
lable at ScienceDirect

Environmental Pollution 242 (2018) 1137e1145
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Multibiomarker interactions to diagnose and follow-up chronic
exposure of a marine crustacean to Hazardous and Noxious
Substances (HNS)*

Isabel Oliveira Abreu a, b, c, Catarina Monteiro a, b, c, A. Cristina S. Rocha a, d,
Maria Armanda Reis-Henriques a, Catarina Teixeira a, c, Maria Clara Pires Basto a, b,
Marta Ferreira a, e, C. Marisa R. Almeida a, Luís Oliva-Teles a, b, *, Laura Guimar~aes a

a CIIMAR-Centro Interdisciplinar de Investigaç~ao Marinha e Ambiental, Universidade do Porto, Terminal de Cruzeiros do Porto de Leix~oes, Av. General Norton
de Matos s/n, 4450-208, Matosinhos, Portugal
b Faculdade de Ciências da Universidade do Porto, Rua do Campo Alegre, s/n, 4169-007, Porto, Portugal
c Instituto de Ciências Biom�edicas Abel Salazar, Rua de Jorge Viterbo Ferreira no 228, 4050-313, Porto, Portugal
d MARE-UC, Incubadora de Empresas da Figueira da Foz, Parque Industrial e Empresarial da Figueira da Foz (Laborat�orio MAREFOZ), Rua das Ac�acias Lote
40A, 3090-380, Figueira da Foz, Portugal
e School of Marine Studies, Faculty of Science, Technology and Environment, The University of The South Pacific, Laucala Bay Road, Suva, Fiji
a r t i c l e i n f o

Article history:
Received 2 March 2018
Received in revised form
16 July 2018
Accepted 22 July 2018
Available online 1 August 2018

Keywords:
Multibiomarker interactions
Acrylonitrile
Aniline
Carcinus maenas
Hazard evaluation
* This paper has been recommended for accept
Michele.
* Corresponding author. CIIMAR-Centro Interdiscipl

e Ambiental, Universidade do Porto, Terminal de Cruz
General Norton de Matos s/n, 4450-208, Matosinhos,

E-mail address: loteles@fc.up.pt (L. Oliva-Teles).

https://doi.org/10.1016/j.envpol.2018.07.106
0269-7491/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Integrated compensatory responses of physiological systems towards homeostasis are generally over-
looked when it comes to analysing alterations in biochemical parameters indicative of such processes.
Here an hypothesis-driven multivariate analysis accounting for interactive multibiomarker responses
was used to investigate effects of long-term exposure of Carcinus maenas to Hazardous and Noxious
Substances (HNS). Adult male crabs were exposed to low and high post-spill levels of acrylonitrile (ACN)
or aniline (ANL) for 21d. Bioaccumulation, feeding behaviour, and biomarkers related to mode-of-action
(MoA) (detoxification, neurotransmission and energy production) were evaluated over time. Distinct
temporal patterns of response to low and high exposure concentrations were depicted, with a main set of
interactive multibiomarker predictors identified for each HNS (five for ACN and three for ANL), useful to
follow coupled evolvement of biomarker responses. ACN caused peripheral neurotoxic effects coupled
with enhanced biotransformation and significant oxidative damage particularly relevant in gills. ANL
elicited alterations in central neurotransmission affecting ventilation coupled with very low levels of
oxidative damage in gills. Results indicate chronic toxicity data are determinant to improve HNS hazard
assessment if the aim is to obtain reliable risk calculations, and develop effective predictive models
avoiding overestimation but sufficiently protective. Accounting for multibiomarker interactions brought
otherwise overlooked information about C. maenas responses and MoA of ACN and ANL.

© 2018 Elsevier Ltd. All rights reserved.
The study indicates long-term effects are highly required to
improve hazard assessment of emerging contaminants of concern
such as acrylonitrile and aniline, which are widely used in plastics
composition, if risk prediction is to be improved avoiding over or
ance by Dr. Harmon Sarah
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Portugal.
underestimation. Investigation of Interactive Multibiomarker Re-
sponses (IMbR) accounting for physiological acclimation processes
and homeostasis brought important information about HNS
modes-of-action and long-term patterns of response, otherwise
overlooked.
1. Introduction

