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ing the metabolic responses of heart tissues, using high-resolution magic angle-spinning
nuclear magnetic resonance (HRMAS NMR), after exposure to TBT (109, 106 and 10-* M)
during 24 h and 72 h. Results show that responses of clam heart tissue to TBT exposure are
not dose dependent. Metabolic profile analyses indicated that TBT 10-¢ M, contrary to the
two other doses tested, led to a significant depletion of taurine and betaine. Glycine levels

Chemical compounds studied in this article:
Tributyltin chloride (PubChem

CID: 15096) decreased in all clam groups treated with the organotin. It is suggested that TBT abolished

the cytoprotective effect of taurine, betaine and glycine thereby inducing cardiomyopathie.
Keywords: Moreover, results also showed that TBT induced increase in the level of alanine and suc-
Clam cinate suggesting the occurrence of anaerobiosis particularly in clam group exposed to
?g;iyltm the highest dose of TBT. Taken together, these results demonstrate that TBT is a potential

toxin with a variety of deleterious effects on clam and this organotin may affect different

Metaboli .
ngl\le(sJ ;\?ﬁR pathways depending to the used dose.
Toxicity The main finding of this study was the appearance of an original metabolite after TBT

N-glycine-N'-alanine treatment likely N-glycine-N'-alanine. It is the first time that this molecule has been iden-
tified as a natural compound. Its exact role is unknown and remains to be elucidated. We
suppose that its formation could play an important role in clam defense response by atten-
uating Ca%* dependent cell death induced by TBT. Therefore this compound could be a
promising biomarker for TBT exposure.
© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under

the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).

1. Introduction

Increasing antropogenic degradation of the costal envi-
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received the most attention in toxicological or related stud-
ies because of its environmental and health hazards [2].
TBT is the most toxic of the butyltin compounds and it
was selected because it is a worldwide pollutant that exists
widely in marine ecosystems [3]. It is a strong lipophilic
substance which is used in large scale and particularly
in marine antifouling paints [4]. However, this compound
detected in aquatic organisms [40] poses a broad range of
responses at different levels. Deleterious effects on these
animals and the well-studied effects of TBT exposure were
reproductive functions, endocrine and immune systems
responses [5,6]. The toxic effect of TBT led to reduce animal
growth rate [7], decrease of fertility through ovarian dis-
organization or atrophy [42], reproduction failure [8] and
alteration of sexual differentiation [9]. The main effect of
TBT recorded around the world is a condition referred to as
imposex, an endocrine disruption in molluscs that leads to
masculinization of females for over 150 gasteropod species
[41] even at very low concentrations of TBT (<1 ng/L) [10].

High concentrations of TBT have been detected in sed-
iment near harbors, fishery ports, marinas, and shipyards
[11]. Ports and marinas are recipients of a variety of toxic
chemical inputs and can affect adjacent marine coastal
ecosystems [12]. Due to the nautical activities, it was
reported by Devier et al. [13] that mussels transplanted
to oyster farms have revealed concentrations of approx-
imately 30 wgkg~! dry/wt, and showed increases in July
and August, even if no trace of TBTs has been detected
in the water. More worrying, in mussels transplanted to
harbor areas, concentrations of 800-2400 ugkg~! were
recorded.

Due to its persistence for a long time in the environ-
ment and its severe impact on aquatic ecosystems, the
International Maritime Organization has decided to pro-
hibit uses of TBT in antifouling paints since 2003 [14]
and total prohibition since 2008 [5]. Present and future
restrictions will unfortunately not immediately remove
TBT and its degradation products from the marine environ-
ment, since these compounds are retained in the sediments
where they persist [5]. Indeed, butyltins can be released
from marine sediments, taken up by filter feeders and bio-
concentrated in animal tissues [15]. For example, Tsuda
et al. [16] reported that the daily average intake of TBT
by humans from market-bought seafood has been esti-
mated to vary worldwide from 0.18 to 2.6 p.g/person. As
a consequence of the prohibition of TBT use, the lev-
els of TBT have markedly decreased in seawater but a
recent study has revealed that TBT concentrations found
in tissues of Mytillus galloprovincialis and in fish are still
high enough to cause chronic effects in sensitive species
[17].

