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• Metabolism and energy reserves increased
in mussels fed with fenofibrate.

• Mussels fed with caulerpin or fenofibrate
increased catalase activity.

• Fenofibrate induced cellular damage and
loss of redox homeostasis in mussels.

• Levels of malonate, homarine and amino
acids were higher in mussels fenofibrate-
fed.

• Higher histopathological alterations were
observed in fenofibrate-treated mussels.
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Bioactive natural products from marine invasive species may dramatically impact native communities, while many
synthetic pharmaceutical drugs are released into the marine environment and have long-lasting harmful effects on
aquatic life. Sometimes, metabolites from alien species and synthetic compounds share similar mechanisms of action,
suggesting comparable ecotoxicological impacts. This applies to the alkaloid caulerpin (CAU) from the green algae
Caulerpa cylindracea, highly invasive in the Mediterranean Sea, and to the synthetic lipid-lowering drug fenofibrate
(FFB), both acting as agonists of peroxisome proliferator-activated receptors (PPARs). Analogies with FFB, which is
widely considered hazardous to the aquatic environment, have led to concerns about the ecotoxicological potential
of CAU. The problem has implications for public health as CAU is well known to enter the food web accumulating
in fish of commercial importance. Here, we compared the effects of FFB and CAU through biochemical and histopa-
thological analysis on a relevant bioindicator molluscan species, the musselMytilus galloprovincialis. Under laboratory
conditions, mussels were fed with food enriched with CAU or FFB. After treatment, biochemical markers were ana-
lyzed revealingmetabolic capacity impairments, cellular damage, and changes in acetylcholinesterase activity in mus-
sels fed with FFB-enriched food. NMR-based metabolomic studies also showed significant alterations in the metabolic
profiles of FFB-treated mussels. In addition, dietary administration of FFB produced morphological alterations in the
mussels' gills and digestive tubules. Obtained results confirm that FFB is harmful to aquatic life and that its release
into the environment should be avoided. Conversely, dietary treatment with CAU did not produce any significant al-
terations in themussels. Overall, our results pave theway for the possible valorization of the huge biomass from one of
the world's worst invasive species to obtain CAU, a natural product of interest in drug discovery.
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1. Introduction

Biological invasions represent amajor driver of ecosystem and biodiver-
sity changes, along with habitat loss, climate change, pollution, and natural
resource overexploitation (Caro et al., 2022; Nelson et al., 2006). In partic-
ular, the Mediterranean Sea is one of the marine regions most impacted by
invasive species, especially due to the opening and ongoing expansion of
the Suez Canal (Galil et al., 2018; Katsanevakis et al., 2013). Beyond the
several impacts that invasive species can have on native communities
(Shea and Chesson, 2002; Simberloff et al., 2013), growing attention in
themarine literature is currently also directed to the so-called “alienmetab-
olites”: the bioactive molecules that marine invasive species carry in the
new environment with potential dramatic ecological effects (Defranoux
and Mollo, 2020; Mollo et al., 2015; Mollo et al., 2008). A special focus
has been placed on the bisindolic red pigment caulerpin (CAU) isolated
from the highly invasive green algae Caulerpa cylindracea, which accumu-
lates in the tissues of native fish feeding on the exotic algae, thus entering
the food chain (Felline et al., 2012, 2014, 2017; Gorbi et al., 2014;
Magliozzi et al., 2017, 2019; Raniello et al., 2007; Terlizzi et al., 2011). Ev-
idence has been recently provided for the direct binding and the activation
by CAU of the peroxisome proliferator-activated receptors (PPARs)α and γ,
which are nuclear transcription factors modulating the expression of genes
involved in the regulation of metabolism, behavior, reproduction, cellular
differentiation, embryonic development, inflammation, and tumorigenesis
(Vázquez-Carrera and Wahli, 2022; Vitale et al., 2018). This seems consis-
tent with a direct involvement of CAU in metabolic and behavioral alter-
ations observed in fish-eating C. cylindracea (Del Coco et al., 2018; Gorbi
et al., 2014; Magliozzi et al., 2017; Terlizzi et al., 2011). PPAR activation,
in fact, has also been associated with reproductive toxicity and endocrine
disruptor activity (Nepelska et al., 2017). In the frame of a still open ques-
tion, however, the harmfulness of CAU has recently been questioned,
since it increases fish voracity and reproductive performance when admin-
istered via food to Danio rerio (zebrafish). The discovery of these properties
has led proposing CAU as a possible ingredient to add to aquaculture feed
(Schiano et al., 2022). This controversial issue gives urgency to proceed
to an effective comparison of any health impairments induced by CAU in
aquatic animal models with those produced by a standard compound of
ecotoxicological interest. Moving in this direction, here we evaluated the
effects of CAU on the filter-feeder mussel Mytilus galloprovincialis, one of
the most relevant bioindicator species in the coastal area (Coppola et al.,
2020a; Kanduč et al., 2011; Pinto et al., 2019), in comparison with
fenofibrate (FFB), a synthetic drug used in the treatment of hypertriglyc-
eridemia, mixed dyslipidemia, hypercholesterolemia, type 2 diabetes and
metabolic syndromes (Rosenson, 2008). There are essentially three reasons
behind this decision:

• CAU and FFB share the same molecular target (PPARα) having agonist
properties, while PPAR homologs were identified in a marine bivalve
mollusk (Ran et al., 2021);

• FFB can be effectively chosen for comparative evaluations in ecotoxicol-
ogy studies since it is released into the coastal waters from wastewater
treatment plants (WWTPs) and it is widely considered harmful to aquatic
life posing a major threat to aquatic ecosystems (Andreozzi et al.,
2003; Du et al., 2004, 2008; Hering et al., 2021; Ido et al., 2017;
Isidori et al., 2007; Jung et al., 2021; Rosal et al., 2010). The concen-
trations of FFB detected in the effluents from WWTPs range from
0.08 ng/L to 160 ng/L, reaching 70.3 ng/L in coastal areas (Afsa
et al., 2020; Andreozzi et al., 2003; Ido et al., 2017; Solé and
Sanchez-Hernandez, 2018; Tete et al., 2020). Moreover, FFB as well
as its active form, the fenofibric acid, have been found in groundwa-
ter, surface water and drinking water in concentrations up to 1 ng/L
(Ido et al., 2017; Jung et al., 2021);

• both CAU and FFB have the potential for bioaccumulation in marine
organisms and persistence in the environment. Indeed, FFB has been
isolated and quantified in mussels and oysters at concentrations of
0.01 and 0.03 ng/g, respectively (Maskrey et al., 2021), while CAU
2

was found in the tissues of fish, including edible species (Felline
et al., 2017; Schiano et al., 2022; Vitale et al., 2018).

Overall, the present study aims at unambiguously clarifying whether
CAU can be safely used as afish feed supplement, opening newand interest-
ing perspectives for the exploitation of the invasive algae C. cylindracea in
aquaculture, or whether it should be considered a risk to aquatic life, as
has been widely established for FFB. For this purpose, CAU and FFB have
been administered to mussels together with suspended particulate. The
effects of the compound on M. galloprovincialis have been then compared
by means of biochemical markers, metabolomics and histopathological
analyses, to provide new insights into two of the major sources of biodiver-
sity disturbance in aquatic systems: biological invasions and chemical
pollution.

2. Materials and methods

2.1. Sampling of mussels and breeding conditions

Mussels (Mytilus galloprovincialis) with a mean length of 5.6 ± 0.3 cm
and a mean width of 3.4 ± 0.2 cm, were collected in October 2021 in the
Ria de Aveiro lagoon, Portugal. After sampling, the bivalves were
transported to the laboratory and subjected to a two-weeks period of
depuration/acclimation with artificial seawater (salinity 30 ‰, 17 ±
1 °C, pH 8.0 ± 0.1) prepared with reverse osmosis water and artificial
salt (Tropic Marin® SEA SALT from Tropic Marine Center), and constant
aeration. Seawater was changed each 2–3 days, and mussels were fed
with Algamac protein plus (150.000 cells/animal/day) starting from
three days after their arrival to the laboratory.

2.2. Artificial food preparation

Control food was prepared by soaking a combination of microalgae and
probiotics (RotiBomb dry food, Algova) in acetone and then evaporating
the organic solvent under reduced pressure, while treated food was made
in the same manner but after dissolving CAU (1 mg/g dry food) or FFB
(1 mg/g dry food) in an equal volume of acetone. Previous studies carried
out on fish models (Diplodus sargus, Danio rerio) have shown significant
changes in behavioral, metabolic, and molecular responses when CAU
was administered at a concentration of 1 mg/g dry food (Del Coco et al.,
2018; Magliozzi et al., 2019; Schiano et al., 2022; Vitale et al., 2018).
Therefore, the same dose of CAU has been employed in the present study
to facilitate comparisons between the effects in vertebrate and invertebrate
models. The use of acetone during the food preparation procedure ensured
a homogeneous distribution of CAU and FFB (two compounds almost insol-
uble inwater) within the food. In parallel, to guarantee that the preliminary
treatment with acetone did not affect the organoleptic properties of the
food, plain dry food was also separately administered to mussels.

2.3. Feeding treatments

A total of 72 mussels were devoted to 4 different feeding treatments, in-
cluding plain food, control food (CTL), food added with CAU, food added
with FFB. For each treatment, three aquaria with 6 mussels each were
used for a 28-days chronic dietary treatment. Mussels were fed three
times per week. During the whole experiment, temperature, salinity and
mortality were monitored daily, and seawater was changed each week.

