could be described as
monotonic (almost exclusively in the short-term effect category),
four had ‘inverted-U’ curves and the remainder consisted of flat
line responses, U-shaped curves or irregular responses (e.g. re-
sponses were elicited by one or two doses only – not necessarily
the highest, and not necessarily adjacent to each other).

In a field in which there is no clear understanding of the mech-
anisms that link cause and effect (and in which effect sizes are so
low), studies using a single dose (and this could arguably be ex-
tended to two doses) are open to more than one interpretation,
as it is impossible to determine whether any difference between
control and treatment represents a true effect of the treatment or
of uncontrolled variables.

Yet another problem with interpretation of dose–response
curves has been noted in studies in which the same set of animals
is sampled at more than one time interval. It is not at all unusual
for the curves to be different shapes at each sampling period. For
example, when octylphenol (OP) was tested on fecundity of Pot-
amopyrgus antipodarum, it was noted that there was no relation-
ship at two weeks, a monotonic/incremental response at four
weeks and a more or less decremental relationship at 8 weeks
[49]. In another study [50], when NP was tested on egg yolk pro-
duction (by measuring levels of alkaline-labile phosphate; ALP)
in the cockle, Cerastoderma glaucum, the dose–response relation-
ships all differed from each other depending on the sampling time
and maturity stage of the animals (but were never monotonic).

If a non-monotonic response curves is genuine (and not, for
example, due to chance or error), it implies that more than one
mechanism is at work. In this situation, the burden of proof is on
any researcher who publishes such a relationship, firstly, to show
that the dose–response relationship really is genuine (i.e. it can
be consistently repeated) and secondly, at some stage in the re-
search process, to reveal the underlying mechanisms that causes
the mixed effect. It adds nothing useful to the debate to state that
the presence of an inverted-U dose–response curve is ‘probably
due to a toxic effect of the highest dose(s)’, or the presence of a
U-shape is ‘possibly due to the existence of a ‘‘low dose effect’’
[48]’. Although these might be highly plausible explanations (and
turn out to be true), ‘plausibility’ is no substitute for proof.
7. Endpoints and ‘effect size’

As can be seen from Table 1, there is a limited range of measur-
able and meaningful possible endpoints for vertebrate steroids in
mollusks. By far the most sensitive estrogen endpoint in teleost
fish, with a massive effect size of >1 million, is VTG induction in
males. It is not surprising therefore to see why this has become a
popular target (24 studies at least) as a reproductive endpoint in
mollusks, in both laboratory and field studies. Whereas in fish,
VTG is mainly measured by immunoassay, in mollusks, it is deter-
mined mainly (but not exclusively) by measuring ALP (because
phosphate is a normal component of yolk proteins). It is evident
that the effect size for egg yolk induction by putative ‘estrogens’
in mollusks is extremely low (the average of those shown in Table 1
is ca. 2.5; compared to >1,000,000 in fish).

As shown in Tables 1–3, other possible endpoints for vertebrate
steroids that have been explored in mollusks include those related
directly to the reproductive capability of the animals, including go-
nad size, oocyte diameter, fecundity, embryo production, hatch-
ability, secondary sexual characteristics (such as occurrence of
imposex and penis growth in the female dogwhelk, Nucella lapillus;
or ‘head wart’ growth in the terrestrial snail, Euhadra peliomorpha)
and shifts in sex ratio. The majority of these have also reported
very low effect sizes (with an average of ca. 2.7).

There have also been a few studies that have targeted an eclec-
tic range of physiological, biochemical and molecular endpoints.
These also have mostly yielded relatively low effect sizes (average
2.2) apart from two studies, based on the same set of samples, that
reported very large changes (25–1000 fold) in mRNA expression
levels coding for yolk protein, nuclear estrogen receptor and sero-
tonin receptor mRNAs in the mussel, Mytilus edulis [51,52].

There is also a small body of literature on ‘rapid response’ end-
points such as lysosomal membrane stability, cytosolic Ca2+ con-
centrations and nitric oxide (NO) production by mollusk tissues
(Section 4 in Tables 1 and 2). The average of the effect sizes re-
ported for these effects is a more encouraging 4.3.

Why is a large effect size important? As already discussed, it is
an important part of the ‘statistical power’ equation (i.e. the lar-
ger the effect, the fewer the number of animals that are required
in the experiment and the more innately variable the animals can
be). Unfortunately, in many of the listed studies, not only were
there low effect sizes, low numbers of animals and a lack of rep-
lication, but also high variability. Such assays can be described as
having a low ‘signal-to-noise’ ratio and, as such are more likely to
generate spurious results than assays with a high signal-to-noise
ratio. This is one reason why ‘within-study’ repetition is so
important.