Bivalve molluscs are known to be reliable indica-
tors of the marine environment, because of their high
filtration rate, their widespread distribution and their
ability to bioconcentrate many toxicants. Among these
bivalves, the carpet-shell clam Ruditapes decussatus, is an
important component of infaunal communities and is an
economically important bivalve in many countries. This
invertebrate was submitted in the last decade, to vari-
ous anthropogenic pollutants [18]. Among them TBT has
previously been shown to be a threat for the growth and

development of R. decussatus larvae at environmentally rel-
evant levels [19]. It was also reported that some juveniles
exposed to TBT developed abnormal shell growth, laterally,
changing the typical flattened shape of riorly [4]|. More-
over, it was suggested that TBT exposure causes a potential
masculinization of clam R. decussatus physiology as a con-
sequence of an increase in tissue testosterone levels as well
as an alteration of testosterone metabolism and a decrease
in oestradiol levels [20].

The purpose of this work was to elucidate mecha-
nisms involved in the toxicity of TBT after characterization
of metabolic profile of heart tissue of clam R. decussatus
exposed to this organotin. Mechanistic understanding at
biochemical levels could increase the knowledge of the sur-
vival strategies of the organisms under stressed conditions
and therefore may be useful in water quality biomonitor-
ing to protect ecosystem health. This work was performed
using HRMAS NMR spectroscopy method because in a
previous study we had demonstrated its high applica-
bility to elucidate the mechanism of Roundup® toxicity
[21].

2. Materials and methods
2.1. Chemicals

Tributyltin chloride (T50202, 96%), dimethyl sulfox-
ide (DMSO) and trimethylsilyl propionic acid (TSP) were
obtained from Sigma-Aldrich. Deuterium oxide (D,0)
100% was purchased from Euriso-top. For experimentation,
TBT was solubilized in DMSO and maximal concentration
of solvent in this study was 5%..

2.2. Clam exposure

Adult clams, R. decussatus, of 3-4 cm shell length, were
collected from alocal fish farm. After acclimatization in aer-
ated seawater for three days, 30 clams were transferred
to five tanks (n=6 in each tank): one control, one DMSO
and three exposed groups to TBT (10-°M, 10-6M and
104 M) during 24 h and 72 h. The experiment was carried
out four times. After treatments, clams were immediately
dissected and the hearts were removed for HRMAS NMR
analyses.

2.3. Metabolite extraction

A total of 60 clam samples were used to metabolite
extraction. Immediately after treatment, clam heart tis-
sues were taken off (n=12 for each condition tested),
pooled than weighed and crushed in 400 L of water. The
homogenate was centrifuged (4 °C, 10 min, 13,000 x g) and
the supernatant was removed and lyophilized prior to one
dimensional 1D '"H NMR analyses. The experiment was car-
ried out four times.

2.4. NMR spectroscopy
All the acquisitions were recorded on a BRUKER Avance

[l HD 500 spectrometer equipped with an indirect HRMAS
TH/31P probe. During the HRMAS study, one heart was
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Fig. 1. Representative 500 MHz 'H HRMAS-NMR spectra of carpet shell clam (Ruditapes decussatus) heart after 24 and 72 h TBT exposure (N =12 for each
concentration tested). Keys: alanine (1), unknown compound (2), pyruvate (3), glutamate (4), succinate (5) and hypotaurine (6).

loaded in a 4mm ZrO, cylindrical rotor with 70 uL of
seawater/D,0 3/1, at a spinning rate of 5000 Hz, around an
axis which is oriented at the so-called magic angle of 54.7°
with regard to the magnetic field By. The spectra were per-
formed with a 30° pulse, a 2 s delay and a presaturation of
the H,O signal. The temperature was controlled at 25°C.
The result was an NMR spectrum with resolution appro-
aching that of a liquid sample which made it possible to
analyze the metabolites of low molecular weight in solu-
tion inside the organisms.

For classical 1D 'H NMR, the lyophylized powders were
dissolved in 0.7 mL of deuterium oxide. 'H NMR spec-
tra were performed according to the method previously
described [21]. Identification of some metabolites were
confirmed by the COSY DQF (Double-quantum filtered
H-1H correlated spectroscopy), HMQC 'H-13C (Het-
eronuclear multiple quantum coherence 'H-13C), HMBC

TH-13C (Heteronuclear multiple bond coherence 'H-13(),
HMBC 'H-1>N and DOSY (Diffusion ordered spectroscopy)
sequences.

