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ARTICLE INFO ABSTRACT

Keywords: The inclusion of hazardous substances in the formulation of plastics raises significant concerns, particularly, if
Resin those substances are released as primary leachates during plastic degradation and/or fragmentation. In this
Biobased sense, the production of degradable plastics holding deleterious additives can increase the release of harmful
g?::f:gsrt::;ile substances into the environment. Additionally, the effects of primary leachates of “eco-friendly” materials remain
PLA unexplored. To address this, we performed exposures to primary leachates of alternative polymers, and com-

PBAT mercial bags to verify possible responses associated with endocrine disruption and/or activation of the detoxi-
fication pathway in larvae of the marine fish model Cyprinodon variegatus.

The chemical characterization evidenced a great number of additives in the formulation of the materials
analyzed in this study. Those include, except for the PLA sample, relevant levels of the hazardous phthalates
DEHP and DiBP.

Regarding the effects on marine fish larvae, exposure to leachates from alternative polymers (10 g/L) PHB and
PHBV produced remarkable mortality (100%). While the exposure to bag leachates of all tested materials (1 and
10 g/L) produced alterations in biomarkers for steroidogenic and detoxification pathways. To a lesser extent (10
g/L), three materials produced significant alterations in estrogenic biomarkers (Home-compostable bag 1, LDPE
and Recycled PE bags). Although the alterations in gene expression were not directly correlated to the amount of
DEHP or DiBP, we can conclude that primary leachates of “eco-friendly” bags are harmful to marine vertebrates.

1. Introduction

The problems associated with the broad use of plastics are becoming
increasingly evident each day. With the aim to reduce the plastic
pollution, numerous efforts in research and technology have been done
in recent years. Due to the sensibilization of the consumers, the industry
has rapidly turned to several alternatives to the conventional petro-
based plastics loosely termed bioplastics and commercialized them as
“eco-friendly”. The market is now filled with products labeled as “bio-
based”, “compostable” or “bio-degradable” (Filiciotto and Rothenberg,
2021), which may pass a wrong idea to the consumer about their
environmentally friendly characteristics and also the responsibility for
the managent and impact of these plastics on the environment.

The most evident concern regarding plastic contamination is their

* This paper has been recommended for acceptance by Maria Cristina Fossi.

persistence, consequently, the most suitable solution is the production of
degradable plastics (Haider et al., 2019; Iwata, 2015). In order to
transform the conventional non-biodegradable plastics into oxo- or
hidro-degradable plastics (degraded by oxidation or hydrolysis,
respectively), additives that induce time-controlled oxidation, can be
added to alter their composition (Filiciotto and Rothenberg, 2021). On
the other hand, bio-degradable alternatives have also been developed,
which ideally mineralize into water, carbon dioxide, and biomass
(Haider et al., 2019). Another category of alternative materials are the
biobased plastics produced partially or totally from biomass, which are
not necessarily biodegradable (Iwata, 2015).

The fragmentation and degradation of plastics in the environment
produces micro and/or nano plastics (MNPs), which potentially release
substances that could be toxic (Schiavo et al., 2020; Gunaalan et al.,
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2020; Quade et al., 2022, 2023). Among the deleterious effects of MNPs
in aquatic fauna, the more recognized ones are related to the obstruction
caused by the uptake or absorption of plastic particles in the digestive
and respiratory systems (Barria et al.,, 2020; Barrick et al., 2021).
However, MNPs also can promote the transfer and mobilization of other
contaminants through the absorption and adsorption on their surface,
leading to the subsequent release of chemical additives by secondary
leaching (Barrick et al., 2021; Kedzierski et al., 2018; Sridharan et al.,
2022). Some studies have reported that additives with estrogenic
endocrine disruptor activity are significant components of plastic
leachates, among this Bisphenol A (BPA) and phthalates such as Bis
(2-ethylhexyl) Phthalate (DEHP) and Diisobutyl Phthalate (DiBP)
(Chen et al., 2019; Coffin et al., 2018; Kedzierski et al., 2018; Qiu et al.,
2022) stand out.