A study using female N. lapillus [53] showed a 5-fold effect for
penis growth in response to T. However only a single dose of T
was used, there was no statistical analysis, there was no within-
study repetition, and actual concentrations of the compounds were
not measured. Although this appeared to verify the finding in the
same species several years earlier (that used three doses and re-
corded a twofold increase in penis length at the top two doses)
[54], a more recent study (albeit using a single dose) found that
T had no effect at all on penis growth [55]. In other words, in regard
to the ability of T to stimulate penis growth in N. lapillus, the re-
sponse is inconsistent.

A study using P. antipodarum [10] showed a maximum effect
size of 10 for EE2 on embryo production. However, the dose–re-
sponse curves were of the inverted-U shape, the actual concentra-
tions of the compound were not measured and there was no
within-study repetition. An independent experiment using the
same species [56] found an effect size of only 2, the EE2 was only
tested at one dose, and actual concentration measurements were
also not measured.

A study on the Sydney rock oyster, Saccostrea glomerata [45]
found a 7-fold increase in vitellin (VT) production following
administration of EE2. However, a major problem with this study
is that the ‘effect’ was the amount of ultraviolet absorption found
in a peak eluting from a High Performance Liquid Chromatography
column. Any organic compound with at least one double (i.e.
unsaturated) bond will absorb UV, thus there is no guarantee that
the authors were actually measuring a protein, let alone VT, as they
claimed.

Finally, there is the above-mentioned study on M. edulis [51] that
found very large changes in VT and nER mRNA expression after treat-
ments with E2 or EE2. In fact, this study was a follow-on from a pre-
vious study on the same species [57,58] that reported no effect at all
of estrogen treatment on mRNA expression. The authors ascribed
the difference in findings to the different state of maturity of the ani-
mals. However, this was only speculation (i.e. it has not yet been
proved to be the case). The experiment was only carried out once,
and the dose–response curve was of the inverted-U type because,
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and rather oddly, the highest dose of E2 was totally ineffective (in
contrast to the same dose of E2-benzoate).

Most of the above-mentioned studies also failed to replicate
with the exception of [55] and [45], that used 2 and 18 tanks,
respectively for every treatment.
8. The importance of negative and positive controls

It goes without saying that all experiments need negative con-
trols. If the test substance has to be dissolved in an organic solvent,
then the appropriate negative control would be the same volume
of solvent that was used for the test substances – and, preferably
a further negative control involving no solvent at all (in case the
solvent might affect the animals). There are not many studies that
have not included a negative control. It is essential however, that
controls as well as treatments should be replicated. The replicates
should give the same results and, if they do not, it means that there
are confounding factors within the experimental set up.

What about positive controls? These are just as important as
negative controls. If a test substance has no effect in a bioassay,
it could be either that the substance was genuinely inactive or that
there was something wrong with the bioassay (e.g. that batch of
animals were unresponsive or already naturally at the top range
of their response). In this case, as elegantly argued by vom Saal &
Welshons [59] a positive control (using a substance at a dose that
is known to have an effect) is a very valuable, if not essential, inclu-
sion in any study. However, when studying effects like egg yolk
production, fecundity and penis growth in mollusks, what is an
appropriate positive control? If one decides that E2 or EE2 should
be used as positive controls for the first two effects and T or meth-
yltestosterone (MT) for the third effect, one is operating under the
expectation (i.e. preconception) that the endocrine system of mol-
lusks is the same as that of vertebrates; whereas in the case of mol-
lusks, this is actually the question! The recent research that failed
to confirm that BPA would induce superfeminization in M. cornua-
rietis [35] was criticized by the people who originally reported the
effect [39] for not including EE2 as a positive control [42]. How-
ever, as pointed out [41] by the scientists who conducted the latter
studies, it would only be an appropriate control if the fecundity in
M. cornuarietis was already known beyond doubt to be controlled
by vertebrate estrogens.
9. Evidence of bias?