2.5. NMR quantification

The extract of 15 clam heart tissues was dissolved in
700 L of D,0 and placed in NMR tube. In order to evalu-
ate the level of metabolites and compare the NMR profiles,
5 uL of TSP solution (50 mg/mL) was added to the NMR
tubes. The spectra were performed with a 30° pulse and
a 10s delay. The temperature was controlled at 25 °C. The
obtained spectra were properly phased, baseline corrected
and manually integrated. Calculation of metabolite con-
centrations was based on integration of NMR peaks. Area
of each metabolite peak was compared to that of TSP of
known concentration. The ratio of areas, proportional to the
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number of protons, gave the concentration of each consid-
ered metabolite.

2.6. Data analysis and statistics

All values are expressed as the means + standard devi-
ations (SD). Statistical differences were determined by
performing the student t-test after checking the normal-
ity of distribution. Differences were considered significant
when P<0.05.

3. Results

3.1. Effect of TBT exposure on the metabolism of heart
clam tissue

The metabolic TH HRMAS NMR profiles of treated
groups showed differences in the spectral region between
4.5 and 0 ppm among the three groups of clam exposed to
TBT (1072, 10-6 and 104 M) and also when compared to
control group (Fig. 1). However, no variation in major peaks

was found between the control and the exposed groups in
the part of the spectrum above 4.5 ppm and, the metabolic
TH NMR profiles of control was similar to DMSO treated
controls (data not shown). Generally, our results show that
alanine is accumulated even at short exposure times (24 h)
to TBT. Surprisingly, the NMR spectra indicated also that
highest concentrations of TBT (10~6 and 10~4 M) induced
the accumulation of an unusual metabolite (metabolite 2).
Indeed, we noticed the appearance of two very closed dou-
blet (1.54 and 1.55ppm) and a singlet (3.64 ppm). These
signals seem to be present simultaneously and in the same
proportions, which lets us think that they belong to the
same molecule.

After 72h of treatment, the obvious modifications in
the proton spectra from heart tissues of clam exposed to
TBT (10-% and 10-4 M) were the increase in the level of
alanine, succinate and that of the unknown metabolite 2,
which is relatively more abundant than after 24 h of treat-
ment. However, in low dose (10~° M) TBT treated groups,
the metabolite 2 is less accumulated but levels of alanine
and succinate increased.
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Fig. 2. Representative one dimensional 500 MHz 'H NMR spectra of clam heart tissue extracts from control and TBT (109, 10-¢, 10-4 M) exposures (N=48
for each group of clam). Keys: Alanine (1), unknown metabolite (2), pyruvate (3), glutamate (4), succinate (5), hypotaurine (6), isoleucine (7), leucine (8),
valine (9), lactate (10), arginine (11), taurine (12), betaine (13), glycine (14), homarine (15), -glucose (16), a-glucose (17), glycogen (18).
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Table 1

Chemical shifts of metabolites identified in 'H NMR spectrum of heart tissue extracts (s =singlet, d = doublet, t = triplet, q = quadruplet, dd = double doublet,

m=multiplet).

Metabolites

Chemical shift and peak shape

Peak identification in Fig. 2

Amino acids

Isoleucine 0.93 (t) 0.99 (d) 7
Leucine 0.95 (d) 0.96 (d) 8
Valine 1.00 (d) 1.05 (d) 9
Alanine 1.49(d) 1
Arginine 1.70 (m) 1.93 (m) 11
Glutamate 2.04 (m)2.11 (m) 2.37 (m) 4
Organic acids

Lactate 1.34(d) 10
Energy related

a-Glucose 5.22(d) 17
B-Glucose 4.66 (d) 16
Glycogen 5.40 (brs) 18
Pyruvate 2.28(s) 3
Organic osmolytes

Betaine 3.28(s)3.92(s) 13
Glycine 3.57(s) 14
Hypotaurine 2.66 (t) 3.36 (t) 6
Taurine 3.27(t)3.44(t) 12
Homarine 4.38(s) 7.99 (dd) 8.05 (d) 8.56 (dd) 8.72 (d) 15
Krebs cycle intermediate

Succinate 2.43(s) 5
N-glycine-N'-alanine 1.54 (d) 1.55(d) 3.63 (s) 3.64 (s) 2

3.2. Metabolite analysis of clam heart extracts

TH NMR spectra of clam heart extracts from control
and TBT exposures (1079, 10-¢ and 10-%*M) are pre-
sented in Fig. 2. They show 18 assigned metabolites which
belong to amino acids (e.g. valine, leucine, isoleucine,
glycine, arginine, etc.), organic osmolytes (taurine, betaine,
hypotaurine and homarine) and Krebs cycle intermediates
such as succinate (Table 1). The most prevalent compounds
in clam heart tissues were betaine (3.28 and 3.92 ppm), tau-
rine (3.27 and 3.44 ppm) and glycine (3.57 ppm) as we have
indicated in our previous study [21].