Inclusion of molecular, biochemical and physiological markers
in integrated chemical and biological effects monitoring has been
recognised as cost-effective approach to ensure health of species
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and aquatic systems (Connon et al., 2012; Davies and Vethaak,
2012; Hook et al., 2014; Trapp et al., 2014; Jasinska et al., 2015;
He et al., 2016; Vieira et al., 2017). Protection of aquatic systems
from adverse outcomes elicited by chemicals in the environment is
challenging. It requires improved diagnostic tools and evidence
about the relationships between chemical exposure, biological re-
sponses triggered, adaptation mechanisms to cope with exposure
and potential ecological impacts. Analytical chemistry conveys
relevant spatial and temporal data about the presence of contam-
inants in aquatic systems, their evolving trends and bio-
accumulation in ecologically and economically valuable species.
Nevertheless, ground evaluation of toxicants’ impact needs
concomitant analysis of biological endpoints. These account for
pertinence of concentrations found, but also hazardous effects of
“iceberg mixtures” as concept introduced by Escher and colleagues
(Tang et al., 2014), i.e. identified and unidentified compounds pre-
sent, their degradation products, and possible chemical in-
teractions of such mixtures in organisms (e.g. synergistic,
antagonistic, …). Population and community-level effects are
informative about ecological impact and required in regulatory
frameworks to assess water and ecosystem health (e.g. Water
Framework Directive). However, they are seldom useful to antici-
pate protection measures. Their detection occurs when it is already
too late, difficult, or takes much time to revert them, to maintain
biodiversity and ecosystem health. Conversely, biomarkers respond
in shorter timescales. Multibiomarker evaluation provides early
warning indications of exposure and adverse outcomes reflecting
the overall impact of natural and man-made chemical stressors to
which organisms are exposed; they give crucial information to
assess health status of species, ecosystem integrity and site reme-
diation/recovery (Rodrigues et al., 2014). However, limited infor-
mation may be brought by commonly employed data analysis
routines. Many biomarkers assessed share common physiological
pathways and/or show concomitant or interdependent responses,
including energy costs related to physiological acclimation
(Mouneyrac et al., 2011). Such is the case of transcription and
production of detoxifying proteins, protecting against organic
compounds and toxic metals, such as metallothioneins, heat shock
proteins, glutathione S-transferases, cytochrome P450 mono-
oxygenases, aerobic and anaerobic energy production enzymes and
carboxyl/cholinesterases. Despite this, data analysis is often based
on single variable/biomarker parametric or non-parametric anal-
ysis of variance, exploratory methods such as principal component
analysis and/or integrated biomarker response indices for easy
communication of results (Jasinska et al., 2015), (Vieira et al., 2017),
(Marig�omez et al., 2013). Application of the latter, although wide-
spread, can be quite challenging because of the need to define an
expected response for each biomarker, among other aspects.
Employing hypothesis-driven methods accounting for multi-
biomarker interactions is crucial to support inference about coor-
dinated responses, better unravel modes of action, response
profiles and acclimation mechanisms, bringing early detection of
exposure to and effects of chemical contamination. In this work, an
analytical approach accounting for multibiomarker interactions
was developed to diagnose and follow-up exposure of a marine
crustacean to Hazardous and Noxious Substances (HNS). Hazardous
and Noxious Substances are highly transported through the sea,
with a high risk of spilling. They were defined by the International
Maritime Organisation (IMO, 2000) as “any substance other than oil
which, if introduced into themarine environment, is likely to create
hazards to human health, to harm living resources and marine life,
to damage amenities or to interfere with other legitimate uses of
the sea”. Hazards of HNS spills to marine organisms are little un-
derstood, with most works focusing on short-term ecotoxicological
investigations with freshwater experiments or effects on rodents
(Rocha et al., 2016). Yet, HNS can induce severe toxic effects man-
ifested at individual, population or community levels (EMSA, 2007;
Neuparth et al., 2014; De los Santos et al., 2015). Acrylonitrile (ACN)
and aniline (ANL) in particular are intensively transported,
considered highly toxic and were previously reported in accidental
marine spillages (De los Santos et al., 2015), but their toxicity to-
wards marine organisms is poorly known. Acrylonitrile is an
established priority pollutant in the United States, Canada,
Netherlands, Germany and China used in the production of acrylic
fibres, plastics, synthetic rubber, acrylamide, resins, dyes, phar-
maceuticals and surface agents (Rocha et al., 2016), (Neuparth et al.,
2013). In water, ACN can persist up to two weeks, having a half-life
time of 30e552h and a low bioaccumulation factor (Rocha et al.,
2016), (ATSDR, 1990). Its toxicity is commonly attributed to cya-
nide, a main degradation product, which easily diffuses through
body cells, interfering with their ability to use molecular oxygen
(CEPA, 2000). Aniline or aminobenzene is used as a chemical in-
termediate to produce polyurethane plastics and foams. It is also
used in the synthesis of photographic chemicals, rubber, dyes,
pesticides, pharmaceuticals, resins, varnishes, perfumes, shoe-
blacks and coal liquefaction. ANL is readily biodegradable in water
under aerobic conditions, but not under anaerobic (EURAR, 2004a).
Its half-life in estuarine water varies between (EURAR, 2004b) and
173h in the light and dark (microbial), respectively (Hwang et al.,
1987). N- hydroxylation, involving the cytochrome P-450 system,
is considered to be responsible for ANL toxicity (EURAR, 2004a).
Carcinus maenas was the model marine invertebrate (Rodrigues
and Pardal, 2014) selected to investigate the ability of multi-
biomarker interactions for early detection of ACN or ANL exposure/
effects and long-term follow-up. Laboratory experiments were
carried and bioaccumulation, feeding and biochemical biomarkers
were determined in exposed crabs. Biomarkers determined were
related to the mode of action of the substances; detoxification,
neurotoxicity and energy metabolism. Discriminant analysis was
used to integrate data and investigate multibiomarker interactive
responses over time.

2. Materials and methods

2.1. Test organisms

Intermoult male crabs 4.5± 0.4 cm carapace width (mean± SD)
were collected as previously described (Rodrigues et al., 2015) in
low impacted Minho estuary (Ferreira et al., 2003; Guimar~aes et al.,
2012; Capela et al., 2016). Crabs were kept for three weeks in
acclimation, with aeration, at 15±1psu and 14± 1 �C. They were fed
frozen squid twice a week.