2.4. Biochemical markers

After treatment, 3 mussels from each aquarium (9 per treatment) were
immediately frozen in liquid nitrogen. Then, the soft tissues were homoge-
nized, and aliquots of 0.5 g fresh weight (FW) were used to perform
biochemical analysis. The sample extraction from each aliquot of homoge-
nized tissue was performed by using specific buffers in a proportion of 1:2



T. Russo et al. Science of the Total Environment 892 (2023) 164476
(w/v, tissue/buffer) (Coppola et al., 2018, 2020a). Samples were sonicated,
using TissueLyser II (Qiagen) for 90 s and centrifuged for 20 or 10 min at
10,000g or 3,000g depending on the biomarker (Coppola et al., 2020a), at
4 °C. After the samples' centrifugation, about 1mL of supernatantswere col-
lected and stored at −80 °C or immediately used.

The electron transport system (ETS)was selected to assess themetabolic
capacity, following the De Coen and Janssen (1997) method. Absorbance
was measured during 10 min at 490 nm with intervals of 25 s and the ex-
tinction coefficient (Ɛ) of 15,900 (mol/L)−1 cm−1 was used to calculate
the amount of formazan formed and results were expressed in nmol per
min per g FW.

To assess energy reserves, glycogen (GLY) and total protein (PROT) con-
tents were measured. For GLY quantification the sulfuric acid method was
applied as described byDuBois et al. (1956). Glucose standards at a concen-
tration between 0 and 5mg/mLwere used to obtain a calibration curve. Ab-
sorbance was measured at 492 nm after incubation during 30 min at room
temperature. The PROT contentwasmeasured following the Biuret method
(Robinson andHogden, 1940). The calibration curvewas obtained by using
bovine serum albumin (BSA) as standards from 0 to 40 mg/mL and the ab-
sorbance was read at 540 nm. Both results were expressed in mg per g FW.

Mechanisms of antioxidant defenses were assessed determining the ac-
tivity of the superoxide dismutase (SOD), catalase (CAT) and glutathione
reductase (GR) enzymes. The activity SOD was analyzed following
Beauchamp and Fridovich (1971) method with adaptations accomplished
byCarregosa et al. (2014). The standard curvewas obtainedwith SOD stan-
dards between 0 and 60 U/mL. The absorbance was read at 560 nm after
20 min of incubation at room temperature. The results were expressed in
U (one unit: quantity of the enzyme that catalyzes the conversion of
1 μmol of substrate per min) per g FW. The activity of CAT was quantified
according to the Johansson and Borg (1988) method and adaptations ac-
complished by Carregosa et al. (2014). The standard curve was determined
using formaldehyde standards between 0 and 150 μmol/L and the absor-
bance was read at 540 nm. The results were expressed in U per g FW (one
unit: the quantity of enzyme that generates the formation of 1.0 nmol form-
aldehyde per min). The activity of GR was determined according to
Carlberg andMannervik (1985). Absorbancewasmeasured at 340 nm, dur-
ing 5 min in intervals of 15 s, using the extinction coefficient (Ɛ) 6,220
(mol/L)−1 cm−1 and the activity was expressed in U (oxidation of
1.0 μmol of NADPH per min) per g FW.

Mussels' detoxification capacity was evaluated by measuring glutathi-
one S-transferases (GSTs) and carboxylesterases (CbEs) activities. The activ-
ity of GSTswas determined based onHabig et al. (1974)method by reading
the absorbance at 340 nm during 5 min in intervals of 15 s, with an extinc-
tion coefficient Ԑ = 9,600 (mol/L)−1 cm−1. The activity was expressed in
U per g FW,where U represents the amount of enzyme necessary to catalyze
the formation of 1 μmol of dinitrophenyl thioether permin. The activities of
CbEswere determined followingHosokawa and Satoh (2001) and using the
colorimetric substrates p-nitrophenyl acetate (pNPA) and p-nitrophenyl bu-
tyrate (pNPB). Absorbance was measured at 405 nm for 5 min in intervals
of 15 s and the extinction coefficient (Ɛ) 18,000 (mol/L)−1 cm−1 was used
to determine the activity. The hydrolysis rate of pNPA and pNPB were
expressed in nmol per min per g FW.

Redox balance was assessed by calculating the oxidized glutathione
(GSSG) content, while cellular damage was investigated through lipid per-
oxidation levels (LPO) determination. The content of GSSGwas determined
as described in Rahman (2007) using GSSG as standard at a concentration
from 0 to 90 μmol/L. Absorbance was read at 412 nm for 2 min in intervals
of 30 s and the GSSG content was expressed in μmol per g FW. LPO levels
were measured through the quantification of malondialdehyde (MDA) as
reported in Ohkawa et al. (1979). The amount of MDA formed was quanti-
fied at an absorbance of 535 nm using the extinction coefficient Ԑ =
156,000 (mol/L)−1 cm−1. Results were expressed in nmol of
malondialdehyde formed per g of FW.