In clam R. decussatus exposed to different doses of TBT
for 72 h, the concentrations of main metabolites: amino
acids (alanine, metabolite 2), tricarboxylic acid (TCA) cycle
intermediates (succinate) and organic osmolytes (betaine,
taurine and glycine) were quantified using a TSP solution
(Table 2).

Results show that TBT induced alteration of organic
osmolytes and this was not dose dependent. Taurine and
betaine were not significantly affected (p>0.05) in groups
treated with TBT 10~° M with respect to the control clam.
However, in clam groups exposed to TBT 10-6 M, levels of
those molecules showed a significant depletion (p <0.01) in
comparison to that detected in the control groups and were
respectively 71.12+9.32 and 78.6 &+ 6.66 pmol/g wet/wt.
By contrast to 10-6 M, the highest dose of TBT (10~4 M)
induced a significant increase (p <0.05) in the amount of
those metabolites.

Treatment with TBT also led to a significant depletion
of glycine in all clam groups (p <0.01). The minimum was
about half of the concentration determined in control group
and was detected in clams treated with TBT 10-6 M. More-
over, results show that the highest levels of alanine and

metabolite 2 were detected in clam groups exposed to TBT
10-6 M (respectively 25.14 + 5.07 and 17.63 = 1.96 pumol/g
wet/wt; p<0.01), whereas the maximum of succinate was
obtained with TBT 10~4M (7.41+0.67 wmol/g wet/wt;
p<0.01).

3.3. Analysis of the unknown metabolite 2

In order to characterize the new compound, heart tissue
extracts from clams exposed for 72 h to TBT 106 M were
analyzed using 2D NMR. Results show that the appearing
doublets at 1.54 and 1.55 ppm belong to alanine deriva-
tive substituted on the nitrogen. In the same way, the
singlets at 3.63 and 3.64 ppm belong to glycine deriva-
tive substituted on the nitrogen (Table 1). According to
these results, the new molecule might be the N-glycine-
N’-alanine under the shape of a tautomeric equilibrium
(Fig. 3A). With a view to confirm our hypothesis, fur-
ther experiments were performed. Best detection of the
two tautomers was obtained after registering a spectrum
of this extract in MeOD at —10°C (Fig. 3B). Integration
of these signals showed that there is 59% of the major-
ity derivative A and 41% of the other B as previously
reported in the literature [22]. Indeed, when they synthe-
sized the N-glycine-N’-Alanine, the same ratio of tautomers
were obtained. Then, the HMBC 'H/!>N analysis of this
sample confirmed that the two CHj3 of tautomers have
neighboring nitrogen with chemical shifts appreciably dif-
ferent which are —329ppm for A and —-321ppm for B
(Fig. 4A).

Moreover,a DOSY NMR analysis confirmed that the dou-
blet at 1.54ppm and the singlet at 3.63 ppm belong to
the same molecule (tautomer A) whereas, the doublet at
1.55 ppm and the singlet at 3.64 ppm belong to another
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Estimated concentrations of metabolites in heart tissues of clams determined after NMR peak integration. Values are mean + SEM. Significant differences
in metabolite levels between the TBT treated groups and the control groups are indicated with asterisks (**p <0.01; * p<0.05; NS: no significant).

Metabolite concentrations (jumol/g wet/wt) Control TBT 10°M TBT 105 M TBT 104 M
Alanine 10.97 + 3.32 15.07 + 1.71** 25.14 + 5.07** 16.17 + 5.18*
N-Gly-N'-Ala 3.96 + 2.77 7.46 + 3.77* 17.63 + 1.96™ 14.38 + 1.01**
Succinate 232 +1.61 4,04 + 1.45** 4,50 + 1.95** 7.41 + 0.67**
Taurine 110.73 £ 11.31 116.12 + 17.44 NS 71.12 + 9.32* 115.32 + 5.35*
Betaine 112,51 £ 11.10 114.26 + 14.76 NS 78.60 + 6.66™* 123.86 + 5.71*
Glycine 44.14 + 0.23 32.49 + 3.80** 18.44 + 0.33** 23.26 + 5.39™
A
T o H H o
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Fig. 3. (A) N-glycine-N’-alanine tautomeric equilibrium. (B) Part of a 500 MHz 'H NMR spectrum of clam heart tissue extract from TBT 10-¢ M after 72 h
exposure: the extract has been solved in MeOD and the spectrum was recorded at -10°C with a 10s delay.

molecule (tautomer B) (Fig. 4B). All those experiments tend
to prove that compound 2 is the N-glycine-N’-alanine but
its isolation is required to confirm its structure.