2.2. Experimental design

Acrylonitrile and ANL were from Sigma-Aldrich. Crabs were
exposed to either ACN (100 and 1000 mg/L) or ANL (5 and 50 mg/L) in
a semi-static regime. Concentrations were selected to simulate
post-spill levels (EURAR, 2004b; van Vlaardingen et al., 2007; van
Herwijnen, 2009), based on published environmental calculated
limits (maximum admissible concentration and serious risk con-
centration) known to cause toxicological effects on organisms.
Crabs were exposed in groups of four per glass aquaria with 4L of
test media. Three aquaria were prepared per treatment and time
point assessed (7, 14 and 21d). Salinity and temperature were kept
as in the acclimation; oxygen levels were around 80%. Test solutions
were renewed daily by replacing 80% of exposure media. Aquaria
were tightly covered with a plastic film to minimise HNS losses
through volatility. Every seven days, three replicas of each treat-
ment were dismantled for tissue collection. Tissue samples were
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isolated from each organism, snap frozen in liquid nitrogen and
stored (�80 �C) until biomarker analysis. The remaining soft tissues
were pooled (van Herwijnen, 2009) and frozen (�20 �C) for quan-
tification of ACN and ANL.

2.3. Chemical analysis

Briefly, ACN and ANL determination were performed by GC-MS
using headspace solid phase microextraction (SPME) (Abreu et al.,
in press).

2.4. Feeding assay

A feeding assay was performed at 0 (T0), 6, 1 and 20d. A cross-
shaped net was placed inside each aquarium, dividing it into 4
equal areas, each one with a single crab. Every 10min, 2 weighed
pieces of frozen squid (1� 1� 1cm) were given to each crab, for a
total of 30min. At the end, the remaining food was collected, dried
with absorbent paper and weighed to determine the amount of
food eaten.

2.5. Biochemical determinations

Biochemical markers assessed were: the activity of acetylcholin-
esterase in the thoracic ganglion (AChEg) and muscle (AChEm) for
neurotoxicity; the activity of lactate dehydrogenase (LDH) and
NADPþ -dependent isocitrate dehydrogenase (IDH) in themuscle for
energy metabolism; activity of glutathione S-transferases (GSTdg),
glutathione peroxidase (GPx) and lipid peroxidation (LPOdg) in the
digestive gland and activity of glutathione S-transferases (GSTgl) and
lipid peroxidation (LPOgl) in the gills for biotransformation and
oxidative stress. All biomarkers were determined as described pre-
viously for C. maenas (Rodrigues et al., 2012, 2013).

2.5.1. Data analysis
A detailed description is provided in Abreu et al. (in press). The

statistical unit (data element) was the aquarium mean. Differences
amongACNorANLconcentrationsorexposureperiodswere testedby
two-wayANOVA.DiscriminantAnalysis (DA)wasused to integrate all
data. The dependent variable (categorical variable) described all
exposure conditionsdefinedby treatments anddurationof exposure:
low (C1) or high (C2) exposure concentration and short (7d), inter-
mediate (14d) and long (21d) duration. Controls (seawater, C) were
pooled to obtain a group representing natural variation in non-
exposed animals. Predictors entered in the model were the bio-
markers and their two by two and three by three combinations to
investigate possible interactive responses triggered by exposure
conditions. Cross-validation was performed by recalculating several
times the model obtained for each toxicant leaving three samples
(10%) of the data out each time. The models were built by forward
entry (p< 0.05) of independent variables (predictor). Prior classifi-
cationprobabilities for the categories of the dependent variable, used
incaseclassification,were computed fromthedata.Clusteranalysis of
significant functions (explaining most of the data variance) was then
used to interpret relationships among predictor variables identified.
One-way ANOVA followed by Duncan test was employed to investi-
gate homogeneous groups, depicting the contribution of each sig-
nificant predictor to group discrimination.

3. Results

3.1. Water chemistry and bioaccumulation

Acrylonitrile and ANL concentrations were below the limit of
detection in control media. Concentrations of ACN and ANL in test
media were fairly stable along the assays. After 24h of exposure,
concentrations in test media were lower (around 20%e50%) than
initial concentrations (T0) (result not shown). For both substances,
nominal levels were recovered after media renewal. Acrylonitrile
and ANL exposure levels in the respective bioassays will be indi-
cated as nominal concentrations hereafter. Mortality elicited by
each test substancewas low (1.7% for ACN, 9.2% for ANL) and evenly
distributed among treatments and duration of exposure. No
measurable amounts were found in soft tissues analysed, even after
21d of exposure, either for ACN or ANL exposure assays. These re-
sults indicate no relevant bioaccumulation of these substances took
place in Carcinus maenas.

3.2. Feeding assay

Exposure to 100 mg/L ACN caused a slight increase (þ16%,
p < 0.05, Fig. 1 and Table 1) in food intake by C. maenas, relative to
control crabs. Feeding also increased over the duration of exposure
in all test treatments (Table 1); at 21d, the overall amount of food
ingested was 30% higher than at 7d (p< 0.05, Fig. 1). No significant
changes in feeding were observed in crabs exposed to the higher
concentration of ACN. For ANL, feeding differences were found
between crabs exposed to high and low exposure concentrations
(Fig. 1), as indicated by significance of the interaction term (Table 1
in Abreu et al., in press). At 7d, intake of crabs exposed to 50 mg/L
was significantly lower (�41%, p< 0.05) than that of controls. At 14
and 21d no differences were found between ANL treated animals
and their time-matched controls. Crabs exposed to 5 mg/L ANL also
showed a 60% (p< 0.01) decreased in feeding over time, compared
to variation found for the remaining treatments.