For plastic production, independently of the origin or persistence
(petro-based, bio-based, degradable, biodegradable, compostable, etc),
functional additives and other substances are included in their formu-
lations, to aid polymerization and processing or confer desired charac-
teristics to the final material (Haider et al., 2019). Those substances can
migrate and leach into the environment (primary leachates), depending
on environmental factors such as temperature (Kedzierski et al., 2018),
pH (Qiu et al., 2022), but also on the polymer-additive binding in-
teractions (Gunaalan et al., 2020; Teuten et al., 2009; Barrick et al.,
2021). The fragmentation and/or degradation process plays a pivotal
role in releasing additives into the environment (Teuten et al., 2009),
thereby aggravating the chemical contamination.

Additionally at the toxicological level, is fundamental to distinguish
between the effects produced by the chemical composition of the plastic
itself (primary leachate) or the effects generated by other contaminants
adsorbed in the plastic surface (secondary leachates) (Delaeter et al.,
2022). Recent studies have evidenced the adverse effects of plastic
leachates in marine biota; in invertebrates the effects main addressed are
mortality, cellular integrity and oxidative stress (Delaeter et al., 2022;
Uribe-Echeverria and Beiras, 2022). In-vivo and in-vitro studies have
evidenced in vertebrates effects related to endocrine disruption, cyto-
toxicity, and activation of the detoxificacion pathways (Chen et al.,
2019; Coffin et al., 2018; Qiu et al., 2023). Given this, our experimental
design focused on analyzing the effects of primary plastic leachates on
biomarkers for endocrine disruption (estrogenic and steroidogenic) and
also in a generalist biomarker for toxicity, in larvae of the marine fish
model Cyprinodon variegatus. The acute responsiveness of these bio-
markers (vtge, vtgab, zp2, zp3, and cyp19a2) to the estrogenic stimulus in
C. variegatus larvae has been recently demonstrated by Abril et al.
(2022). The role of vitellogenins (VTGs) and zona pellucida (ZP) pro-
teins in the egg formation, production and maintenance (Arukwe et al.,
1997; Denslow et al., 1999); and aromatarse (CYP19A) in the autocrine
production of estrogens (Abril et al., 2022) give an account of the
physiological relevance of the studied biomarkers. Because of the lack of
information regarding the toxicity of the resins compared to commercial
plastics with chemical additives (Cormier et al., 2021), the first group of
materials in this study addresses four resins: Polyhydroxybutyrate
(PHB), Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) Poly-
lactic acid (PLA) and Polybutylene adipate terephthalate (PBAT).
Additionally, we tested primary leachates of commercial bags labeled as
Home compostable, Industrial compostable, 100% degradable (made of
polyethylene (PE)), recycled PE, and a traditional PE bag. This was done
to investigate potential effects of “eco-friendly materials” on animal
health. The chemical characterization of all the tested materials was
made. Subsequently, the quantification was made of the more frequent
leachable phthalates with endocrine disruptor activity DEHP, DiBP and
tris(2-Ethylhexyl trimetilate) TOTM to verify possible links between the
material composition and alterations in the physiological parameters
(endocrine disruption and toxicity).
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2. Materials and methods
2.1. Leachate preparation

The leachate preparation was done according to (Almeda et al.,
2023). The materials (resins and commercial bags) were individually cut
(except the PHB resin powder), and subsequently fractionated on a
ZM200 ultracentrifuge mill (Retsch, Verder Scientific) with the aid of
dry ice. After that, every material was sieved through a 250 pm metallic
mesh, plastic particles of a diameter below 250 pm were used for the
leaching preparation. (Alonso-Lopez et al., 2021). The micronized ma-
terial was stored (dry, darkness, 21 °C) until the preparation of the
leachates.

To prepare the leachates (1 and 10 g/L), the sieved material was
proportionally resuspend in 250 ml of seawater (28 ppm). Bottles were
kept for 24 h at 1 rpm in an overhead rotator (GFL 3040) at 20 °C in
darkness. Subsequently, the leachates were filtered with the aid of a
vacuum pump, through glass fiber filters (Whatman, GF/F: 0.7 pm; 0.8
pm pore size) previously rinsed with 250 ml of distilled water, and 250
ml of diluted sea water. The sea water from filter rinsed was used to
prepare the filtered control (FC) medium (Uribe-Echeverria and Beiras,
2022; Cormier et al., 2021).