4. Discussion

Metabolic profiling can provide an overview of the
metabolic status of a biological system including, cells, tis-
sues, organs or even whole organisms [23]. Metabolism is
context dependent and metabolite levels change with the
physiological, developmental, or pathological state of cells,
tissues, organs or organisms [23].

The original NMR spectrum of heart tissue of clam R.
decussatus was dominated by organic osmolytes (betaine
and taurine) as previously reported for clam Ruditapes
philippinarum [24,25]. As indicated in the literature, these

molecules play an important role in osmoregulation in
marine organisms via various metabolic pathways and
hence were detected at higher level than other metabolites
[26]. Those small organic molecules can actively accumu-
late in high environment salinity and released when the
salinity decreases.

The present study showed that, in clams exposed
to TBT 10~°M level of taurine was not significantly
affected. By contrast, TBT at 10-6 M induced a significant
decrease in the level of this metabolite. It was reported
that taurine depletion is associated with cardiomyopathy
[27,28]. Its deficiency leads to impaired electron transport
in cardiomyocytes, which in turn increases mitochon-
drial superoxide generation by depressing the activities
of primary mitochondrial sources of superoxide genera-
tion complex I and III [29]. This can partly explain the
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Fig.4. (A)Part of a 500 MHz HMBC 'H/'>N spectrum of clam heart tissue extract from TBT 10-% M after 72 h exposure: the extract has been solved in MeOD
and the spectrum was recorded at 25°C. Nitromethane is used as reference for >N chemical shifts. (B) Part of a 500 MHz DOSY spectrum of clam heart
tissue extract from TBT 10-6 M after 72 h exposure: the lyophilized extract has been solved in D,0 and the spectrum was recorded at 25 °C.

mortality observed when clams were exposed to this dose.
Unlike TBT 10~ M, no mortality was observed in clam
exposed to the highest dose of TBT and results showed that
this dose induced a significant increase in the level of tau-
rine in comparison with control group. It was indicated
that increasing taurine levels restores respiratory chain
activity and increases the synthesis of ATP at the expense

of superoxide anion production [27]. This indicates that
the mechanism of TBT toxicity is not dose-dependent and
this organotin may affect different pathways depending
on the used dose. Thus, we can suggest that taurine plays
a cytoprotective role by maintaining the normal contrac-
tile function and by preventing mitochondrial superoxide
production.
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Fig. 5. Effect of TBT in heart clam Ruditapes decussatus: Possible mechanisms.

According to our results, betaine level was also affected
in clam groups exposed to TBT and this in the same
trend as that of taurine. Betaine is essential for cell vol-
ume regulation and is a major source of methyl groups
for the methylation process that are essential for diverse
functions such as creatine phosphate and phospholipid
biosynthesis and epigenic control of gene expression
[30]. Previous studies indicated that protective effect of
betaine against isoprenaline-induced myocardial dysfunc-
tion in rats was attributed to its ability to strengthen
the myocardial membrane by its membrane stabilizing
action or to a counteraction of free radicals by its antiox-
idant property [31]. Therefore a betaine insufficiency
may itself be pathogenic [30]. Thus, we can suggest that
betaine deficiency contribute in TBT toxicity whereas its
increase in tissue could play a protective effect against TBT
damage.

Concerning groups treated with the lowest dose of TBT,
our results showed that this organotin at 102 M did not
affect the levels of betaine and taurine suggesting that
this dose is not high enough to induce disturbance in the
amount of those metabolites under short time exposure.