3.3. Biomarker responses

Neurotoxicity and energy metabolism: Single exposure to ACN
caused no detectable changes in AChE activity relative to controls,
either in the ganglion or themuscle tissue (Table 1). For ANL, effects
on AChEg varied along the exposure period (Table 1; Table 2 in
Abreu et al., in press). Differences compared to time-matched
controls were observed after 14d and 21d of exposure. At 14d,
50 mg/L crabs showed a 45% reduction in activity, relative to con-
trols (Table 1). At 21d, however, AChEg was significantly higher in
ANL treatments than in controls by 51% (5 mg/L) and 66% (50 mg/L).
Both ACN treatments caused a slight decrease (�12% at 100 mg/L,
p< 0.01; �14% at 1000 mg/L, p< 0.05) in LDH activity compared to
controls (Table 1). Activity was also found to increase by 17%
(p< 0.01) from 7d to 21d exposure. LDH responses to ANL were
influenced by the duration of exposure (Table 1; Table 2 in Abreu
et al., in press). Crabs exposed to 5 mg/L ANL showed decreased
LDH activity (�22%, p< 0.05) at the end of the assay, compared to
time-matched controls. Compared to controls, in the 50 mg/L ANL
group, LDH activity decreased at 7d (�18%, p< 0.05), increased by
35% at 14d (p< 0.05) and decreased at 21d (�17%, p< 0.05)
(Table 1). As to IDH, related to the aerobic energy pathway, no al-
terations in activity could be found for any of the HNS tested.
Biotransformation, anti-oxidant defences and oxidative damage:
Glutathione S-transferases activity in the digestive gland was
increased in 100 mg/L (þ64%, p < 0.05) and 1000 mg/L (þ35%,
p < 0.05) ACN-exposed crabs at 7d, and in 1000 mg/L (þ70%,
p < 0.05) ACN-exposed crabs at 21d, compared to time-matched
controls (Table 2; Table 3 in Abreu et al., in press), indicating the
involvement of this enzyme in ACN metabolism. As to ANL expo-
sure, no differences in GST activity, either in the digestive gland or
the gills, were observed in exposed crabs compared to controls
(Table 2; Table 3 in Abreu et al., in press). In ACN-exposed crabs,
GPx activity in the digestive gland was significantly decreased by



Fig. 1. Variation of food intake over time of crabs (C. maenas) exposed to different concentrations of acrylonitrile (left) or aniline (right).

Table 1
Biomarkers measured in the thoracic ganglion and muscle tissue of crabs exposed to acrylonitrile and aniline for 21 days. Values represent the mean, and respective standard
error, in nmol/min/mg protein. Biomarkers are: acetylcholinesterase in the ganglion (AChEg) and muscle (AChEm), Lactate dehydrogenase (LDH), isocitrate dehydrogenase
(IDH). *significant differences relative to controls at p < 0.05,**significant differences relative to controls at p < 0.01.

Acrylonitrile (mg/L) Aniline (mg/L)

Duration of exposure Duration of exposure

7 14 21 7 14 21

Acetylcholinesterase activity in the ganglion (AChEg)
0 443± 79.9 624± 68.0 575± 45.8 0 393± 23.1 402± 41.1 274± 71.8
100 602± 49.4 552± 42.9 576± 21.0 5 497± 11.7 366± 57.2 415 ± 72.9*
1000 532± 72.0 489± 60.3 507± 27.5 50 300± 40.5 223 ± 15.6* 455 ± 46.3*

Acetylcholinesterase activity in the muscle (AChEm)
0 24.3± 1.45 24.7± 3.31 19.6± 2.81 0 21.0± 2.52 20.9± 0.73 21.1± 0.59
100 26.2± 2.49 19.9± 0.47 18.8± 2.94 5 25.3± 1.44 19.5± 1.19 22.9± 2.52
1000 16.8± 0.45 22.2± 1.68 21.6± 2.04 50 23.7± 2.34 22.1± 0.99 20.5± 0.07

Lactate dehydrogenase activity in the muscle (LDH)
0 120± 7.39 120± 4.89 122.8± 3.93 0 167± 13.5 116± 8.08 156± 4.79
100 96.2 ± 7.47** 102± 12.85 113.3± 6.27 5 149± 7.33 126± 11.9 121 ± 6.33*
1000 89.6 ± 4.87* 106± 4.39 121.7± 6.01 50 139 ± 14.5* 156± 12.8 129± 0.54

Isocitrate dehydrogenase activity in the muscle (IDH)
0 17.5± 1.90 12.8± 0.82 14.6± 2.36 0 17.0± 0.93 9.38± 1.78 8.62± 0.87
100 14.2± 1.03 15.2± 1.31 16.4± 1.04 5 15.4± 1.56 9.75± 1.74 9.30± 0.41
1000 16.5± 0.77 15.1± 2.35 20.8± 1.92 50 12.2± 1.41 8.07± 0.71 7.70± 1.76
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18% after 7d exposure to 100 (p< 0.05) and 1000 mg/L (p< 0.05)
ACN, and by 12% after 14d exposure to 1000 mg/L ACN (p< 0.05)
(Table 2; Table 3 in Abreu et al., in press). As to ANL exposure, an
overall decrease (�17%, p< 0.05) of GPx activity in the digestive
gland was found for the 5 mg/L treatment, relative to controls,
which was more pronounced at 7d (�30%) (Table 2; Table 3 in
Abreu et al., in press). Regarding LPO levels, variation appeared to
occur across treatments and time but no significant differences
after single exposures to each HNS could be depicted (Table 2;
Table 3 in Abreu et al., in press).
3.4. Integrated biomarker responses