2.2. Animal supply

C. variegatus 2 dph larvae were provided by the Toralla Marine Sci-
ence Station (ECIMAT), an infrastructure of the Center for Marine
Research of University of Vigo (CIM-UVigo). Maintenance and handling
was done according to the plan approved by the Ethical Committee on
the University of Vigo (REGA code: ES360570181401) and the method
recommended by the international standard (ISO 7346-1:1996),
considering the recommendations of the United States Environmental
Protection Agency methods (US EPA 1004; 1005)

2.3. Exposure to leachates

Larvae of C. variegatus of 2 dph were exposed to 50 ml of leachate in
glass flasks, in a density of 2 larve/10 ml, five replicates per treatment
were done. No aeration or feed was supplied during exposure. Envi-
ronmental conditions kept as photoperiod of 16:8 (light/dark, respec-
tively), pH = 7.5, dissolved oxygen 6.5 mg/L, salinity 28 ppm and
temperature 25 °C (measured at 0 and 24 h through multi-parameter
sonde HACH HQ40D, pH: PHC10103; DO: LDO10103). For each mate-
rial acute exposures (24 h) to leachates were done in isothermal rooms
of ECIMAT; through individual experiments with different batches of
larvae, over two years (from June 2021 to July 2023, Table 1).

To verify the larvae responsiveness to estrogenic substances ac-
cording to Abril et al. (2022), solvent (Dimethyl sulfoxide (DMSO) <
0.005 % v/v. Scharlau) and positive (Ethinylestradiol (EE2) 100 ng/L
Sigma-Aldrich, Switzerland) controls (SC and C+, respectively) were
included in the exposures to: PHB, PBAT and the Stored

Table 1
Tested materials with the corresponding date of exposure.

Expusure date

PHB March 2022
Resin PHBv May 2021
PLA February 2022
PBAT March 2022
Industrial-compostable bag June 2021
Tested materials June 2023
Home-compostable bag 1 May 2021
Bag Home compostable bag 2 June 2021
LDPE bag May 2021
100% degradable bag June 2021
Recycled PE bag July 2021
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Industrial-compostable bag (Table S3). In order to minimize the vari-
ability due to solvent, DMSO <0.005 % v/v was added to those exper-
imental exposure medium. Each glass was sealed with parafilm to avoid
water evaporation.

After 24 h of exposure, all the larvae were anesthetized and subse-
quently euthanized with tricaine methane sulfonate (MS-222; Sigma-
Aldrich, GmhB) solutions of 0.1 and 0.2 g (respectively) in 100 ml of
seawater. Every replicate was immediately stored in 205 pl of RNAlater
(Thermo Fisher Scientific Baltic, Lithuania), according to manufacturer
indications.

2.4. Gene expression analysis

All the procedures for gene expression analysis including whole RNA
extraction (RNeasy® Plus mini kit Qiagen, Hilden, NRW, Germany),
cDNA synthesis (RevertAid Reverse Transcriptase 200 U/pL), and qPCR
(GoTag® qPCR Master Mix enzyme Promega, Madison WI, USA, with a
thermocycler standard program (initial denaturation 50 °C for 2 min, 95
°C for 2 min followed by 40 cycles of 95 °C for 15 s) in an Applied
Biosystems QuantStudio 6 PRO system.) were done according to Abril
et al. (2022). With the same set of primers being used for the estrogenic
(vtge Fw-TAGCCCTGACTCTGGCCTTT; Rv-GAAGGCCACCCAGGATT-
GAT, vtgab Fw-TTCCTCTTCACGCCGCAAAA; Rv-ACGTTGGCTAGAA-
GAGCTGC, zp2 Fw-GATTGGGGGCTCCACAAAGA; Rv-TCAGTTGATTT
TACGCACATCAAGA, 2zp3 Fw-GATTGGGGGCTCCACAAAGA; Rv-TCAG
TTGATTTTACGCACATCAAGA), steroid (star Fw-TTCCGCTCCAGC
AGTTGAAT; Rv- CTTGGACGCTGAAAGGGGAT, cyp19a2 Fw- GACCTTT
CCTGTCCTACGGC; Rv-AGGACCTGCTGAAAATGATGGT), and detoxifi-
cation pathways (cyplal Fw- TCTGAATGGCTACTTCATCCCC;
Rv-CGAAGACGGGTCTTTCCACA) biomarkers, and also for the house-
keeping genes (thp Fw-AGAACCAGTGTGCGTCTCAA; Rv-GACCAAA-
CAGCGAATGTCGG and hprt Fw-CCTTTTGCATCGTGTCACTTCA;
Rv-TGCAGAACAGCTCAACTCAAAG).

