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Can estrogenic compounds enhance the activity of cathepsin D
and cathepsin L in the mussel, Mytilus galloprovincialis?

Luigi Margiotta-Casaluci and Oliana Carnevali*

Dipartimento di Scienze del Mare, Università Politecnica delle Marche, Ancona, Italy

(Received 1 September 2008; final version received 7 November 2008 )

The aim of this study was to obtain new information on two lysosomal enzymes, cathepsin D (Cat D) and
cathepsin L (Cat L) in the Mediterranean mussel, Mytilus galloprovincialis, and to test in a preliminary
way if Cat D and Cat L enzymatic activity can be enhanced in response to estrogenic compounds, such
as nonylphenol (NP) and estradiol (E2). In addition to assay optimisation, a number of experiments were
performed in order to assess Cat D natural seasonality, the effect of captivity on Cat D and Cat L activity,
and the response to estrogenic compounds. Exposure experiments were conducted under static conditions;
once exposed to NP (300 μg/l) and E2 (1000 μg/l) on day one, mussels were sampled after 7 and 14 days.
The main registered effect was a significant increase of Cat D activity in the digestive gland, caused by
both NP and E2. The results obtained provide preliminary information on Cat D and Cat L in the Mytilus
galloprovincialis; furthermore the Cat D activity enhancement, caused by estrogenic compounds, provides
a starting point for further studies designed to evaluate if the Cat D assay in mussels may supply indications
on the presence of estrogenic compounds in the environment.
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1. Introduction

It is well-known that the normal functioning of the endocrine system can be disrupted by a
number of anthropogenic and naturally occurring chemicals, thereby affecting physiological pro-
cesses under hormonal control [1]. Chemical compounds mimicking estrogen effects, such as
alkylphenols, alkylphenol ethoxylates, PCBs, dioxins, and various pesticides are considered to
be endocrine disruptors (EDs) and have been found in hazardous concentrations in estuarine,
freshwater and marine environments [2]. The adverse effects of EDs have been observed in many
organisms [3–7]; however, although ED effects and mechanisms are well-known in vertebrate
species, very little information is available when considering invertebrates, despite the fact that
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they constitute ca. 95% of all animal species and are key components in all ecosystems [8–11].
Thus, in this study we used the Mediterranean mussel, Mytilus galloprovincialis, as an experimen-
tal model, because of its wide use in monitoring environmental pollution programs (e.g. ‘Mussel
Watch’) [12], its important role in the human diet, and consequently its potential role as a route
for exposure to EDs in humans.

Vitellogenin (Vg) is a classic biomarker of exposure to estrogen-mimicking chemicals; however
its use in molluscs is still controversial. In bivalves, information on vitellogenesis is still limited;
it has been hypothesised that vitellogenesis occurs in the gonad where the oocytes are believed
to produce yolk proteins autosynthetically [13–15] through a process induced and regulated by
estrogens [16]. On the other hand, Eckelbarger and Davis (1996) argued that vitellogenesis can
occur also through the heterosynthetic process, in which extraovarian precursors can be incor-
porated into oocytes via receptor-mediated endocytosis from the hemocoel [17]. However, using
one-dimensional and two dimensional PAGE, Riffeser and Hock (2002), did not find any change
of the protein pattern in the hemolymph of the marine mussel Mytilus or the freshwater mussel
Anodonta in response to E2, suggesting that the presence of Vg-like proteins in the hemolymph
may originate from gonadic tissue breakdown products [18].

Levels of Vg-like proteins in bivalves are usually determined using an indirect method, the
alkali-labile phosphate assay [19–23]. Although this method has proved to be highly correlated
with other assays for Vg [19,24], it cannot provide a quantitative measurement of Vg-like protein
concentration, and sometimes is not able to provide conclusive results [25].

At a molecular level, Vg induction by estrogens seems unclear; some authors reported that in
Mytilus edulis gonadal tissue, exposure to 200 ng/l of E2 did not produce any significant change in
the expression of the Vg gene over the 10-day period examined, but an extremely high individual
variability was observed and there were no recorded differences between males and females with
the same treatment [26].

It is clear that looking for new biomarkers of exposure to estrogen-mimicking chemicals and
other EDs in molluscs and other invertebrates is a crucial issue for the future, in order to extend
the control of this hazardous class of pollutants to new species. In this study, we focused our
attention on two lysosomal enzymes: cathepsin D (Cat D) and cathepsin L (Cat L).

Cat D is a member of the aspartic protease family and is involved in various physiological
pathways, including intracellular proteolysis, enzyme and hormone processing, secretion and
activation [27,28]. In oviparous vertebrates, it has been demonstrated that Cat D plays a key
role in reproduction, being involved in yolk formation in the ovary during vitellogenesis [29,30]
and in yolk mobilisation during early embryogenesis [31,32]. Estrogens can stimulate Cat D
gene expression, after binding the estrogen receptor, acting on the estradiol responsive element
(ERE) at the promoter region of the gene [33]. Carnevali and Maradonna (2003) provided the first
experimental evidence documenting that the Cat D gene and its enzymatic active protein may be
induced by estradiol (E2) and nonylphenol (NP) [34].

Cat L is a cysteine protease involved in a number of physiological processes: cellular prolif-
eration, spermatogenesis, embryo implant, yolk formation, tumour cell growth and the spread of
metastases [29,35–37]. The synthesis and secretion of this enzyme are regulated by hormones
and growth factors. Its gene expression is influenced by many factors, such as progesterone and
estradiol [38–40]. There is recent evidence to show that in the winter flounder, Pleuronectes
americanus, 4-NP increases Cat L gene expression [41].