Integration of biomarkers data was done with discriminant
analysis. Four discriminant functions were obtained for ACN
(p< 0.05, Table 4 in Abreu et al., in press). The first two functions
accounted for almost all of between-group variability. The first
function (horizontal) maximally separated 7dC2 from 21dC2; the
remaining groups lying in between (Fig. 2). The second function
(vertical) separated 7dC2, 7dC1 and 21dC2 from the remaining
groups. Responses of groups 14dC1, 21dC1 and 14dC2 were similar
to the control. Twenty-one interactive predictor variables accoun-
ted for the overall discrimination provided by the model (Fig. 2;
Table 5 in Abreu et al., in press). Stability of the classification pro-
cedure was checked by a cross-validation run. The cross-validation
returned a very high classification performance (85%, Table 4 in
Abreu et al., in press). This good classification, obtained with the
validation samples, ruled out the possibility of over-fitting. This also
indicates a high degree of consistency in the classification scheme
and the efficiency of the routine used to establish the cross-
validation sample. Among validation samples, all controls were
correctly classified and no false positives were found. All false



Table 2
Biotransformation, anti-oxidant defences and oxidative damage to lipid macromolecules of crabs exposed to acrylonitrile and aniline for 21 days. Biomarkers are: glutathione
S-transferases in the digestive gland (GSTdg) and gills (GSTgl), glutathione peroxidase in the digestive gland (GPxdg), lipid peroxidase in the digestive gland (LPOdg) and gills
(LPOgl). Values represent the mean, and respective standard error, in nmol/min/mg protein (GSTdg, GSTgl, GPx) and pmol MDA/mg protein (LPOdg, LPOgl). *significant
differences relative to controls at p < 0.05.

Acrylonitrile (mg/L) Aniline (mg/L)

Duration of exposure Duration of exposure

7 14 21 7 14 21

Glutathione S-transferases activity in the digestive gland (GSTdg)
0 42.4± 5.83 61.2± 0.41 40.4± 4.33 0 30.1± 2.48 25.8± 4.74 30.3± 11.4
100 69.3 ± 8.55* 57.7± 4.19 43.6± 3.79 5 31.8± 5.75 38.4± 2.00 32.2± 8.17
1000 57.3 ± 2.03* 57.7± 9.31 67.9 ± 3.16* 50 31.7± 9.15 29.3± 8.43 24.7± 3.72

Glutathione S-transferases activity in the gills (GSTgl)
0 24.9± 0.57 24.2± 1.32 23.3± 1.42 0 22.3± 2.87 26.2± 1.27 29.1± 3.21
100 27.9± 1.35 21.4± 1.04 22.0± 2.27 5 26.8± 2.50 24.2± 1.20 27.2± 1.23
1000 24.9± 1.04 24.3± 1.47 23.5± 1.03 50 27.9± 3.52 23.9± 5.44 25.6± 1.77

Glutathione peroxidase activity in the digestive gland (GPx)
0 11.4± 0.56 11.2± 0.27 9.34± 0.49 0 11.7± 0.45 10.8± 0.73 13.1± 0.64
100 8.95 ± 0.54* 10.9 ± 0.57* 9.87± 0.14 5 8.2 ± 0.93* 9.72 ± 1.40* 12.3 ± 0.15*
1000 9.09± 0.34 9.89± 0.30 10.3± 0.47 50 12.0± 0.42 10.7± 1.01 12.4± 0.88

Lipid peroxidation in the digestive gland (LPOdg)
0 167± 30.7 161± 7.70 204± 10.8 0 213± 33.0 180± 8.53 199± 32.9
100 156± 42.2 176± 10.2 211± 29.8 5 142± 18.8 156± 51.89 159± 30.5
1000 125± 34.2 176± 16.7 259± 17.6 50 129± 32.0 191± 14.99 192± 29.5