The acetylcholinesterase (AChE) activity was evaluated to assess neuro-
toxicity following Ellman et al. (1961). The activity was measured using
acetylthiocholine iodide (ATChI 5 mmol/L) substrates and reading the
3

absorbance for 5min with 25 s intervals at 412 nm, using the extinction co-
efficient Ԑ= 13,600 (mol/L)−1 cm−1. The activity was expressed in nmol
per min per g FW.

All biochemical parameters were run in duplicate and analyzedwith the
use of a microplate reader (Biotek).

2.5. NMR sample preparation and spectra acquisition

At the end of the exposure assay, three mussels per treatment (one per
aquarium) were homogenized in liquid nitrogen and stored at −80 °C
and used for NMR analyses. Then, tissues were lyophilized and processed
to extract metabolites of interest (e.g., lipids, amino acids, carbohydrates
and other small metabolites; see supplementary materials Table 1 s). Com-
bined extraction of polar and lipophilic metabolites was carried out by
using methanol/water/chloroform as suggested by Beckonert et al.
(2007). Polar and nonpolar fractions were transferred into different glass
vials and the solvents were removed by using a rotary vacuum evaporator
at room temperature. For NMR analysis, polar fractions were resuspended
in 630 μL of phosphate buffer saline (PBS, pH 7.4), adding 70 μL of 2H2O
solution [containing 1 mM sodium 3-trimethylsylyl [2,2,3,3-2H4] propio-
nate (TSP) as a chemical shift reference for 1H spectra] to provide afield fre-
quency lock, reaching 700 μL of total volume. Sampleswere loaded into the
autosampler and NMR spectra were acquired on a Bruker Avance III–
600 MHz spectrometer (BrukerBioSpin GmbH, Rheinstetten, Germany),
equipped with a TCI CryoProbe fitted with a gradient along the Z-axis, at
a probe temperature of 27 °C. In particular, standard 1D proton spectra
and 2D experiments (clean total-correlation spectroscopy TOCSY and
heteronuclear single quantum coherence HSQC) were acquired providing
monodimensional metabolic profiles and homonuclear and heteronuclear
spectra for metabolites identification. Metabolites assignments were
achieved by comparing signal chemical shifts with literature and online da-
tabases. All acquired spectra were automatically reduced down to 500 inte-
gral segments of 0.02 ppm each between the 0.50–10.50 ppm spectral
region, excluding the water resonance (4.50–5.15 ppm) using the AMIX
3.9.15 software package (Bruker Biospin GmbH, Rheinstetten, Germany).
After reducing NMR data, bins were normalized to the total spectrum
area. The obtained data format, expressed by a matrix (X matrix), was
then imported into SIMCA-P + 14 package (Umetrics, Umeå, Sweden)
where multivariate statistical analysis was performed.

2.6. Histopathological analysis

One mussel from each aquarium (three per treatment) was used for his-
tological analysis. Mussels were fixed in Davidson's solution and gills and
digestive tubules were dehydrated in ascendant ethanol, clarified inmethyl
benzoate and included in paraffin (Coppola et al., 2022). Sections of 5 μm
were obtained with the microtome (Leica Biosystems) and stained with he-
matoxylin to observe the presence of morphological alterations. Histopa-
thological indices were calculated using the following formula:

Ih ¼ ∑j
1wjajh
∑j
1M j:

where Ih is the histopathological index for the individual h; wj the weight of
the jth histopathological alteration; ajh is the score attributed to the hth indi-
vidual for the jth alteration andMj is themaximum attributable value for the
jth alteration (in the case in which all the alterations are present at the max-
imum diffusion). The Ih was determined following the concepts of the dif-
ferential biological significance of each analyzed alteration (weight) and
its diffusion (score). The weights range from 1 (minimum severity) to 3
(maximum severity) while the score varies from 0 (not present) to 6
(diffuse) (Costa et al., 2013). Six pictures from each tissue and sample
were randomly taken with a camera (Canon, PowerShot s 50) connected
to an optical microscope (Leica, DM RB) through the acquisition tool
RemoteCapture, and observed to determine the diffusion score of each an-
alyzed alteration.