As mentioned before, it has been clear for about the past five
years that the mollusk genome does not contain the genes for
any of the key enzymes that are involved in the biosynthesis of ver-
tebrate steroids, nor for functional steroid nuclear receptors (see
reviews by [6] and [17]). Also, it has been pointed out in a personal
communication from Dr. Toshihiro Horiguchi that noone has ever
demonstrated cells in mollusc tissues that are structurally equiva-
lent to the steroid-producing cells of vertebrates. All this negative
evidence contrasts with the fact that 46 of the 55 papers cited in
Table 1 report at least one statistically significant effect of steroids
in molluscs. This makes it legitimate to query whether the prepon-
derance of papers with an apparently positive outcome might be
due to ‘publication bias’. In his book called ‘Bad Science’ [60], Ben
Goldacre contends that there is a tendency among researchers to
preferentially publish research with a positive outcome. Lest the
reader might dismiss this as ‘just personal opinion’, Goldacre cites
a well-conducted study [61] that examined the outcome of seventy
officially pre-registered clinical trials on a class of antidepressant
drugs. Thirty-seven studies reported a positive effect of which all
were published (thirty-six of them in the peer-reviewed litera-
ture). However, there were a nearly equal number of studies
(thirty-three) that gave negative results. Revealingly, twenty-two
were not published at all and another eleven were written up
and published in a way that implied that they had a positive out-
come! In other words, not a single paper was published in the
peer-reviewed literature that concluded that the drug had no ef-
fect. Anyone not knowing about the pre-registration process,
would, if reviewing the peer-reviewed literature, conclude that
the drug was 100% effective. Since molluscan studies do not use
any form of pre-registration, it is of course impossible to tell
whether they have been subject to the same phenomenon. How-
ever, there are at least two unpublished studies that, though small
in number, were (from what little is written about them) possibly
the two best-funded and best-replicated studies that have ever
been carried out on the effect of any steroid on mollusks. Both
were carried out on Limnaea stagnalis, and both concluded that
EE2 at concentrations ranging from 1 to 10,000 ng L�1 had no
effects on reproductive endpoints. The only clue to the existence
of these two studies is that they are mentioned in two review pa-
pers [32,62]. Although the first of these reviews included a small
summary of one of the studies, the detail was insufficient for it
to be included in Table 1.

While it is not possible to accurately quantify the extent of pub-
lication bias in the mollusc field, it is possible to argue that there is
clear evidence in those studies where findings have been contra-
dictory, of a tendency for authors to rationalize (i.e. explain away)
or downgrade the importance of the negative (i.e. no effect) data
and enhance the importance of the positive data. Experiments that
have yielded negative data have, for example, been explained as
being due to ‘the experiment not being carried out at the right time
of year’ [63,64], ‘the animals not being at the right stage of matu-
ration’ [51], ‘the experiment not being done at the right tempera-
ture’ or ‘the animals not being of the correct origin’ [42]. There is
one paper that even justified showing the results of only one of
two (repeat) experiments on the basis that this was the experiment
in which ‘effects were most pronounced’ [38]. The same group [63]
based the title of another on their papers (‘17b-oestradiol may pro-
long reproduction in seasonally breeding freshwater gastropod
molluscs’) on a minor observation (that occurred at the lower of
two doses only and was not statistically significant) rather than
on the major observation of their main experiment, which was that
E2 actually had no effect on the fecundity of N. lapillus.

It must be stressed that most if not all of the explanations given
above (e.g. seasonal differences) are highly plausible (and might
well, after further research, turn out to be the correct answer).
However, as already mentioned elsewhere, ‘plausibility’ is not a
substitute for proof. The fact stands that in virtually no cases
involving experiments with contradictory results (the one excep-
tion being the group that failed to confirm any effect of BPA on
fecundity in M. cornuarietis [35]), have authors attempted to ratio-
nalize those experiments that have had a positive outcome (by, for
example, ascribing them to chance, poor experimental design,
problems with statistical analysis etc.).
10. Avoiding the possibility of bias

In the field of medicine, published clinical trials are nowadays
assigned what is known as a ‘Jadad Score’ [65]. This is a five-point
scale that involves giving one point if the study was described as
randomized, another if the study was described as double blind
(i.e. neither doctors nor patients know which is the drug and which
the placebo) and yet another if there was a description of with-
drawals and dropouts. Additional points are given if the method
of randomization was actually described in the paper (and was
appropriate); and, if the method of ‘blinding’ was described (and
was appropriate). Points, however, are deducted if: the method
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of randomization was described, but was inappropriate; and the
method of ‘blinding’ was described, but was inappropriate. Only
those that have a score of five can be considered to have totally
eliminated bias. Clinical trials that have a Jadad score of zero are
considered as good as useless. The reason this particular evaluation
system is mentioned now and not at the beginning of the paper is
that none of the studies listed in Tables 1 or 2 mentioned anything
about having carried out any of the procedures ‘blind’ and only a
handful of papers mentioned randomization, but only in relation
to allocation of animals to tanks. However, in regard to future stud-
ies, the principles of randomization and ‘blinding’ are well-worth
taking on board for all animal research (not just mollusks). It is
only by carrying out procedures in this way (and, most impor-
tantly, describing how they were done in ‘Materials and Methods’),
can scientists avoid the charge of consciously or subconsciously
biasing their data towards a ‘preferred’ conclusion.