Lipid peroxidation in the gills (LPOgl)
0 31.0± 10.7 37.2± 5.15 41.4± 1.68 0 36.4± 4.42 18.7± 7.45 21.0± 4.30
100 57.8± 4.24 35.6± 10.1 51.8± 6.12 5 34.5± 2.55 20.4± 6.24 18.5± 3.86
1000 68.5± 10.1 31.9± 1.13 50.6± 7.76 50 20.1± 2.15 11.0± 0.17 19.2± 7.78
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negatives (4%) fell out in group 7dC1. The remaining mis-
classifications (11 cases) missed either the right exposure concen-
tration and/or the right duration of exposure. Nine out of these
eleven cases regarded 21dC1 and 14dC2, suggesting they elicited
very similar biomarker responses. Pooling together these two
groups increased the proportion of validation samples correctly
classified to 93%. Interactive predictors with higher canonical
discriminant coefficients showed significant differences (ANOVA
and Duncan test) among groups (Figs. 2 and 3). In particular, those
involving biomarkers of neurotoxicity, muscle energy metabolism,
phase II biotransformation and oxidative damage of membrane
lipids. Namely, AChEm x LDH x LPOdg, LDH x LPOdg x LPOgl, IDH x
LPOdg x LPOgl, GSTdg x LPOdg x LPOgl, GSTgl x GPx x LPOgl.
Analysis of homogeneous subsets produced by Duncan test showed
interactive predictor AChEm x LDH x LPOdg separated treatments
7dC1 and 7dC2 from each other, as well as these two from the
remaining treatments (Fig. 3). Comparatively, in crabs from 7dC1
slightly increased levels of muscle cholinesterasic activity (AChEm)
were associated with low levels of anaerobic energy metabolism
(LDH) and low levels of lipid peroxidation in the digestive gland
(LPOdg) (Fig. 1 in Abreu et al., in press). In 7dC2, low levels of
anaerobic energy metabolism and lipid peroxidation were
concomitant to inhibition of muscle cholinesterasic activity. Inter-
active predictor LDH x LPOdg x LPOgl separated 7dC2 from the
remaining treatments (Figs. 2 and 3); 7dC2 presented compara-
tively lower levels of anaerobic energy metabolism and lipid per-
oxidation in the digestive gland associated to very high lipid
peroxidation in the gills. Interactive regressors GSTdg x LPOdg x
LPOgl and IDH x LPOdg x LPOgl opposed 7dC2 to 21dC2. Crabs from
7dC2 tend to present low levels of oxidative damage in the diges-
tive gland associated with high levels of oxidative damage in the
gills and slightly increased levels of muscle aerobic energy meta-
bolism and phase II biotransformation in the digestive gland (Fig. 1
in Abreu et al., in press). In contrast, crabs from 21dC2 showed high
levels of muscle aerobic energy metabolism, and high levels of
phase II biotransformation, together with high levels of lipid per-
oxidation in the digestive gland and the gills. Interactive predictor
GSTgl x GPx x LPOgl separated 7dC1 from the remaining treat-
ments. Crabs from 7dC1 tended to exhibit slightly increased gill GST
activity, slightly low GPx activity and high levels gill LPO (Fig. 1 in
Abreu et al., in press). Despite having a high canonical discriminant
coefficient, no significant differences among groups were found for
interactive predictor AChEg x GPx x LPOdg (data not shown). For
ANL, the complete model developed with all test groups showed
low classification performance in the cross-validation procedure
(Table 4 in Abreu et al., in press). Detailed inspection revealed a
high number of false positives, of which 19 controls were classified
as belonging either to C1 (14) or C2 (five). C1 thus appears to be
quite a low exposure concentration, causing lack of sensitivity of
the model. Recalculation of the model excluding this concentration
led to excellent classification (93% of validation samples correctly
classified), even of samples not contributing for model calculation
(Table 4 Aniline' in Abreu et al., 2018), Data in Brief). In the final
aniline model, one discriminant function was obtained (p< 0.05,
Table 4 Aniline' in Abreu et al., in press), accounting for 91.90% of
between group variability. This function maximally separated 7dC2
and 14dC2 from each other and from the remaining groups. Six
interactive predictor variables contributed to the discrimination
provided by the model (Fig. 2; Table 5 in Abreu et al., in press).
Interactive predictors with higher canonical discriminant co-
efficients obtained for ANL involved biomarkers of neurotoxicity in
the ganglion, muscle aerobic and anaerobic energy metabolism and
oxidative damage. Interactive predictor LDH x GPx x LPOgl separed
14dC2 from the remaining treatments. Crabs from 14dC2 tended to
have high levels of anaerobic energy metabolism (IDH) concomi-
tant to very low levels of oxidative damage in the gills and control
levels of glutathione peroxidase enzyme (Fig. 2). Interactive pre-
dictors AChEg x LPOgl and AChEg x IDH x LPOgl separated 7dC1 and



Fig. 2. Exposure of C. maenas to acrylonitrile (left) and aniline (right) for 21 days. Top: discriminant functions and clusters of interactive predictors obtained; Bottom: discrimination
of structural groups provided by the discriminant analysis. In the group names 7d, 14d and 21d indicate 7, 14 and 21 days of exposure; C1 (100 mg/L) and C2 (1000 mg/L) indicate the
exposure levels. Biomarkers are: acetylcholinesterase in the ganglion (AChEg) and muscle (AChEm), Lactate dehydrogenase (LDH), isocitrate dehydrogenase (IDH), glutathione S-
transferases in the digestive gland (GSTdg) and gills (GSTgl), glutathione peroxidase in the digestive gland (GPxdg), lipid peroxidase in the digestive gland (LPOdg) and gills (LPOgl).
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14dC2 from each other, and these two from the remaining treat-
ments (Figs. 2 and 3). Crabs from 7dC1 show levels of AChEg and
LPOgl slightly lower than controls associated with no alteration in
IDH (Fig. 2). In contrast, crabs from 14dC2 showed concomitant
marked low levels of AChEg, IDH and LPOgl. For the remaining
interactive predictors no differences among groups were found.

4. Discussion

In the last decade multibiomarker batteries have been included
in weight-of-evidence approaches for integrated chemical and
biological effects evaluation of contamination (Connon et al., 2012;
Davies and Vethaak, 2012; Hook et al., 2014; Trapp et al., 2014;
Jasinska et al., 2015; He et al., 2016; Vieira et al., 2017). Most bio-
markers assessed belong to physiological pathways showing
concomitant or interdependent responses, though data analysis is
done using conventional methods often of limited utility to clearly
depict alterations observed, specially in scenarios of moderate
contamination levels. This work employed an analytical method-
ology incorporating multibiomarker interactions to assess the
contribution of such relationships to depict responses of C. maenas
to priority HNS. Conventional univariate analysis of biomarker data
indicated only a few and slightly altered feeding and physiological
responses to HNS exposure, with limited contribution to under-
stand temporal patterns. On the other hand, hypothesis-driven
multivariate analysis of multibiomarker interactive responses
provided clear distinction among treatments and exposure periods,
depicting an overall response profile for each HNS and providing
important insight on their mode-of-action and potential risk on the
long-term. Mammals (i.e. rodents and humans) have been the main
focus of toxicological studies about ACN and ANL, with few works
addressing their effects on marine animals (Rocha et al., 2016). As
such, information about long-term bioaccumulation and toxicity
elicited by exposure to marine post-spill levels is vital to establish
environmental protection measures and damage compensations.
Of the 21 significant predictors identified for ACN, no single
biomarker had a significant contribution to group discrimination.
This further supports the importance of investigating coordinated
responses, as is probably related to the involvement on homeo-
stasis processes of the biomarkers assessed (Mouneyrac et al.,
2011). Some biomarker combinations were never found to
contribute to group discrimination either. In particular, AChEg and
AChEm were never found to be associated, as well as AChEg and
LDH, AChEm and IDH, and neither AChEm or LDH with GPx.
Acetylcholinesterase is a serine hydrolase responsible for the
cleavage of acetylcholine, in both synapses and neuromuscular
junctions, which ends up the transmission of nervous impulses to
postsynaptic cells. AChEm is highly linked to green crab locomotion
(Rodrigues et al., 2012). Blockage of AChEm as observed in this work
at 7dC2 could lead to locomotory difficulties. Though, crabs were
able to maintain regular feeding along ACN exposure. In contrast,
AChEg should be related primarily to ventilation. C. maenas thoracic
ganglion is composed of interneurons and motoneurons that are
important components of the ventilatory Central Pattern Generator