The aim of this study was to obtain new information on the lysosomal enzymes Cat D and Cat
L, in the Mediterranean mussel, Mytilus galloprovincialis. Secondly, it is to test in a preliminary
way if Cat D and Cat L enzymatic activity can be enhanced in response to estrogenic compounds,
such as NP and E2; the former, a breakdown product of alkylphenol polyethoxylates (APES), was
chosen for its well-documented estrogenic activity [42–45].
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2. Materials and methods

2.1. Chemicals

E2, haemoglobin and other chemicals were purchased from Sigma (S. Louis, MO, USA). NP
was obtained from Fluka (Buchs, Switzerland); it is a mixture of isomers with differently
branched nonyl side chains and contains approximately 85% p-isomers. The major impuri-
ties are 2-nonylphenol (o-isomers), dodecylphenol and dinonylphenol, which together comprise
approximately 10% of the NP mixture.

2.2. Mussel collection

Mussels (Mytilus galloprovincialis) were collected from the unpolluted area of Portonovo
(Ancona, Northern Adriatic Sea), at a depth of 3 m, in three different periods of the year in
order to evaluate if Cat D enzymatic activity had seasonal variability (29 November 2004, 18
April 2005, 10 June 2005). The average shell length ranged between 6 and 7.5 cm. Digestive
glands and gonads were rapidly excised from ten mussels, frozen in dry ice, and stored at −80 ◦C
until processing. Mussels collected in June 2005 were used to evaluate the effect of captivity on
Cat D and Cat L enzymatic activity and for the NP and E2 exposure experiments.

2.3. Tissue preparation

Gonads and digestive glands were individually homogenised at 4 ◦C with a rotor-stator
homogeniser (Ika-Ultra-Turrax T25, Janke & Kunkel) in two volumes of deionised water. The
homogenate was centrifuged at 14,000 g for 15 min at 4 ◦C. The supernatant was carefully sep-
arated from the lipid layer, aliquoted and stored at −80 ◦C for later analysis. The total protein
level in the supernatant was determined by the method of Bradford (1976) [46] with bovine serum
albumin (BSA, Sigma) as the standard. Supernatants were used for enzymatic assays.

2.4. Cathepsin D enzymatic assay

The enzymatic activity of Cat D, in the crude extracts of digestive gland and gonad, was measured
according to the methods described in Takahashi and Tang (1981) [47], with little modifica-
tion, using haemoglobin as substrate. This assay utilised the hydrolytic action of Cat D on the
haemoglobin molecule. Tests for the optimisation of pH, temperature and incubation time were
performed on digestive gland crude extract. The final assay conditions were the following: 1 ml
of incubation mixture contained 0.25 M formate buffer, pH 3.2, 0.5% haemoglobin, 25–50 μl of
crude extract. Samples were incubated for 40 min at 37 ◦C. The reaction was stopped by the addi-
tion of 500 μl 10% trichloroacetic acid. Tubes were centrifuged at 14000 g for 10 min. Enzyme
activity was measured in an aliquot of the supernatant, reading its absorbance at 280 nm. Cat D
specific activity was expressed as unit per micrograms of proteins (U/mg), one unit of enzymatic
activity is defined as the amount of enzyme producing a value of absorbance, read at 280 nm, of 1,
after an incubation of 40 minutes at 37 ◦C, using a saturated solution of haemoglobin as substrate.

2.5. Cathepsin L enzymatic assay

The enzymatic activity of Cat L was routinely assayed against the synthetic substrate Z-Phe-
Arg-NnapOMe (alpha-N-benzyloxycarbonyl-L-Phe-L-Arg-4-methoxy-beta-naphthylamide)
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(5 mM final concentration) by a selective colorimetric assay. For the quantitative analysis we used a
standard curve based on 4-Methoxy-2-Naphtylamine (0.5–35 μM), in order to convert absorbance
in molar concentration. The colorimetric assay was performed as follows: 10–20 μl of digestive
gland homogenate, diluted 1:50 with deionised H2O, and 4–8 μl of gonadic tissue crude extract,
were added to 376 μl of activator buffer (0.1 M NaAc, 1.33 mM EDTA, 6.66 mM cisteyn, 5.33 M
urea; pH 5). The mixture was incubated for 5 min at 35 ◦C in order to activate the enzyme. Then
were added 6.25 μl of substrate Z-Phe-Arg-NNapOMe (6 mg/mL in DMSO) and water until a
final volume of 500 μl.After 20 min of incubation at 35 ◦C, the reaction was stopped with 500 μl of
colour reagent, containing Fast Garnet Salt (1 mg/ml): pCMB (10 mM)/EDTA (50 mM), in a ratio
of 1 to 1, pH 6.0.After the add of 1 mL of But-OH, the tube was centrifuged for 5 min at 14000 g, in
order to separate the reaction product (4-Me2NA). The supernatant was read at 520 nm [48]. The
assay activity was expressed as μmol/min/mg/ml of 4-Methoxy-2-Naphthyilamine released.

2.6. Inhibition studies

To test the enzymatic assay specificity, crude extracts for the Cat D assay were preincubated for
5 min at 37 ◦C with 0.1 μM pepstatin A, a Cat D inhibitor, and the residual activity was measured
by the method described above. Crude extracts for Cat L were preincubated for 1 min at 35 ◦C
with various concentrations of both leupeptin (15, 30, 60, 100 μM) and N-(benzyloxycarbonyl)-
L-phenylalanyl-L-tyrosinal (Z-Phe-Tyr-CHO) (1.5 and 10 μM), two Cat L inhibitors, and the
residual activity was detected by the colorimetric assay described above.