Fig. 1. Metabolic capacity and energy reserve biomarkers in mussels treated with
caulerpin (CAU) and fenofibrate (FFB) compared to control mussels (CTL). A:
Electron transport system activity (ETS), B: Glycogen content (GLY) and C: total
protein content (PROT). Results are mean + standard deviation. Significant
differences (p < 0.05) among treatments are presented with different uppercase
letters. n = 9.
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2.7. Statistical analyses

Biomarkers and histopathological analysis, obtained for each treatment,
were submitted to a non-parametric permutational analysis of variance
(PERMANOVA + add-on in PRIMER v6) (Anderson et al., 2008). Values
lower than 0.05 (p < 0.05) were considered significantly different. The
null hypothesis tested was, for biomarkers and histopathological indices
analysis, no significant differences were observed among treatments
(plain food, CTL, CAU, FFB). Because no significant differences were ob-
served between plain food and CTL treatments (see supplementary mate-
rials Table 2 s), regardless of the biological response, this treatment was
not represented in the graphs.

Multivariate statistical analysis was performed for metabolomic data as
first approach, the unsupervised principal component analysis (PCA) was
applied to assess class homogeneity, uncover data trends and detect outliers
(data not shown). Then, Orthogonal Partial Least Squares Discriminant
Analysis (OPLS-DA) was used to visualize class separation, clusters and the
spectral variables influencing sample distribution according to the alteration
of the metabolic profiles. Data visualization was achieved through scores
and loadings plots, which also highlighted specific compounds as putative
markers useful for classification. OPLS-DA models were validated by inter-
nal iterative cross-validation with 7 rounds of permutation test response
(800 repeats), and CV-ANOVA (ANOVA testing of Cross-Validated predic-
tive residuals). Selected isolated signals and bins with |pcorr| ≥ 0.7 were
considered for univariate statistical analysis elaborated with the OriginPro
9.1 software package (OriginLab Corporation, Northampton, USA). Statisti-
cal significance for selected metabolites was determined by parametric
(ANOVA with Bonferroni correction) or non-parametric (Mann-Whitney
U) tests according to the results of the normality test performed on data to
evaluate each distribution (Shapiro-Wilk, Kolgomorov-Smirnov test).
p values <0.05 were considered as statistically significant.

3. Results

3.1. Biochemical markers

3.1.1. Metabolic capacity and energy reserves
The ETS activity showed significantly higher levels in FFBmussels com-

pared to CTL and CAU treatments (Fig. 1A). Regarding GLY content, signif-
icantly higher levels were found in FFB organisms compared to the CTL
(Fig. 1B). Similarly, significantly higher levels of PROT were found in FFB
organisms compared to CTL and CAU treatments (Fig. 1C).

3.1.2. Antioxidant defenses and biotransformation isoenzymes
No significant differences were found among treatments in terms of

SOD and GR activities (Figs. 2A and B). Regarding CAT, significantly higher
activity was observed in CAU and FFB mussels compared to CTL ones
(Fig. 2C).

RegardingGSTs activity, CAUmussels showed significantly higher GSTs
activities compared to the CTL ones (Fig. 2D). The activity of CbEs – pNPA
and CbEs – pNPB enzymes showed no differences among treatments
(Figs. 2E and F).

3.1.3. Redox balance and cellular damage
FFB induced a significant increase in GSSG content compared to CTL

and CAU treatments (Fig. 3A). Similarly, LPO levels showed a significant in-
crement in FFB organisms compared to the CTL mussels (Fig. 3B).

3.1.4. Neurotoxicity
The activity of AChE was significantly higher in FFB mussels compared

to CTL and CAU ones (Fig. 4).

3.2. NMR-based metabolomics

OPLS-DA performed on NMR spectra resulted in one predictive and one
orthogonal component with parameters R2 = 0.44 and Q2 = 0.001. The
4

scores plot in Fig. 5A shows sample projection onto the principal compo-
nents. The first component t[1] accounts for the main differences between
FFBmussels group at t[1] negative coordinates, and the CTL class, placed at
positive t[1], while the CAU category appeared in the middle. The orthog-
onal component to[1] expresses the intraclass inhomogeneity, mainly due
to betaine variation (3.93, 3.29 ppm). The related loadings plot in Fig. 5B
shows the NMR variables responsible for sample projection and clustering
in the model. Assigning metabolites to the variables expressed in the asso-
ciated loadings plot in Fig. 5B, FFB group resulted in significantly higher
levels of malate, asparagine, histidine, tryptophan compared to CTL as
well as in significantly higher levels of homarine compared to CTL and
CAU mussels (Table 1). A considerably higher content of inosine



Fig. 2.Antioxidant and biotransformation enzyme activities inmussels treatedwith caulerpin (CAU) and fenofibrate (FFB) compared to control mussels (CTL). A: Superoxide
dismutase activity (SOD), B: Catalase activity (CAT), C: Glutathione reductase activity (GR), D: Glutathione S-transferases activity (GSTs), E: Carboxylesterases pNPA activity
(cBES-pNPA), F: Carboxylesterases pNPB activity (cBES-pNPB). Results are mean + standard deviation. Significant differences (p < 0.05) among treatments are presented
with different uppercase letters. n = 9.
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monophosphate was found in CTL compared to CAU and FFB mussels
(Table 1). Total fumarate, malonate, choline and glutathione, resulted
higher but not significant in FFB mussels (Table 1).