2.5. Chemical characterization of plastic additives

The chemical characterization of plastic additives was done by the
technical staff of the Center for Scientific-Technological Research Sup-
port (CACTI) of the University of Vigo. The preliminary no quantitative
analysis (Table S2) and subsequent quantification of plasticizers

Table 2
Quantitative characterization of plastic additives DiBP, DEHP, and TOTM
in the tested materials (mg/Kg).

Description Diisobutyl (mg/kg) Tris (2-
phthalate . ethylhexyD
DiBP Di (- trimellitate
ethylhexyl) TOTM
phthalate
DEHP
PHB resin 2.98 4.54 <0.60
(ID_019_GLK_PHB_3000)
PHBYV resin 2.75 2.99 <0.59
(ID_021_GLK_PHBV_1000)
PLA resin (ID_023_GLK PLA) <0.64 2.53 <0.55
PBAT 1.2 2.12 <0.54
(ID_068_RBP_ECOFLEX_1200)
Industrial-compostable bag 0.78 5.72 <0.78
(ID_015_RBP_BagBeige)
Home-compostable bag 1 0.92 14.4 <0.80
(ID_016_RBP_BagGreen)
Home compostable bag 2 (ID_  2.66 28.4 <1.39
045_RBP_BagMaterbi)
LDPE bag 0.68 16.1 <0.80
(ID_017_RBP_BagWhite)
100% degradable bag (ID_ 1.58 49.3 <0.80
018_RBP_Bag100)
Recycled PE bag (ID_ 2.38 40.3 <0.86

046_RBP_BagRecycled)
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(Table 2) in tested materials was done through Gas chromatogra-
phy-mass spectrometry (GC-MS). The quantitative analysis was done by
comparison with Proficiency Tested Materials: DEHP (Tokyo Chemical
Industry Co, Japan), DiBP (Tokyo Chemical Industry Co, Japan), and
TOTM (Tokyo Chemical Industry Co, Japan). 20 mg of each sample
micronized (250 pm) were suspended on 1 ml of Dichloromethane
(DCM) for extraction in an Ultrasonic bath for 30 min. After extraction,
the samples were centrifuged for 10 min at 4 °C and 9500 rpm, and an
aliquot was injected. The standardized parameters for the CG-MS were:
injector temperature 300 °C, volume of injection 1 pL in Splitless, col-
umn HP-5MS (60 m x 0.25 mm; 0.25 pm), helium carrier gas at 1 mL/
min. The temperature ramp was: 120 °C for 2 min increasing at 8 °C/min
until 320 °C and holding for 10 min. The temperature for the trans-
ference line was 330 °C and the acquisition time was 37 min. The
detection was made in SIM mode monitoring the main m/Z of each
compound.

2.6. Statistical analysis

For gene expression the 272" analysis was developed according to
Schmittgen and Livak (2008). Significant results (P < 0.05) were
determined by Mann-Whitney paired tests, between the leachate
exposed groups against the Filter control (FC) group (Graph Pad Prism
5). A fold change above 1.5 was taken as representative in treatments
with statistical differences. The fold change is estimated as the mean
values ratio of the Leached/FC for induction or —1/(Leached/FC) for
inhibition (Schmittgen and Livak, 2008; Zhao et al., 2018). Fold change
values are presented through Ballon plots (http://www.bioinformatics.
com.cn/srplot), for the different concentrations of leachates tested (1
and 10 g/L, Fig. 1. A and B. respectively).

3. Results

The chemical characterization of the materials (Table 2), evidenced
that all of them, including the resins, have quantifiable levels of DEHP
and DiBP (except for the PLA resin DiBP <0.64 mg/kg) in their
composition, being the DEHP levels significantly higher in bags. On
other hand, the TOTM which is considered an alternative plasticizer
could not be quantified in any of the analyzed materials. Remarkable
differences in DEHP levels among materials were identified. First, all
commercial products showed higher levels than the resins. Secondly, the
recycled and the oxodegradable bags showed ca. 2-fold increased levels
compared to conventional PE and home-compostable bags, with the
Industrial-compostable brand showing the lowest concentrations.