2.7. Cathepsins enzymatic assay optimisation

Assays at different pH values, temperatures, substrate concentrations and incubation times were
carried out to establish the most appropriate assay conditions. The end goal was to obtain a set of
conditions which would best reflect the overall optimal activity of Cat D and Cat L in the mussel
Mytilus galloprovincialis. For each enzyme, all the reactions were stopped in the same way, as
described above.

2.7.1. pH

Cat D assays were carried out at different pH values in a range of 2–5, incubated at 37 ◦C for
30 min, using 5% haemoglobin as substrate. For Cat L, the pH values used were in a range of 4–6;
the reaction mixture was incubated for 5 min at 35 ◦C to allow the enzyme activation; after this
step, 6,25 μl of substrate Z-Phe-Arg-NNapOMe (6 mg/ml in DMSO) were added; after 20 min
of incubation at 35 ◦C, the reaction was stopped.

2.7.2. Temperature

For the Cat D assay, the reaction mixtures containing the digestive gland crude extract were
incubated at different temperatures (10–50 ◦C), at pH 3.2 with 5% haemoglobin as substrate, for
30 min. For the Cat L assay, the temperature used was in the range 20–60 ◦C, pH 5 for 20 min of
incubation.

2.7.3. Incubation time

Both Cat D and Cat L reaction mixtures were incubated for different time intervals in order to
assess the time needed to reach the reaction plateau.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Chemistry and Ecology 53

2.8. Exposure to NP and E2

Three groups of mussels were put in a glass aquarium divided in three watertight compartments
(1 mussel/l density) with artificial seawater (salinity approx. 35‰) and sufficient aeration at
20 ◦C with a natural light-dark cycle. Mussels were acclimatised for 7 days before exposure to
chemicals. Experiments were conducted under static conditions and the chemicals were dosed
only once, on day one. The first group was exposed to NP (300 μg/l) and the second group to
E2 (1000 μg/l). Both chemicals were dissolved in ethanol; the final ethanol concentration in the
tanks was 0.0034%. Ethanol was added to the control group, with the same final concentration
of the other tanks. The actual concentration of chemicals was not measured. Therefore, only
nominal concentrations are indicated in the following text. Mussels were fed with Chlorella spp.
colture (1 × 106 cell/l) and after 7 and 14 days, in order to assess any persistent effect, six mussels
from each group were randomly collected and tissues (digestive gland and gonads) were rapidly
excised, frozen in dry ice, and stored at −80 ◦C until processing.

2.9. Statistics

Data were tested for normality using the Kolmogorov-Smirnov test, and one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s test was performed on measured variables, with significance
set at p < 0.05. Data are presented as means ± SD.

3. Results

3.1. Optimisation of cathepsin D enzymatic assay

The hydrolysis of haemoglobin by mussel Cat D was pH dependent, with the optimum at 3.2. Cat
D activity exhibited a broad temperature range, with an optimum at 37 ◦C. The reaction reached
a plateau after 40 minutes of incubation; the enzymatic activity was completely inhibited by
pepstatin 0.1 μM (Figure 1).

3.2. Optimisation of cathepsin L enzymatic assay

The optimisation of Cat L colorimetric assay was performed using as specific substrate Z-Phe-
Arg-NnapOMe and as standard 4-Methoxy-2-Naphtylamine. The assay activity was expressed as
μmol/min/mg/mL of 4-Methoxy-2-Naphtylamine. The pH and temperature optimum resulted
as 5 and 35 ◦C respectively; the reaction reached the plateau after 20 min of incubation and was
completely inhibited by Z-Phe-Tyr-CHO 10 μM and leupeptin 100 μM (Figure 2).

Figure 1. Cathepsin D condition assay optimisation: (a) pH, (b) temperature and (c) reaction time (mean
values ± standard deviation, n = 3).
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Figure 2. Cathepsin L condition assay optimisation: (a) pH, (b) temperature and (c) reaction time (mean
values ± standard deviation, n = 3).

3.3. Seasonality of cathepsin D enzymatic activity

Mussels sampled in three different periods of the year showed a high seasonal variability in
Cat D enzymatic activity in the digestive gland that is summarised in Figure 3. Samplings were
carried out in November (29 November 2004), April (18 April 2005) and June (10 June 2005).
Cat D activity exhibited a peak during the Spring period, while the minimum value was registered
in November.

3.4. Effect of captivity on cathepsin enzymatic activity

During the three weeks of captivity, Cat D activity increased significantly after the third week
in the digestive gland, meanwhile a significant decrease was observable after the third week in the
gonadic tissues (p < 0.05) (Figure 4). Unlike Cat D, Cat L activity in the digestive gland of the
control group was not influenced by captivity, while there was a significant decrease after three
weeks in the gonads (p < 0.05) (Figure 5).

3.5. Effect of NP and E2 on cathepsin D enzymatic activity

Cat D enzymatic activity in treated mussels showed significant variations after exposure compared
to control groups (Figure 6). In the digestive gland of NP treated mussels, Cat D activity increased
significantly after the first week of exposure (p < 0.05), and then rose further after two weeks. The

Figure 3. Cathepsin D activity in the digestive gland of mussels, Mytilus galloprovincialis, sampled in three different
periods of the year (29 November 2004, 18 April 2005, 10 June 2005) from the unpolluted area of Portonovo (Ancona,
Italy) (mean values + standard deviation, n = 10). Different letters indicate significant differences between group of
means (p < 0.05).
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Figure 4. Cathepsin D activity (a) in the digestive gland and (b) in the gonad of mussels, Mytilus galloprovincialis,
sampled after 1 h from the harvest (T0) and after 1, 2 and 3 weeks of maintenance in the aquarium without any treatment
(mean values + standard deviation, n = 6). The activities are expressed as U/mg, a unit (U) of enzymatic activity is defined
as the amount of enzyme that produces at 280 nm an absorbance value of 1.0 after 40 min of incubation at 37 ◦C in the
presence of a haemoglobin-saturating solution as substrate [29]. Asterisks (∗) indicate significant differences (p < 0.05)
from the value of T0.