Fig. 3. Homogeneous subsets, after Duncan post-hoc test, obtained for interactive predictors showing significant differences (p< 0.05) among test treatments (one-way ANOVA) for
exposure of C. maenas to either acrylonitrile or aniline. Biomarkers are: acetylcholinesterase in the ganglion (AChEg) and muscle (AChEm), Lactate dehydrogenase (LDH), isocitrate
dehydrogenase (IDH), glutathione S-transferases in the digestive gland (GSTdg) and gills (GSTgl), glutathione peroxidase in the digestive gland (GPxdg), lipid peroxidase in the
digestive gland (LPOdg) and gills (LPOgl).
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(Simmers and Bush, 1983). Two antagonistic sets of motoneurons
innervate, in fact, the scaphognathite depressor and levator mus-
cles controlling the ventilatory appendages (Simmers and Bush,
1983). ACN is a known Central Nervous System (CNS) depressant
(Rocha et al., 2016), which in mammals can cause cholinergic
toxicity through acetylcholine (ACh) mimetics and AChE inhibition
(Ghanayem et al., 1991). Furthermore, in mice, ACN may compro-
mise cell's capacity to deal with the stress, leading to a decrease in
AChE activity (Yuanqing et al., 2013). Results presented herein
suggest AChEg and AChEm act independently and may show dif-
ferential sensitivity to ACN. Otherwise, different amounts of ACN
and its toxic metabolites may be reaching AChEm and AChEg target
sites. While absence of a net blood-brain barrier in C. maenas was
previously suggested (Abbott, 1970), some elements possibly
restricting diffusion between blood and the CNS could be present
(Arnould, 1987; Harzsch et al., 2012). Altogether, due to the
involvement of AChEg in the thoracic ganglion, related to the
Central Pattern Generator (CPG) controlling crabs' ventilation, ACN
appears to affect differently the locomotory and ventilatory path-
ways. Neurotoxicity of ACN is usually associated to acute exposure
to the parent substance and also to its metabolites. Studies in
mammals have shown ACN metabolisation can lead to the pro-
duction of reactive epoxides, such as 2-cyanoethylene oxide and
cyanide. Acrylonitrile can be metabolised through phase I and
phase II biotransformation mechanisms, i.e. via cytochrome P450
and/or by conjugation with the glutathione molecule (GSH), either
enzymatically assisted or not by glutathione S-transferase (GST)
(Rocha et al., 2016). Activity of cytochrome P450 isoenzymes,
however, is poor in invertebrates, which show comparatively
slower rates than vertebrates (James et al., 1995), (Livingstone,
1998). This suggests ACN would be metabolised mainly by conju-
gation with GSH, possibly to lower extent. Nevertheless, cyanide
can also induce brain toxicity and cause a failure in use of molecular
oxygen in peripheral tissues, which can result in cellular hypoxia
(CEPA, 2000). Under hypoxic conditions, organisms shift from
aerobic to anaerobic metabolism of glucose, in which pyruvate is
converted glucose molecules) stores, it is less effective, than IDH,
leading to a decrease in net energy production from (James et al.,
1995) moles to 2mol of ATP per mole of glucose (Livingstone,
1998). Reduced capacity for ATP production, relying mainly in the
anaerobic pathway, may put these marine crabs in disadvantage if
under multiple stressors, such as predator escaping, obtaining food,
detoxification and osmotic regulation. LDH is known to be activated
under high exercising conditions, but also when additional energy
is required to cope with detoxification demands, hypoxia and
salinity challenge (Rodrigues et al., 2012; Wu and Lam, 1997; Long
et al., 2003). Results obtained in our study point out a main relation
of AChEm and AChEg to different energy pathways. In particular,
LDH role in muscle exercisingmay shed light on its associationwith
AChEm. Recently, a study about the characterisation of LDH gene in
the shrimp Litopenaeus vannamei showed an alternative splicing-
generated LDH subunit is differentially expressed in muscle; its
expression decreasing by 14-fold after exposure to hypoxia
(So~nanez-Organis et al., 2012). Presence of an enzyme subunit in