3.3. Histopathological indices

Histopathological analysis showed a significantly higher histopatholo-
gical index (Ih) in the gills of FFB mussels compared to CTL (Fig. 6A), espe-
cially in terms of accumulation of lipofuscin and infiltration of hemocytes
(Fig. 7). In digestive tubules FFB induced significantly higher histological
alterations compared to CTL and CAU treatments (Fig. 6B), in particular,
more lipofuscin aggregates and atrophy were found (Fig. 7).

4. Discussion

The present study aimed to compare the effects of the natural alkaloid
caulerpin (CAU) from the invasive green algae Caulerpa cylindracea with
those of the synthetic drug fenofibrate (FFB) which is well-known for its
5

ecotoxic potential in the aquatic environment. The two compounds share
similar mechanisms of action, both acting as agonists of peroxisome
proliferator-activated receptors (PPARs) (Vitale et al., 2018), suggesting
comparable toxicological effects. The toxicological evaluation was carried
out on the Mediterranean mussel Mytilus galloprovincialis, to which the
compounds were administered together with food at the concentration of
1 mg/g dry food.

Obtained results showed an FFB-mediated increment in metabolic ca-
pacity, measured with high ETS activity. This finding is consistent with
the high levels ofmalate, an intermediate of the KREBS cyclewhose activity
provides electrons to the ETS (Yi et al., 2015), which were revealed by the
NMR-based metabolomic profile of the FFB-treated group. Accordingly,
malate was found to accumulate in M. californianus under hypoxic stress
(Bayne et al., 1976; Connor and Gracey, 2012). Instead, the treatment
with CAU did not induce any significant alterations in both ETS activity
and malate levels, indicating that CAU does not impact mussels' metabolic
capacity. Furthermore, both FFB and CAU-treated mussels showed low
levels of inosine monophosphate (IMP), a precursor of adenosine 5′-



Fig. 3. Redox balance and cellular damage biomarkers in mussels treated with caulerpin (CAU) and fenofibrate (FFB) compared to control mussels (CTL). A: Oxidized
glutathione levels (GSSG), B: Lipid peroxidation levels (LPO). Results are mean + standard deviation. Significant differences (p < 0.05) among treatments are presented
with different uppercase letters. n = 9.
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monophosphate (AMP) and guanosine 5′-monophosphate (GMP) (Lovászi
et al., 2021) suggesting an increased purine expenditure during treatments
with CAU and FFB. Increased metabolic capacity in mussels treated with
FFB was not accompanied by a higher expenditure of GLY and PROT
which, in turn, increased content under this treatment. In parallel, the
high levels of free amino acids detected in FFB-treated mussels through
NMR-analysis are consistent with mussels' effort to produce defensive en-
zymes under treatment with the drug. Accordingly, Teixeira et al. (2017)
proposed that increased protein content in mussels exposed to the antihis-
tamine cetirizine was possibly associated with the induction of defensive
mechanisms. Furthermore, increased GLY content was observed in FFB-
treated mussels, suggesting that GLY was not the preferential energy re-
serve used to fuel up the defense mechanisms of mussels that probably
stored energy to fight the stressors (Cunha et al., 2022). In addition, NMR
metabolic profiles revealed high levels of homarine, a crucial osmolyte in
marine bivalves (Jones et al., 2008), in FFB-treated mussels, as also oc-
curred in M. galloprovincialis exposed to cadmium (Wu et al., 2017). This
could be related to the fact that osmolytes, among other functions, stabilize
proteins (Yancey and Siebenaller, 2015). Overall, the above findings
6

support that bivalves use first lipids to meet their energy requirements
when under stress, preserving PROT and GLY levels (Andrade et al.,
2018; Velez et al., 2016). This hypothesis meets the literature, where the
hypolipidemic activity of FFB was also observed in aquatic organisms (Du
et al., 2004, 2008). Among fibrates, the PPAR agonist clofibrate is also
known to decrease triglyceride levels in the bivalve Dreissena polymorpha
(Lazzara et al., 2012). Instead, the lack of alteration in GLY and PROT con-
tents in mussels treated with CAU indicates that the algal alkaloid does not
affect mussels' energy reserves.