Figure 5. Cathepsin L activity (a) in the digestive gland and (b) in the gonad of mussels, Mytilus galloprovincialis, sam-
pled after 1 h from the harvest (T0) and after 1, 2 and 3 weeks of maintenance in the aquarium without any treatment (mean
values + standard deviation, n = 6). The activities are expressed as μmol/min/mg/ml of 4-Methoxy-2-Naphthylamine.
Asterisks (∗) indicate significant differences (p < 0.05) from the value of T0.

Figure 6. Cathepsin D activity (a) in the digestive gland and (b) in the gonad of mussels, Mytilus galloprovincialis,
exposed to nominal waterborne nonylphenol (300 μg/l) and 17β-estradiol (1 mg/l) and sampled after 1 and 2 weeks
after exposure (mean values + standard deviation, n = 6). The activities are expressed as U/mg, a unit (U) of enzymatic
activity is defined as the amount of enzyme that produces at 280 nm an absorbance value of 1.0 after 40 min of incubation at
37 ◦C in the presence of a haemoglobin-saturating solution as substrate [29]. Asterisks (∗) indicate significant differences
(p < 0.05) from the control value of each group.
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Figure 7. Cathepsin L activity (a) in the digestive gland and (b) in the gonad of mussels, Mytilus galloprovin-
cialis, exposed to nominal waterborne nonylphenol (300 μg/l) and 17β-estradiol (1 mg/l) and sampled after 1 and 2
weeks after exposure (mean values + standard deviation, n = 6). The activities are expressed as μmol/min/mg/ml
of 4-Methoxy-2-Naphthylamine. Asterisks (∗) indicate significant differences (p < 0.05) from the control value of
each group.

group exposed to E2 showed a significant increase in Cat D activity after the first week (p < 0.05),
but the difference compared with the control decreased after the second week (Figure 6a). In the
gonad of mussels treated with both NP and E2, Cat D activity became significantly higher compared
with the control group only after the second week after exposure (p < 0.05) (Figure 6b).

3.6. Effect of NP and E2 on cathepsin L enzymatic activity

In the digestive gland of mussels exposed to both NP and E2, Cat L activity showed a significant
increase in activity only after the second week (p < 0.05) (Figure 7a). NP did not affect Cat L
activity in the gonad, while in mussels exposed to E2, a significant increase occurred after the
second week (p < 0.05) (Figure 7b).

4. Discussion

The aim of this study was to obtain new information on two lysosomal enzymes, Cat D and Cat L,
in the Mediterranean mussel, Mytilus galloprovincialis. Secondly, it was to test in a preliminary
way if Cat D and Cat L enzymatic activity can be enhanced in response to estrogenic compounds,
such as E2 and NP.

Mussels kept in captivity showed an increase in Cat D activity over the three weeks in the
digestive gland and a contemporary decrease in the gonads. On the other hand, Cat L activity
decreased after the third week of captivity only in the gonads, while it did not vary in the digestive
gland. This effect may be linked to the diet used during the experiment. We can therefore hypoth-
esise that in M. galloprovincialis, Cat D may be involved in energetic processes, in particular
in the mobilisation of proteins, stored especially in the digestive gland. Mussel digestive glands
have a central role in metabolism through intra- and extracellular digestion of food particles, and
distributions of nutrients to reproductive tissues in order to fill the high energetic demands asso-
ciated with reproduction [49,50]; furthermore digestive cells have a highly developed lysosomal
vacuolar system [51,52].

A further fact that came to light during this study was the strong seasonality of Cat D activity in
the digestive gland of wild mussels.Although it is a preliminary assessment, this datum underlines
that seasonality in Cat D activity is likely to occur, thus it should be explored more in depth with
further seasonal sampling, and taking into account experiments involving wild mussels. The peak
of activity registered in the Spring in wild mussels may be contemporary with the development and
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maturation of gonadal tissue, preparation to lay gametes and spawning [53]. In other bivalves,
levels of muscle carbohydrates and digestive gland proteins drop during periods of maximal
gonadal development, suggesting that such a process was supported by these reserves [54]. This
period requires a considerable use of reserve macromolecules, in order to obtain energy to remodel
existing tissues and to create ex novo gonadal tissue [55,56]. The minimum activity recorded in
wild mussels at the end of November could coincide with the start of gametogenesis [53]. An
intermediate level of activity observed in June could coincide with the spawning/post-spawning
period which is characterised by the release of gametes into the water and, subsequently, by the
emptying and re-absorption of gonadal tissue [53]. The seasonality observed for Cat D enzymatic
activity allows us to hypothesise a relationship with the reproductive cycle, which, together with
the increase in activity observed during captivity, confirms the involvement of this enzyme in the
many processes linked to the physiological state of the animal and in the mobilisation of reserve
macromolecules.