11. Importance of independent verification

This is the final criterion to be considered in this review, but
possibly the most important. An absolutely essential element for
acceptance of any scientific finding is that it should be indepen-
dently verifiable (i.e. repeatable by another scientist or group of
scientists). Apart from the possibility of bias, as discussed above,
mistakes are very easily made in science and exciting and convinc-
ing findings can be the result of factors as diverse as chance, exper-
imental artefact, contamination, calculation error, bias and even
fraud. In this respect, factors such as whether a paper is published
in a ‘high’ or a ‘low’ impact journal, whether it comes from a well
established research group with a ‘world class reputation’ or
whether or not the paper appears to have been properly peer-re-
viewed are irrelevant. None of these is a reliable guarantee that
what is reported in a paper is necessarily correct or truthful. The
only way that one can be totally convinced that a finding is robust
is to be presented with evidence that the results can be consis-
tently repeated within and between research groups.

The only finding concerning the effect of steroids on mollusks
that can be considered to have met the criterion of independent
verification is the ability of E2 to cause rapid changes (with a rela-
tively large effect size) in lysosomal membrane stability [66,67] in
Mytilus spp. Does this then mean that E2 really is a hormone in
mollusks? The answer is not necessarily. Firstly, as pointed out
by Canesi et al. [44], a decrease in lysosomal membrane stability
is considered to be part of an inflammatory reaction to an ‘unwel-
come’ (therefore probably exogenous) compound rather than to an
endogenous hormone. There is certainly no evidence to suggest
that the effect is endocrine in nature (nor that it has anything to
do with reproduction). Furthermore, very little is as yet known
about the specificity of the response other than that an increase
in nitric oxide (NO) production (which occurs in conjunction with
lysosomal membrane breakdown) can be triggered in M. edulis tis-
sues not just by E2 [68] but also by a completely unrelated cannab-
inoid compound [69]. Determining whether E2 is the ‘preferred’
ligand for a putative receptor that triggers this type of response
or whether the E2 cross-talks with a receptor for another com-
pound altogether is something that will be very difficult to estab-
lish. If one tests only one compound (and this applies to vertebrate
as well as invertebrate studies) and that compound binds to the
receptor (or elicits an effect via that receptor), it is impossible
(even if one generates monotonic dose–response curves) to con-
clude that that compound is the natural ligand for that receptor.
In this respect, one has to bear in mind that it took at least ten
years of research (with massive backing from the pharmaceutical
companies) to establish that it was cortisol, and not cortisone, that
was the natural stress hormone in humans [70].
12. If testosterone does not mediate the effects of TBT in
mollusks, then what does?

As mentioned in the Section 1, a major driving force for research
on vertebrate steroids in mollusks was the discovery about thirty
years ago that organotin compounds (such as TBT) were causing
the females of marine snails (neogastropods) to develop male char-
acteristics (of which the most obvious symptom was the appear-
ance of a penis). Bolstered by the reports of vertebrate steroids
being found in mollusk tissues, it was entirely reasonable that
researchers at that time came up with the hypothesis that the ef-
fects were mediated by T (which is the main androgen in mam-
mals). Aided by a trickle of mainly circumstantial evidence, and
in the absence of any alternative hypothesis, the androgen hypoth-
esis has held sway for many years [4]. In truth, the hypothesis that
penis growth was caused by T transformed very early into a ‘fact’.
What people were mainly interested in was how TBT was able to
elevate T levels in females so that the hormone would exert its pro-
posed androgenic effect. Several sub-hypotheses were developed
[4]), including: TBT inhibits aromatase activity (the consequence
of which is a buildup in T, the immediate precursor of E2, in the
flesh); TBT inhibits the conjugation of T by sulfotransferases and/
or fatty acids; and TBT prevents the excretion of T. All these papers
have been mentioned already in either this or the previous review
[6]; and as one might expect in a field based on a premise that was
never properly substantiated, there has been evidence for and
against all these hypotheses; with most, probably all, of the posi-
tive evidence being based on low effect sizes.