Since reactive oxygen species (ROS) are commonly associated with ox-
idative stress and pathologies caused by the oxidation of lipids, proteins,
and DNA (Schieber and Chandel, 2014), further comparisons between
CAU and FFB included the study of the antioxidant defenses. ROS genera-
tion was reported to be induced by FFB in immature rainbow trout hepato-
cyte cultures (Laville et al., 2004). In normal conditions, ROS levels are
balanced by antioxidant defenses, including the enzymes SOD, CAT and
GR (Schieber and Chandel, 2014). In the present study, although the ad-
ministration of food enrichedwith FFB increasedmussel's metabolic capac-
ity, SOD and GR were unaltered, while CAT activity was enhanced in



Fig. 4. Acetylcholinesterase activity (AChE, neurotoxicity biomarker) in mussels
treated with caulerpin (CAU) and fenofibrate (FFB) compared to control mussels
(CTL). Results are mean + standard deviation. Significant differences (p < 0.05)
among treatments are presented with different uppercase letters. n = 9.

Table 1
Normalized bin mean ± standard deviation of metabolites found in Mytilus
galloprovincialis after different feeding treatments: control (CTL), caulerpin (CAU),
fenofibrate (FFB). Significant differences (p< 0.05) among treatments are presented
with different uppercase letters. n = 3.

Metabolites Normalized bin mean ± standard deviation

CTL CAU FFB

Malate 4.25E-4 ± 6.98E-5 A 6.80E-4 ± 1.31E-4 A,B 7.44E-4 ± 9.87E-5 B ↑

Asparagine 4.32E-4 ± 1.69E-4 A 8.55E-4 ± 2.78E-4 A,B 10.4E-4 ± 2.87E-4 B ↑

Histidine 4.39E-5 ± 3.24E-5 A 1.29E-4 ± 6.26E-5 A,B 1.59E-4 ± 4.14E-5 B ↑

Tryptophan 9.91E-5 ± 3.13E-5 A 1.99E-4 ± 2.85E-5 A,B 1.93E-4 ± 5.53E-5 B ↑

IMP 8.87E-7 ± 5.40E-7 A ↑ 1.47E-7 ± 2.37E-7 B 4.33E-8 ± 3.78E-8 B

Homarine 1.48E-4 ± 3.94E-5 A 2.05E-4 ± 2.95E-5 A 3.70E-4 ± 1.13E-5 B ↑

Fumarate 3.02E-6 ± 2.96E-6 A 1.13E-5 ± 6.13E-6 A 1.24E-5 ± 5.87E-6 A

Choline 22.6E-4 ± 1.91E-4 A 29.5E-4 ± 8.19E-4 A 31.8E-4 ± 7.40E-4 A

Malonate 12.50E-4 ± 1.94E-4 A 17.80E-4 ± 2.20E-4 A 17.70E-4 ± 4.63E-4 A

GSH 3.85E-4 ± 1.26E-4 A 5.32E-4 ± 1.76E-4 A 6.52E-4 ± 9.77E-5 A
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mussels treated with CAU or FFB. This is in line with previous findings
showing that PPARα activation increases catalase expression (Shin et al.,
2016). A similar result was observed in mice fed with a 0.1 % FFB diet
with an increment in CAT activity (Harano et al., 2006). Conversely,
Terlizzi et al. (2011) found a negative correlation between CAT and CAU
as well as Gorbi et al. (2014) did not find changes in CAT activity in the
Mediterranean white sea bream Diplodus sargus feeding on C. cylindracea.
These contradictions can be explained by the fact that above studies were
conducted on fish that had consumed C. cylindracea, an algae containing
various bioactive secondary metabolites beyond CAU. Similarly, regarding
detoxification capacity, CAU treatment enhanced the activity of GSTs, most
probably due to its known antioxidant proprieties (De Souza et al., 2009).
An enhanced GSTs activity was observed in D. sargus fish consuming
C. cylindracea (Felline et al., 2012), while a study on the same species
showed that the consumption of the algae did not affect GSTs activity
(Gorbi et al., 2014). Nevertheless, several contradictory responses of GSTs
have been observed in organisms depending on the treatment time and con-
centration (Almeida et al., 2014; Carregosa et al., 2014; Felline et al., 2012).

Scavengers like reduced glutathione (GSH) behave as antioxidants
when ROS levels rise in the cells, directly reducing reactive species and
being converted to GSSG (Regoli and Giuliani, 2014). In fact, the consider-
able rise in GSSG levels in FFB-treated organisms suggests that a rise in ROS
levels and in glutathione peroxidase activity led to the oxidation of GSH
into GSSG. The scarce activation of the antioxidant system in FFB-treated
mussels also induced cellular damage, highlighted by an increment in
LPO. Similarly, an increase of LPO was observed both in the grass carp
Fig. 5.Metabolomics analysis of mussels treated with caulerpin (CAU, grey squares) and
A: Scores plot showing sample projection onto principal components, B: Loadings plot r
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Ctenopharyngodon idella treated with FFB-enriched food (Du et al., 2008),
and in zebrafish exposed to clofibric acid (Rebelo et al., 2020) demonstrat-
ing the lipids-oxidation capacity of fibrates. In the present study, treatment
with CAU did not affect mussels' redox status and did not produce cellular
damage. The low capacity of CAU to induce oxidative stress in mussels is
consistent with previous studies showing that CAU does not stimulate
ROS release in normal cells, although it was able to induce a significant in-
crease in ROS levels in ovarian cancer cells (Ferramosca et al., 2016).