Digestive glands of mussels exposed to NP, compared with the control, showed a significant
increase in Cat D activity one week after exposure, persisting after two weeks. This result agrees
with the starting hypothesis of a Cat D induction after exposure to estrogenic compounds. On the
other hand, the increase of Cat D activity in the gonad only after two weeks from the exposure event
is not easily explainable. In mussels, the digestive gland is the main target organ of pollutants,
where, according to their nature, pollutants can be metabolised and accumulated [57–59]; some
of the pollutants are subsequently transported to other tissues, such as the gonad, through the
hemolymph [60]. However, the sampling time used during this experiment cannot clarify the
exact time course of Cat D induction.

In mussels treated with E2, Cat D response in the digestive gland confirmed the initial hypoth-
esis of activation. However, two weeks after exposure, Cat D activity is still significantly higher
than the control group, but also significantly lower than Cat D activity in mussels exposed to NP. It
must be remembered that E2 is naturally present in M. galloprovincialis and has an important role
in sexual differentiation, gonad development and oocytes maturation [61]. Many studies suggest
its involvement in cell communication. In particular, there is evidence to show that E2 induces
fast changes in hemocyte shape, causes lysosomal membrane destabilisation and the release of
hydrolytic enzymes, and affects immune functions by means of pathways involving tyrosinkinase
[62]. Furthermore, Janer et al. (2005) observed that, in M. galloprovincialis, E2 supplied at low
concentrations behaves as an endogenous steroid regulating physiological responses, for example
by inhibiting aromatase-P450 and stimulating gamete maturation, while at higher concentrations
it significantly induces palmitoil-CoA-estradiol-acetiltransferase, the main enzyme that inacti-
vates an excess of E2 in the hepatic tissue [63]. Some authors suggest the presence of different
mechanisms allowing the mussel to keep stable hormone levels, for example, the conjugation of
steroids with fatty acids which transforms the steroids into a non-polar form, blocking them in
the lipid matrix and lowering their bioavailability [64]. This scenario could explain Cat D activity
lowering two weeks after exposure, while NP, a persistent organic pollutant, may accumulate in
tissues of Mytilus galloprovincialis and is not, or is only partially, inactivated, metabolised or
eliminated from tissues [65,66], explicating its action for a longer period.

Considering the Cat D activation recorded, further experiments are needed to confirm if the
NP and E2 action mechanism is the same as in vertebrates, in which Cat D gene transcription is
enhanced through the activation of the ERE sequence at the promoter region of this gene, thanks
to the complex pollutant/estrogen receptor [67] and, at the same time, if it causes an increase of
Cat D enzymatic activity [34]. On the other hand, it is not possible to exclude other mechanisms
of action. For example, it has been observed that activation of the exchanger Na+/H+ in Mytilus
galloprovincialis gonad cells due to E2 causes the intracellular pH to vary [68]; such a change
could influence Cat D and Cat L activity, which are strongly pH dependent.
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Results obtained from the analysis of Cat L activity are not clear. When an effect was present,
it was registered only after two weeks from the exposure event. Both NP and E2 caused a Cat
L increase after two weeks, while in the gonad E2 but not NP had an effect. In a recent study,
mussels injected with different E2 concentrations did not show any significant variation in Cat L
gene expression in the digestive gland [69]. Perhaps the delayed Cat L activation follows from
other toxic effects caused by NP and E2 exposure.

5. Conclusion

In conclusion, this preliminary study provides new information on Cat D and Cat L activity
in Mytilus galloprovincialis. Cat D activity assayed in wild mussels in three different peri-
ods of the year suggest that a potential seasonality, probably linked to the reproductive cycle,
should be taken into account and deeply investigated in the case of experiments involving wild
mussels. Captivity seems to influence Cat D and Cat L activity; this effect may be linked
to the diet used during the experiment, suggesting, together with the strong seasonal varia-
tion of Cat D activity, the involvement of this enzyme in metabolic processes. Furthermore, a
strong Cat D induction by NP and E2 in the digestive gland has been registered, confirming
the hypothesis of Cat D activation by estrogenic compounds. All these data provide a start-
ing point for further studies, in order to evaluate if the assay of Cat D in mussels may supply
indications about the presence of estradiol-like chemicals in the environment, as happens in
vertebrates.

Acknowledgements

This study was supported by a ‘Fondi di Ateneo 2004, Università Politecnica delle Marche’grant awarded to O. Carnevali.

References

[1] T. Colborn, F.S. vom Saal, and A.M. Soto, Developmental effects of endocrine-disrupting chemicals in wildlife and
humans, Environ. Health Perspect. 101 (1993), pp. 378–384.

[2] U. Zoller, Estuarine and coastal zone marine pollution by the nonionic alkylphenol ethoxylates endocrine disrupters:
Is there a potential ecotoxicological problem? Environ. Int. 32 (2006), pp. 269–272.

[3] D.M. Fry, Reproductive effects in birds exposed to pesticides and industrial-chemicals, Environ. Health Perspect.
103 (1995), pp. 165–171.

[4] L.J. Guillette and E.A. Guillette, Environmental contaminants and reproductive abnormalities in wildlife:
Implications for public health? Toxicol. Ind. Health 12 (1996), pp. 537–550.

[5] M.R. Servos, Review of the aquatic toxicity, estrogenic responses and bioaccumulation of alkylphenols and
alkylphenol polyethoxylates, Water Qual. Res. J. Can. 34 (1999), pp. 123–177.

[6] J. Oehlmann and U. Schulte-Oehlmann, Endocrine disruption in invertebrates, Pure Appl. Chem. 75 (2003),
pp. 2207–2218.