3.1. Incubation conditions

Table S1 shows the incubation conditions and larval mortality data.
Leachates of PHB and PHBV (10 g/L) generated 100 % of mortality in
C. variegatus larvae after 24 h of exposure. The PHB resin leachate (10 g/
L) also had a reduction of 2.4 mg/L O after 24 h. Other leachates that
also exhibit O reductions (above 1 mg/L), but not associated mortality
were: PLA resin (10 g/L), the Stored Industrial-compostable bag (1 and
10 g/L) and the Home-compostable bag 1 (10 g/L). It should be noted
that even after filtering, both PHBV leachates presented particulate
material floating and also was recoded a mortality (4 %) in the group
exposed to PHBV 1 g/L.

3.2. Gene expression

3.2.1. Resins

The chemical quantification of phthalates (DiBP, DEHP, and TOTM,
Table 2) evidenced that PHB and PHBV resins have quantifiable levels of
DiBP and DEHP. Even so, at the gene expression level, the 1 g/L PHB
leachate did not generate responses linked to endocrine disruption or
activation of the detoxification pathways (Fig. 1).
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Fig. 1. Ballon plot presents the fold change values, estimated from the relative expression (272 of biomarkers for endocrine disruption and detoxi-
fication in 2dph larvae of Cyprinodon variegatus exposed resins and plastic leachates A. 1 g/L, B. 10 g/L. Differences in color and circle size represent sig-
nificant differences (fold change >1.5 or < -1.5) in the relative gene expression of tested biomarkers.

In the same way, PLA and PBAT resins also had quantifiable levels of
phthalates in their constitution. DEHP could be quantified in both resins,
whereas DiBP was found just in the PBAT resin. Even so, no significant
alterations related to their estrogenic, steroid, or detoxification path-
ways were elicited in fish larvae exposed to PLA and PBAT resins (Fig. 1
A. and B.).

3.2.2. Commercial bags

The leachate obtained from the Industrial compostable bag shortly
after purchase consistently induced the gene expression of steroidogenic
biomarkers star (2.16 fold at 1 g/L and 1.62 fold at 10 g/L) and cyp19a2
(3.08 fold at 1 g/L and 3.01 fold at 10 g/L) (Fig. 1 A. and B.). In the same
way, at 1 g/L the response related to the activation of the detoxification
pathway cyplal (2.42 fold) was induced (Fig. 1. A.).

In order to verify the reproducibility of the results, all the procedures
were repeated in the same conditions with the Industrial compostable
bag stored under “ideal” conditions (dry, darkness, 21 °C) for 21 months.
A prominent reduction in the dissolved O of both plastic leachates (1
and 10 g/L) obtained from these long-term stored bags was recorded
(Table S1). However, the patterns of gene expression obtained were
generally consistent with those recorded using brand-new bags (Fig. 1 A.
and B.). The expression of star (1.6 fold at 1 g/L and 1.48 fold at 10 g/L)
and cyp19a2 (1.37 fold at 10 g/L) was again induced, although to a
lesser extent than when using the brand new materials. On the other
hand, the detoxification mechanism showed a strong differing response
in the stored Industrial compostable bag. Here, an induction of cyplal
(2,2 fold), at 10 g/L in contrast to a 1 g/L (2.42 fold) induction observed
in the initial exposure.

At 1 g/], the leachate obtained from the Home-compostable bag 1
inhibited the star (2.9 fold) and cyp19a2 (1.62 fold) gene expression
significantly (Fig. 1. A.). While at 10 g/L inhibited the gene expression of
vige (2.15 fold), zp3 (2.63 fold), star (3.22 fold), cyp19a2 (1.86 fold), and
induced prominently, the gene expression of cyplal (7.61 fold) (Fig. 1.
B.).

The Home-compostable bag 2 leachate inhibited the mRNA gene
expression of star at both tested concentrations (1.52 fold at 1 g/L and

2.03 fold at 10 g/L) (Fig. 1 A. and B). In the same way, the cyplal was
significantly reduced at 1 g/L (2.66 fold).

At 1 g/L the larvae C. variegatus exposed to the leachate of Low-
density polyethylene (LDPE) bag, did not exhibited any response
linked to endocrine disruption, although they had a significant induction
in the cyplal gene expression (5.59 fold) (Fig. 1. A.). Conversely, at 10
g/L there was quantified a significant induction of two biomarkers
related to estrogenic activity vtgab (7.3 fold) and zp2 (2.03 fold), joined
by a significant inhibition (1.78 fold) of star (Fig. 1. B.). The chemical
characterization of LDPE bag evidenced intermediate DEHP levels (16
mg/kg) and the lowest of DiBP (0.68 mg/kg), among all the analyzed
bags (Table 2).