Despite the fact that AChE activity usually decreases in the presence of a
neurotoxic compound (Coppola et al., 2020a; Pinto et al., 2019), FFB
induced an increment in the activity of this enzyme as a possible inflamma-
tory response, since AChE increases in inflamed tissues or cells (Rodrigues
et al., 2022). Similar results were observed in mussels contaminated with
Pb and the increment in AChE activity was interpreted as an attempt to hy-
drolyze accumulated neurotransmitters in synaptic clefts (Freitas et al.,
2019). Conversely, the treatment with CAU did not produce neurotoxic ef-
fects in mussels, supporting its safety in bivalve species.

Finally, the application of classical histology techniques evidenced his-
topathological alterations at the level of the gills and digestive tubules of
mussels treated with FFB. The increase in LPO recorded in FFB mussels
was confirmed by the histological observations, with an accumulation of
lipofuscin in tissues which is associated with the lipidic peroxidation pro-
cess (Viarengo et al., 1990). Moreover, alterations commonly related to in-
flammation processes, such as the abundance of hemocytes in gills and the
presence of atrophied digestive tubules (Cuevas et al., 2015), were detected
inmussels treatedwith FFB, further confirming the harmfulness of this drug
for aquatic species. Although this is the first study assessing histopatholo-
gical alterations induced in bivalves by FFB and CAU, alterations similar
to those induced by FFB were, however, found in bivalves
(M. galloprovincialis, Ruditapes philippinarum and R. decussatus) exposed to
fenofibrate (FFB, black squares) compared to control mussels (CTL, white squares).
eporting the NMR variables (chemical shift) responsible for clustering in the model.



Fig. 6. Histopathological indices in mussels treated with caulerpin (CAU) and
fenofibrate (FFB) compared to control mussels (CTL). A: gills, B: digestive tubules
(DT). Results are mean + standard deviation. Significant differences (p < 0.05)
among treatments are presented with different uppercase letters. n = 3.

ig. 7.Micrographs of gills and digestive tubules (DT) sections of mussels after different feeding treatments: control (CTL), caulerpin (CAU), fenofibrate (FFB) stained with
ematoxylin. * (lipofuscin aggregates), arrows (cilia lost), double-headed arrows (enlargement of the central vessel), circles (hemocytes infiltration), a (atrophy), n (necrosis).
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F
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Scale bar = 50 μm. n = 3.
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other types of contaminants (Hg, sodium lauryl sulfate, lanthanum, caf-
feine) (Coppola et al., 2020a, 2020b; Pinto et al., 2019; Piscopo et al.,
2021a, 2021b). Conversely, CAU did not significantly impact mussels'
gills and digestive tubules morphology, compared to untreated mussels.
This finding, along with previous studies showing that CAU has beneficial
effects on the whole reproductive process in the zebrafish model (Schiano
et al., 2022), strongly supports the harmlessness of CAUwhen administered
via food at a concentration of 1 mg/g to aquatic animals.

5. Conclusions

Our results revealed enhanced metabolic capacity, increased cellular
damage, and changes in AChE activity, as well as morphological alterations
in gills and digestive tubules after dietary administration of FFB to
M. galloprovincialis, while no significant impairments were found in CAU-
treatedmussels. On the one hand, this study confirms that FFB poses serious
risks to aquatic organisms. Furthermore, it supports the possible valoriza-
tion and exploitation of the biomass produced by the green algae
C. cylindracea, one of the most invasive species along the Mediterranean
coasts, to obtain CAU, a non-toxic compound of interest for possible phar-
maceutical and nutraceutical applications. Accordingly, CAU has already
demonstrated antitumoral and anti-inflammatory properties (Cuomo
et al., 2021; De Souza et al., 2009; Yu et al., 2017). However, future chal-
lenging studies are needed to elucidate the details of the molecular path-
ways involved in the effects of CAU in the chosen molluscan model
compared to those observed in vertebrates, in which PPAR agonists, such
as FFB, regulate different crucial biological processes, including inflamma-
tion and tumorigenesis (Augimeri et al., 2020; Jin et al., 2023; Lian et al.,
2018; Murphy and Holder, 2000; Vázquez-Carrera and Wahli, 2022).
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