[7] C. Blaise, F. Gagne, M. Salazar, S. Trottier, and P.D. Hansen, Experimentally-induced feminisation of freshwater
mussels after long-term exposure to a municipal effluent, Fresenius Environ. Bull. 12 (2003), pp. 865–870.

[8] W.S. Baldwin, S.E. Graham, D. Shea, and G.A. LeBlanc, Metabolic androgenization of female Daphnia magna by
the xenoestrogen 4-nonylphenol, Environ. Toxicol. Chem. 16 (1997), pp. 1905–1911.

[9] J.B. Shurin and S.I. Dodson, Sublethal toxic effects of cyanobacteria and nonylphenol on environmental sex
determination and development in Daphnia, Environ. Toxicol. Chem. 16 (1997), pp. 1269–1276.

[10] Z. Billinghurst, A.S. Clare, K. Matsumura, and M.H. Depledge, Induction of cypris major protein in barnacle larvae
by exposure to 4-n-nonylphenol and 17 beta-oestradiol, Aquat. Toxicol. 47 (2000), pp. 203–212.

[11] B. Quinn, F. Gagnè, C. Blaise, M.J. Costello, J.G. Wilson, and C. Mothersill, Evaluation of the lethal and sub-lethal
toxicity and potential endocrine disrupting effect of nonylphenol on the zebra mussel (Dreissena polymorpha), Comp.
Biochem. Physiol. C Toxicol. Pharmacol. 142 (2006), pp. 118–127.

[12] B.L. Bayne, Measuring the biological effects of pollution – The mussel watch approach, Water Sci. Technol. 21
(1989), pp. 1089–1100.

[13] M. Jong-Brink, H.H. de Boer. and J. Josse, Mollusca, in Reproductive Biology of Invertebrates, Vol. 1, K.G. Adiyodi
and R.G. Adiyodi, eds., John Wiley and Sons Ltd, New York, 1983, pp. 297–355.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Chemistry and Ecology 59

[14] R.K. Pipe, Oogenesis in the marine mussel Mytilus edulis – An ultrastructural-study, Mar. Biol. 95 (1987),
pp. 405–414.

[15] G. Dorange and M. Lepennec, Ultrastructural-study of oogenesis and oocytic degeneration in Pecten maximus from
the bay of St. Brieuc, Mar. Biol. 103 (1989), pp. 339–348.

[16] Q. Li, M. Osada, T. Suzuki, and K. Mori, Changes in vitellin during oogenesis and effect of estradiol-17 beta on
vitellogenesis in the Pacific oyster Crassostrea gigas, Invertebr. Reprod. Dev. 33 (1998), pp. 87–93.

[17] K.J. Eckelbarger and C.V. Davis, Ultrastructure of the gonad and gametogenesis in the eastern oyster, Crassostrea
virginica. 1. Ovary and oogenesis, Mar. Biol. 127 (1996), pp. 79–87.

[18] M. Riffeser and B. Hock, Vitellogenin levels in mussel hemolymph – A suitable biomarker for the exposure to
estrogens? Comp. Biochem. Physiol. C Toxicol. Pharmacol. 132 (2002), pp. 75–84.

[19] C. Blaise, F. Gagne, J. Pellerin, and P.D. Hansen, Determination of vitellogenin-like properties in Mya arenaria
hemolymph (Saguenay Fjord, Canada): A potential biomarker for endocrine disruption, Environ. Toxicol. 14 (1999),
pp. 455–465.

[20] F. Gagne and C. Blaise, Organic alkali-labile phosphates in biological materials: A generic assay to detect
vitellogenin in biological tissues, Environ. Toxicol. 15 (2000), pp. 243–247.

[21] F. Gagne, C. Blaise, M. Salazar, and P.D. Hansen, Evaluation of estrogenic effects of municipal effluents to the
freshwater mussel Elliptio complanata, Comp. Biochem. Physiol. C Toxicol. Pharmacol. 128 (2001), pp. 213–225.

[22] V. Matozzo and M.G. Marin, Can 4-nonylphenol induce vitellogenin-like proteins in the clam Tapes philippinarum?
Environ. Res. 97 (2005), pp. 43–49.

[23] M. Ortiz-Zarragoitia and M.P. Cajaraville, Biomarkers of exposure and reproduction-related effects in mussels
exposed to endocrine disruptors, Arch. Environ. Contam. Toxicol. 50 (2006), pp. 361–369.

[24] T. Verslycke, G.F. Vandenbergh, B. Versonnen, K. Arijs, and C.R. Janssen, Induction of vitellogenesis in 17 alpha-
ethinylestradiol-exposed rainbow trout (Oncorhynchus mykiss): A method comparison, Comp. Biochem. Physiol.
C Toxicol. Pharmacol. 132 (2002), pp. 483–492.

[25] N. Aarab, S. Lemaire-Gony, E. Unruh, P.D. Hansen, B.K. Larsen, O.K. Andersen, and J.F. Narbonne, Preliminary
study of responses in mussel (Mytilus edilus) exposed to bisphenol A, diallyl phthalate and tetrabromodiphenyl
ether, Aquat. Toxicol. 78 (2006), pp. S86–S92.

[26] A.M. Puinean, P. Labadie, E.M. Hill, M. Osada, M. Kishida, R. Nakao, A. Novillo, I.P Callard, and J.M. Rotchell,
Laboratory exposure to 17 beta-estradiol fails to induce vitellogenin and estrogen receptor gene expression in the
marine invertebrate Mytilus edulis, Aquat. Toxicol. 79 (2006), pp. 376–383.

[27] A.J. Barrett, Cathepsin D and other carboxyl proteinases, in Proteinases in Mammalian Cells and Tissues,
A.J. Barrett, ed., Elsevier, Amsterdam, 1977, pp. 209–248.