The results of the present study also showed a pro-
nounced depletion in the level of glycine in all clam groups
exposed to TBT but this decrease was less important in
clams exposed to low concentration of this organotin. A
depletion of glycine was also reported in mussel exposed
to Cu and Cd [43]. Several studies proved that glycine
is a cytoprotective amino acid acting as an inhibitor of
mitochondrial permeability transition (MPT) [44] (Fig. 5).
Glycine receptors are expressed in cardiomyocytes and
participate in cytoprotection from hypoxia/reoxygenation
injury [32]. Moreover, it was reported that glycine
is beneficial to myocardial preservation by improving
cardiomyocyte energy metabolism and increasing ATP
abundance [33]. Thus, the decrease in glycine after treat-
ment with TBT is probably due to the fact that glycine is
involved in the regeneration of ATP to maintain energy
metabolism in a level required for survival. This depletion

also partly explains the mortality observed in clam exposed
to TBT 106 M.

Generally, our results show that alanine is accumulated
even at short exposure times (24 h) to TBT. In this study,
accumulation of alanine and succinate was observed after
24 h only with TBT 104 M and after 72 h of exposure with
all concentration of TBT tested. Alanine is a free amino acid
and is considered as an important organic osmolyte found
in invertebrates. Recent studies have reported that some
marine mollusks use high intracellular levels of free amino
acids to protect themselves against the high and fluctuating
extracellular osmolarity of their environment, and these
pools of oxidizable amino acids are also used extensively
in cellular energy metabolism [34]. In some studies on
marine organisms, the increase of alanine caused by anoxia
was correlated with the increase of succinate during envi-
ronmental anoxia [35]. According to our results, a similar
phenomenon regarding the levels of alanine and succinate
was observed in clam exposed to TBT particularly with the
highest concentration of this organotin. The increase in suc-
cinate was also reported by Zhou et al. [ 3] for abalone after
exposure to TBT who suggested the occurrence of anaerobic
respiration and slowing of the TCA cycle and the electron
transport chain. Accumulation of this metabolite was more
important with TBT 104 M and this was in agree with our
observation indicating that clam shells remain closed when
this bivalve is exposed to the highest concentration of TBT.
Itis generally thought that bivalves with opened valves rely
on an aerobic metabolism but after closing the valves the
enclosed oxygen is spent within a few minutes and envi-
ronmental anaerobiosis commences [36].

Moreover, these results show important variations of
the level of another original metabolite likely N-glycine-
N’-alanine.

Indeed, the level of N-glycine-N’-alanine increased with
all concentration of TBT and the highest level is observed
with TBT 106 M. To our knowledge, this metabolite has
not been identified as a natural compound but has been
previously synthesized and analyzed by NMR both in



H. Hanana et al. / Toxicology Reports 1 (2014) 777-786 785

solution and in the solid state [22]. This compound exists
as zwitterion with the ammonium group proximal to the
carboxylate anion. A consequence of zwitterion formation
is the presence of large regions with distinctly negative
electrostatic potentials of which the latter surrounds the
carboxylate group. The exact role of this metabolite is
unknown and remains to be elucidated. We suggest that
its formation could play an important role in clam defense
response against TBT toxicity. Corsini et al. [37] indicated
that the earlier event triggered by TBT treatment is an
increase in intracellular Ca2*. Also, results obtained with
cultured clam heart cells exposed to TBT 10~ M showed a
significant increase of L-type calcium currents after 30 min
of exposure [38]. Blockage of the Ca2* channel opening
or chelation of cytosolic Ca%* is effective enough to pro-
tect TBT from inducing cell death [39]. Thus, we suggest
that N-glycine-N’-alanine bind to calcium cations and may
partly attenuate Ca2* dependent cell death induced by TBT.
Therefore this compound may be useful in assessment of
TBT pollution. Further research would be required for the
validation of these endpoints.

5. Conclusion

In this study the metabolic responses in heart tissues of
clam R. decussatus exposed to TBT were investigated using
NMR. From all our results, the mechanisms involved in the
response to exposure to this organotin depend on the con-
centrations used. The toxicological effects of TBT lead to
the disturbance of organic osmolytes (taurine, betaine and
glycine) but also of metabolites related to anaerobiois (ala-
nine and succinate). Moreover, the main finding of this
study was the identification of a new biomarker to TBT
pollution, likely N-glycine-N’-alanine according to this pre-
liminary study. Its role remains unclear but we suggest that
this metabolite could play an important role in clam protec-
tion against the deleterious effect of TBT. The success of this
preliminary study suggests future studies such as isolation
of the new metabolite in order to confirm its structure and
to elucidate its precise role in TBT toxicity. These results
demonstrate the high applicability of NMR techniques to
elucidate mechanisms of TBT toxicity (Fig. 5) but also to
identify and characterize new biomarkers which may be
useful in designing tests aimed at assessing stress under
field conditions.
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