I.O. Abreu et al. / Environmental Pollution 242 (2018) 1137e11451144
the green crab muscle with such characteristics could explain the
decreased levels of interactive predictor AChEm x LDH x LPOdg in
7dC2. Analysis of responses obtained for interactive multi-
biomarker predictors GSTdg x LPOdg x LPOgl and GSTgl x GPx x
LPOgl indicated ACN detoxification was taking place mostly in the
digestive gland than in the gill of exposed crabs. Furthermore, they
suggest direct conjugation with GSH would also be the most rele-
vant ACN metabolisation pathway in the green crab, with conse-
quent depletion of this antioxidant molecule. Although reaction
with GSH is considered a major detoxification pathway of ACN,
species disparities in the metabolism of this compound were pre-
viously reported in vertebrates (Thier et al., 2000; Mirkin, 2015).
While in humans peak cyanide levels in the blood exceed those of
ACN, indicating a major metabolism role of the oxidative pathway,
in rodents it was estimated that roughly 25% of ACN is metabolised
via the cytochrome P450 pathway. In the green crab, contribution
of this pathway to a certain extent of ACN metabolism is suggested
by GSTgl x GPx x LPOgl pattern. Whilst cytochrome oxidation of
ACN is known to generate reactive oxygen species (ROS) byprod-
ucts, cyanide is not only a potent generator of ROS but also an in-
hibitor of the mitochondrial respiratory chain and several
antioxidant enzymes, including GPx (measured in our work), su-
peroxide dismutase and catalase (Mirkin, 2015; El-Sayed et al.,
2008). Overall, interpretation of the interactive multibiomarker
predictors showed exposure to the lowerACN level caused signifi-
cant initial toxicant stress (7d) to crabs, driven especially by
interdependent alterations in biotransformation and oxidative
damage biomarkers. Over time, however, the animals were able to
cope with the exposure returning to levels found for controls by
14d of exposure onward. Exposure to the highest ACN level caused
significant initial toxicant impact to the animals, driven by inter-
dependent alterations causing muscle neurotoxicity, low anaerobic
energy production and low oxidative damage in the digestive
gland. Over time, ACN metabolism appeared to be enhanced lead-
ing to a transient recovery of those concomitant responses to levels
found for control crabs at 14d, and again significant ACN impact at
21d, as indicated by exacerbated interdependent biotransforma-
tion, antioxidant and oxidative damage responses. Similar re-
sponses observed for 14dC2 and 21dC1 indicate homeostasis
mechanisms put in place to cope with ACN exposure may not be
able to overcome the toxicant impact of continuous exposure to
higher post-spill levels. The first interesting observation for ANL
was that the lowest ANL concentration tested induced no relevant
alterations in exposed crabs, relative to controls. This concentration
was producing too much analytical noise, with many animals
classified as control, contributing to poor discrimination of the
model and group prediction. Its exclusion from the multivariate
model clearly allowed for good group discrimination and improved
classification performance. Hence, in real exposure scenarios where
ANL is the main spilled compound, and environmental conditions
are fairly stable, limited impact on this species could be expected
when such post-spill levels would be attained. Following DA of
control and highest ANL groups, six significant predictors were
identified. Likewise for ACN, among them no single biomarker had
a significant contribution to group discrimination, either. Again,
AChEg and AChEm were never found to be associated, and AChEg
response was linked to IDH rather than LDH. IDH is a respiratory
mitochondrial enzyme intervening in the Krebs cycle. It plays a key
role in the aerobic pathway of energy production, providing a more
efficient (relative to LDH) ATP production rate. This enzyme is
additionally involved in cellular defence against oxidative damage
caused by ROS; IDH supplies the NADPH needed for the regenera-
tion of oxidised glutathione, replenishing GSH levels available for
detoxification conjugation reactions (Jo et al., 2001). In this way, it
contributes to suppress ROS-mediated damage of cell
macromolecules. Its efficiency in ATP production may partly
explain the link with AChEg, which is related to the ventilatory CPG
requiring high energy levels. Aniline is an aromatic amine acting in
organisms as polar narcotic. Its toxicity is thought to be associated
to disturbed structure and functioning of biomembranes through
non-covalent bioreactivity (Bradbury et al., 2008). Earlier studies
have shown ANL exposure induced alterations in respiratory-
cardiovascular responses in rainbow trout (Bradbury et al., 1989).
Treated fish exhibited intense slowing down of respiratory-
cardiovascular functions, in addition to decreased ventilation vol-
ume and oxygen consumption. In our work, a global depression of
biological activity was found, with low LPO levels relative to con-
trols, consistent with the polar narcotic action of ANL (Bradbury
et al., 2008). The interdependent pattern of response of AChEg x
LPOgl found suggests the ventilatory function was also decreased
up to 14d of exposure (with over 35% decreases in AChEg). This can
possibly augment risk of predation and difficulty to nourish in
exposed crabs. But thereafter, however, animals were able to cope
with the exposure exhibiting responses of biomarker predictors
within the range of controls. In keeping with this, a 40% reduction
in feeding was found at 7d, though recovery to control feeding
levels was observed from 14d onward. In particular, at 21d AChEg
activity increased significantly above control levels. In monitoring
programmes, attention should be paid to whether AChEg and LPO
levels remain high, or are just a transient consequence of the initial
narcotic response to exposure, allowing for coping and adaptation
to ANL. Such consideration is needed because augmented AChE
activity or expression, beyond control levels, has been recognised
has a marker of apoptosis (Bradbury et al., 1989). It has been
established that increased AChE expression or activity is detected in
apoptotic cells, after apoptotic stimuli in vitro and in vivo, so that
cells in which AChE is over-expressed undergo apoptosis more
easily than controls (Zhang and Greenberg, 2012). Nevertheless,
globally, discriminant analysis provided evidence that in the long-
term exposed crabs may be able to adapt to exposure conditions,
recovering from alterations observed in central neurotransmission
and coupled aerobic energy production, in particular if remediation
immediate measures are taken in case of a spill.
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