[28] R.A. Baldocchi, L. Tan, D.S. King, and C.S. Nicoll, Mass-spectrometric analysis of the fragments produced by
cleavage and reduction of rat prolactin – Evidence that the cleaving enzyme is cathepsin-D, Endocrinology 133
(1993), pp. 935–938.

[29] O. Carnevali, R. Carletta, A. Cambi, A. Vita, and N. Bromage, Yolk formation and degradation during oocyte
maturation in seabream Sparus aurata: Involvement of two lysosomal proteinases, Biol. Reprod. 60 (1999),
pp. 140–146.

[30] O. Carnevali, F. Centonze, S. Brooks, I. Marota, and J.P. Sumpter, Molecular cloning and expression of ovarian
cathepsin D in seabream, Sparus aurata, Biol. Reprod. 61 (1999), pp. 785–791.

[31] S. Brooks, C.R. Tyler, O. Carnevali, K. Coward, and J.P. Sumpter, Molecular characterisation of ovarian cathepsin
D in the rainbow trout, Oncorhynchus mykiss, Gene 201 (1997), pp. 45–54.

[32] O. Carnevali, G. Mosconi,A. Cambi, S. Ridolfi, S. Zanuy, andA.M. Polzonetti-Magni, Changes of lysosomal enzyme
activities in sea bass (Dicentrarchus labrax) eggs and developing embryos, Aquaculture 202 (2001), pp. 249–256.

[33] V. Cavailles, P. Augereau, and H. Rochefort, Cathepsin-D gene of human MCF7 cells contains estrogen-responsive
sequences in its 5′-proximal flanking region, Biochem. Biophys. Res. Commun. 174 (1991), pp. 816–824.

[34] O. Carnevali and F. Maradonna, Exposure to xenobiotic compounds: Looking for new biomarkers, Gen. Comp.
Endocrinol. 131 (2003), pp. 203–209.

[35] S. Afonso, L. Romagnano, and B. Babiarz, The expression and function of cystatin C and cathepsin B and cathepsin
L during mouse embryo implantation and placentation, Development 124 (1997), pp. 3415–3425.

[36] W.W. Wright, L. Smith, C. Kerr, and M. Charron, Mice that express enzymatically inactive cathepsin L exhibit
abnormal spermatogenesis, Biol. Reprod. 68 (2003), pp. 680–687.

[37] T. Nomura and N. Katunuma, N., Involvement of cathepsins in the invasion, metastasis and proliferation of cancer
cells, J. Med. Invest. 52 (2005), pp. 1–9.

[38] T.L. Penttila, H. Hakovirta, P. Mali, W.W. Wright, and M. Parvinen, Follicle-stimulating hormone regulates the
expression of cyclic protein-2/cathepsin-L messenger ribonucleic acid in rat Sertoli cells in a stage-specific manner,
Mol. Cell. Endocrinol. 113 (1995), pp. 175–181.

[39] V. Sriraman and J.S. Richards, Cathepsin L gene expression and promoter activation in rodent granulosa cells,
Endocrinology 145 (2004), pp. 582–591.

[40] G.H. Song, T.E. Spencer, and F.W. Bazer, Cathepsins in the ovine uterus: Regulation by pregnancy, progesterone,
and interferon tau, Endocrinology 146 (2005), pp. 4825–4833.

[41] W.S. Baldwin, J.A. Roling, S. Peterson, and L.M. Chapman, Effects of nonylphenol on hepatic testosterone
metabolism and the expression of acute phase proteins in winter flounder (Pleuronectes americanus): Comparison
to the effects of Saint John’s Wort, Comp. Biochem. Physiol. C Toxicol. Pharmacol. 140 (2005), pp. 87–96.

[42] A.M. Soto, H. Justicia, J.W. Wray, and C. Sonnenschein, Para-nonylphenol – An estrogenic xenobiotic released from
modified polystyrene, Environ. Health Perspect. 92 (1991), pp. 167–173.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



60 L. Margiotta-Casaluci and O. Carnevali

[43] M. Ahel, W. Giger, and M. Koch, Behavior of alkylphenol polyethoxylate surfactants in the aquatic environment .1.
Occurrence and transformation in sewage-treatment, Water Res. 28 (1994), pp. 1131–1142.

[44] S. Jobling, D. Sheahan, J.A. Osborne, P. Mathiessen, and J.P. Sumpter, Inhibition of testicular growth in rainbow
trout (Oncorhynchus mykiss) exposed to estrogenic alkylphenolic chemicals, Environ. Toxicol. Chem. 15 (1996),
pp. 194–202.

[45] C.R. Tyler, S. Jobling, and J.P. Sumpter, Endocrine disruption in wildlife: A critical review of the evidence, Crit.
Rev. Toxicol. 28 (1998), pp. 319–361.

[46] M.M. Bradford, Rapid and sensitive method for quantitation of microgram quantities of protein utilizing principle
of protein-dye binding, Anal. Biochem. 72 (1976), pp. 248–254.

[47] T. Takahashi and J. Tang, Cathepsin D from porcine and bovine spleen, in Methods in Enzymology, Vol. 80, L.
Lorand, ed., Academic Press, New York, 1981, pp. 565–581.

[48] R.C. Kamboj, S. Pal, N. Raghav, and H. Singh, A selective colorimetric assay for cathepsin-L using Z-Phe-Arg-4-
methoxy-beta-naphthylamide, Biochimie 75 (1993), pp. 873–878.