The 100% degradable PE bag was the one with the highest levels of
DEHP in their composition (43,3 mg/kg, Table 2), surprisingly no al-
terations related to estrogenic endocrine disruption (EED) or detoxifi-
cation pathways could be appreciated in fish larvae at any of the tested
concentrations. Although a significant induction of cyp19a2 (1.88 fold)
was verified at 10 g/L.

The larvae exposed to Recycled PE bag at 10 g/L leachate (Fig. 1. B.),
displayed a significant induction of vtgab (2.68 fold) joined with inhi-
bition of star (2.05 fold). Both groups (1 and 10 g/L) exposed to Recycled
PE bag leachate, had a significant induction of cyplal (3.19 fold 1 g/L
and 8.12 fold 10 g/L, being the last one, the highest among all the ex-
posures). The chemical characterization evidenced that his bag had 40.3
mg/kg of DEHP and 2.38 mg/kg DiBP in the composition, the second
one with the higher levels of DEHP.

4. Discussion

Several studies have highlighted the importance of researching the
effects of plastic leachates and identify their influence on animal
reproduction (Kedzierski et al., 2018; Cormier et al., 2021; Delaeter
et al., 2022; Gunaalan et al., 2020; Groh et al., 2019). Even so, char-
acterize the effects and composition of plastic leachates is a hard work,
due to the complexity of plastic formulations, the interactions among the
constitutive substances, and also the factors influencing substances
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leachability in the environment (Qiu et al., 2022; Gunaalan et al., 2020;
Dhavamani et al., 2022).

Studies focused in the chemical characterization of plastic leachates
have reported a high number of identifiable compounds (>240), but also
a great amount of unidentified substances (Qiu et al., 2022). The qual-
itative (Table S2) and quantitative characterization (Table 2) of the
materials in this study evidenced that hazardous substances such as
DEHP, remain to be broadly used in plastic formulations, even to pro-
duce base polymers. The preliminary chemical characterization pro-
vided an insight into the substances to be addressed from a quantitative
perspective, with well-known endocrine disruptors restricted in the EU
such as DEHP and DiBP standing out as common across most tested
materials. Other studies (Paluselli et al., 2019; Qiu et al., 2022), have
remarked about the leachability of DEHP and DiBP in saltwater from
different plastic devices.

4.1. Positive controls

Toxicity assessment in the early life stages of marine organisms is
fundamental for understanding the effects of pollutants on the structure
and functioning of marine ecosystems (Cormier et al., 2021) due to the
importance of larvae for the establishment and success of the pop-
ulations. The sensitivity of C. variegatus larvae to the estrogenic stimulus
was verified previously by Abril et al. (2022); to validate this effect in
our experiments, positive controls (C+ = EE2 100 ng/L) were incorpo-
rated in the PHB, PBAT and the Stored Industrial-compostable bag ex-
posures. Our results (fold change inductions in the positive control
group Table S3) are according to the ones reported by Abril et al. (2022)
in which vtgc, zps and cyp19a2 genes display significant inductions to the
EE2 exposure, however, in our experiment vtgab was also significantly
induced by EE2.

4.2. Leachates

Great efforts have been invested in research and innovation to pro-
pose solutions for plastic contamination. Even so, many “environmen-
tally friendly” alternatives are commercialized without adequate prior
testing, and in the end “the cure is worse than the disease” as evidenced by
Quade et al. (2023) through sea urchin tests.

Due to the complexity in the formulation of plastics (resins, solvents,
polymerization and processing aids, fillers, functional additives such as
plasticizers, colorants, antioxidants, etc) (Barrick et al., 2021; Gunaalan
et al., 2020; Qiu et al., 2022; Beiras et al., 2021), plastic contamination
poses a huge challenge at ecotoxicological level. Furthermore, the
leachability of plastic additives is influenced by chemical and environ-
mental factors, including the ones related to the own nature of the
plastic, such as the base polymer characteristics (polarity and porosity)
(Barrick et al., 2021; Chen et al., 2019; Franzellitti et al., 2019), the
additive-polymer chemical interactions, and the fragment size (Chen
et al., 2019). Environmental factors such as UV irradiation (Chen et al.,
2019), pH (Qiu et al., 2022), salinity (Gunaalan et al., 2020), and tem-
perature (Kedzierski et al., 2018) also play an important role on plastic
leachability (Dhavamani et al., 2022).