A big breakthrough in the organotin story came only a few years
ago when a group in Japan [71], studying the binding properties of
the human Retinoid X Receptor (RXR); similar to steroid nuclear
receptors, but derived from a different ancestral gene [72] discov-
ered that TBT enhanced the protein–protein interaction between
RXR and its coactivator to a greater extent than its natural ligand
9-cis retinoic acid (RA). This led the group to investigate whether
the rock shell, Thais clavigera also possessed an RXR and to also
investigate what happened when RA was injected into live animals
[71]. The outcome of these experiments was that the mollusks did
indeed express an RXR gene, and that 1 lg injections of RA were al-
most as effective at inducing penis growth as 1 lg injections of tri-
phenyl tin (TPT). Although the proportion of affected animals
induced by RA was only 50%, the data were sufficiently convincing
for the authors to propose a new hypothesis that TBT and TPT ex-
erted their actions via their interaction with the RXR (and not via
androgens). The new hypothesis appeared to receive a setback
when a group in Germany injected RA into N. lapillus and found
it did not have any effect on penis development in this species at
all [73]. However, a group in Portugal, working with the Japanese
and also using N. lapillus, came to the exact opposite conclusion
that RA was just as effective as TBT in inducing penis development
in N. lapillus; and unlike the original study on T. clavigera, the pro-
portion of affected animals was >90% [55]. Since then, the Japanese
group have carried out more investigations on the RXR in T. clavi-
gera, including all-important dose–response studies, that strength-
en the hypothesis that it is the RXR that mediates the effects of
organotins [74]. Very recently, the German research group pro-
duced a paper in which they reported that they were still unable
to induce imposex with RA in N. lapillus [75]. However, they ob-
tained a strong effect with a stable analogue of RA (implying that
the negative results were probably due to the instability of RA dur-
ing its handling). Interestingly, while now agreeing that retinoid
signaling is involved in inducing imposex in mollusks, the German
group are reluctant to abandon the hypothesis that steroids are
also involved in imposex development. The title of their paper is
‘Imposex development in N. lapillus – Evidence for the involvement



278 A.P. Scott / Steroids 78 (2013) 268–281
of retinoid X receptor and androgen signaling pathways in vivo’.
However, their evidence in that paper for the involvement of the
androgen signaling pathway is based purely on the ability of the
drug cyproterone acetate to diminish the effects of simultaneously
added TBT. Although cyproterone acetate is an androgen receptor
inhibitor in vertebrates, the lack of evidence for the presence of
an androgen receptor in mollusks means that some other explana-
tion for its actions must be sought.

A far more detailed discussion of the role of the RXR in mediat-
ing the effects of organotins in molluscs can be found in two recent
reviews by scientists with direct experience in the field [18,19].
Both also conclude that there is no functional role for T in the
induction of imposex in snails.
13. Conclusions

Any studies that do not actually involve the administration of
steroids to mollusks cannot be accepted as evidence for their
involvement as hormones in mollusks. Of the 55 studies that have
information on the bioassay of vertebrate steroids (Table 1), 14
cannot be relied upon because there was no statistical analysis
and 21 cannot be relied upon because they used only single doses
of the test compound (i.e. no dose–response data). However, this
does not mean that remaining papers necessarily provide reliable
evidence. Only a handful of papers in Table 1 had within-study rep-
etition, and the majority also appear not to have used any replica-
tion. There has also, except in regard to the ability of E2 to trigger
lysosomal membrane breakdown in vitro in Mytilus spp., been no
firm independent verification of the positive effects of steroids.
Most of the mollusk bioassays (excluding some of the very short-
term ones in section D of Table 1) have a very low signal-to-noise
ratio (i.e. low effect size and high variability). When this is taken in
combination with the fact that none of the studies (to date) have
used rigorous randomization and ‘blinding’ procedures, the possi-
bility of ‘operator bias’ has to be treated as another potential
source of error.

It must be stressed that none of the above criticisms necessarily
mean that any findings that have been published in any paper are
wrong. The important point is that if a paper contains any weak-
nesses in experimental design (however minor) or the findings
have not been repeated or there was any opportunity (if not any
intent) for operator bias, then the findings cannot necessarily be
accepted as right. The solution to this problem is for scientists to
use more robust experimental designs, eliminate any possibility
of bias, demonstrate that the findings can be repeated consistently
and, finally, insist on independent verification.

13.1. A statement from the author

Although this review makes mention of the word ‘bias’, this is
not a criticism of any individual or organization; and I do not for
one moment accuse anyone of ‘intentional’ bias or of ‘manipulat-
ing’ their data. Also, none of my criticisms should be interpreted
as implying that I personally believe that any findings in any paper
are necessarily wrong.

The author’s expertise is in the field of fish steroids. He has been
directly involved in several bioassay-type studies designed to test
the effects of steroids in fish.
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