[49] B.J. Barber and N.J. Blake, Intra-organ biochemical transformations associated with oogenesis in the bay scallop,
Argopecten irradians concentricus (Say), as indicated by C-14 incorporation, Biol. Bull. 168 (1985), pp. 39–49.

[50] V.K. Dimitriadis, G.P. Domouhtsidou, and M.P. Cajaraville, Cytochemical and histochemical aspects of the digestive
gland cells of the mussel Mytilus galloprovincialis (L.) in relation to function, J. Mol. Histol. 35 (2004), pp. 501–509.

[51] M.P. Cajaraville,Y. Robledo, M. Etxeberria, and I. Marigomez, Cellular biomarkers as useful tools in the biological
monitoring of environmental pollution: Molluscan digestive lysosomes, in Cell Biology in Environmental Toxicology,
M.P. Cajaraville, ed., University of the Basque Country Press Service, Bilbao, 1995, pp. 29–55.

[52] Y. Robledo and M.P. Cajaraville, Isolation and morphofunctional characterization of mussel digestive gland cells in
vitro, Eur. J. Cell Biol. 72 (1997), pp. 362–369.

[53] G. Prioli, M. Maffei, D. Matarazzo, N. Mietti, M. Pasini, N. Tontini, E. Turolla, C. Massaccesi, and L. Camanzi,
Studio ed indagini rivolti al miglioramento della mitilicoltura in Emilia Romagna Greentime, ed., Bologna, 2006.

[54] C.J. Lodeiros, J.J. Rengel, H. Guderley, and O. Nusseti, Biochemical composition and energy allocation in the
tropical scallop Lyropecten (Nodipecten) nodosus during the months leading up to and following the development
of gonads, Aquaculture 199 (2001), pp. 63–72.

[55] P.A. Gabbott, Storage cycles in marine bivalve molluscs: A hypothesis concerning the relationship between glycogen
metabolism and gametogenesis, in Proceedings of the 9th European Marine Biology Symposium, A. Barnes, ed.,
Aberdeen University Press, Aberdeen, 1975, pp. 191–211.

[56] B.L. Bayne, Aspects of reproduction in bivalve molluscs, in Estuarine Processes, M. Miley, ed., Academic Press,
New York, 1976, pp. 432–448.

[57] G.W. Bryan, Bioaccumulation of marine pollutants, Philos. Trans. R. Soc. Lond., B, Biol. Sci. 286 (1979),
pp. 483–505.

[58] V. Axiak, J.J. George, and M.N. Moore, Petroleum hydrocarbons in the marine bivalve Venus verrucosa –
accumulation and cellular-responses, Mar. Biol. 97 (1988), pp. 225–230.

[59] R. Smolders, L. Bervoets, V. Wepener, and R. Blust, A conceptual framework for using mussels as biomonitors in
whole effluent toxicity, Human Ecol. Risk Assess. 9 (2003), pp. 741–760.

[60] C.H. Walker, S.P. Hopkin, R.M. Sibly, and D.B. Peakall, Principles of ecotoxicology, 3rd ed., Taylor & Francis,
London.

[61] W. Zhu, K. Mantione, D. Jones, E. Salamon, J.J. Cho, P. Cadet, and G.B. Stefano, The presence of 17-beta estradiol
in Mytilus edulis gonadal tissues: Evidence for estradiol isoforms, Neuro Endocrinol. Lett. 24 (2003), pp. 137–140.

[62] L. Canesi, C. Ciacci, M. Betti, L.C. Lorusso, B. Marchi, S. Burattini, E. Falcieri, and G. Gallo, Rapid effects of 17
beta-estradiol on cell signaling and function of Mytilus hemocytes, Gen. Comp. Endocrinol. 136 (2004), pp. 58–71.

[63] G. Janer, R. Lavado, R. Thibaut, and C. Porte, Effects of 17 beta-estradiol exposure in the mussel Mytilus
galloprovincialis: A possible regulating role for steroid acyltransferases, Aquat. Toxicol. 75 (2005), pp. 32–42.

[64] W. Borg, C. Shackleton, S.L. Pahuja, and R.B. Hochburg, Long-lived testosterone esters in the rat, Proc. Natl. Acad.
Sci. USA 92 (1995), pp. 1545–1549.

[65] R. Ekelund, Å. Bergman, Å. Granmo, and M. Berggrenn, Bioaccumulation of 4-nonylphenol in marine animals – A
reevaluation, Environ. Poll. 64 (1990), pp. 107–120.

[66] E. Lietti, M.G. Marin, V. Matozzo, S. Polesello, and S. Valsecchi, Uptake and elimination of 4-nonylphenol by the
clam Tapes philippinarum, Arch. Environ. Contam. Toxicol. 53 (2007), pp. 571–578.

[67] M.J. Tsai and B.W. Omalley, Molecular mechanisms of action of steroid/thyroid receptor superfamily members,
Annu. Rev. of Biochem. 63 (1994), pp. 451–486.

[68] M. Kaloyianni, R. Stamatiou, and S. Dailianis, Zinc and 17 beta-estradiol induce modifications in Na+/H+
exchanger and pyruvate kinase, activity, through protein kinase C in isolated mantle/gonad cells of Mytilus
galloprovincialis, Comp. Biochem. Physiol. C Toxicol. Pharmacol. 141 (2005), pp. 257–266.

[69] L. Canesi, C. Borghi, R. Fabbri, C. Ciacci, L.C. Lorusso, G. Gallo, and L. vergani, Effects of 17 beta-estradiol on
mussel digestive gland, Gen. Comp. Endocrinol. 153 (2007), pp. 40–46.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1