4.2.1. Resins

Beiras and coworkers (Alonso-Lopez et al., 2021; Quade et al., 2022,
2023), postulated that the biopolymers themselves can induce addi-
tional toxicity compared to conventional PE. In this sense, our study
aims to generate basic information about the biological effects of these
alternative polymers and understand whether these effects are related
with the levels of plastic additives in their composition (Delaeter et al.,
2022). The chemical characterization evidenced quantifiable amounts
of the restricted phthalates DEHP and DiBP (except for PLA resin) in the
composition of all the commercial resins.

PHB and PHBYV are polymers synthesized by microorganisms (Avella
et al., 2000), the biodegradability of these polymers in marine water
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have been previously verified by Lopez-Ibanez & Beiras (2022). Because
of the resistance to ultraviolet degradation and insolubility in water
(Gonzalez-Pleiter et al., 2019) PHB has been taken as a promising
alternative to substitute synthetic plastics. Although the main objective
of our study was to evaluate sublethal effects; PHB and PHBV polymers
produced remarkable mortality at 10 g/L of both leachates and partial
mortality (4 %) of larvae exposed to 1 g/L of PHBV resin. After filtering
(0.8 um filter) the presence of material in suspension was indicative of
nano-particles in these leachates produced by the abiotic degradation of
the resin. There is an inverse relationship between particles size and
their toxicological risks (Beiras and Schonemann, 2020), where smaller
particles can produce the mechanical obstruction of respiratory and
digestive surfaces (Barrick et al., 2021). Gonzalez-Pleiter et al. (2019),
evidenced the toxicological effects (in planktonic organisms), related to
the presence of nanoparticles (75-200 nm) by filtering and diluting PHB
experimental medium. Other assays also have evidenced toxicological
effects of PHB in invertebrates (Uribe-Echeverria and Beiras, 2022;
Beiras et al., 2021).

PLA and PBAT are potentially biodegradable polymers, bio-based,
and fossil-based, respectively (Iwata, 2015). Despite the quantified
levels of DEHP in both resins, the larvae exposed to PLA or PBAT
leachates did not exhibit any endocrine disruption or toxicity response
at any tested concentration. Deleterious effects of PLA MPs have been
reported in zebrafish behavior, related with the activity of Acetyl
cholinesterase, and oxidative stress parameters (Chagas et al., 2021).
However, those effects have been attributed to the interactions of the
MPs particles with the cellular components rather than the chemical
composition of PLA itself.

Aging plastic experiments have evidenced estrogen-like activities
related to PBAT secondary leachates, with these effects attributed to the
desorption of estrogenic contaminants adsorbed to the irregular surface
of aged PBAT (Kedzierski et al., 2018).

4.2.2. Plastic bags

The second group of materials analyzed in this study is constituted by
commercial plastic bags, including compostable, degradable, recycled
and conventional brands. The leachability of additives from “eco-
friendly” plastic materials remains poorly explored, and even less their
effects related to endocrine disruption in marine vertebrates. Awuchi
and Awuchi (2019) emphasized that endocrine disruption is a high
health risk and a physiological effect produced by phthalates. The
chemical characterization of the materials (Table S2) evidenced the
presence of compounds previously reported with estrogenic effects such
as the dibutyl phthalate (DBP) (Mu et al., 2018), the DEHP (Golshan
et al., 2015; Moche et al., 2021; Mu et al., 2018) and the Phthalic Acid
(Qiu et al., 2023). Although DiBP and DEHP are substances with con-
cerning effects on reproduction, our results do not allow us to relate the
effects in the estrogenic biomarkers with the quantified levels of these
leachable phthalates. The PHB, PLA and PBAT resins all showed quan-
tifiable levels of DEHP in their constitution. Even so, no significant al-
terations related to their estrogenic, steroid, or detoxification pathways
were elicited in fish larvae exposed to those resins. Our study does ev-
idence effects of primary leachates from commercial plastic bags on fish
larvae. Significant alterations in four biomarkers for xenoestrogens
(vtga, vtgab, zp2, and 2zp3) were produced by three of the six bags
leachates, all of those at the concentration of 10 g/L. These changes
include the induction of vtgab gene expression (LDPE and PE recycled
bags) and zp2 (LDPE bag). vtg and zp gene expression in C. variegatus
larvae is rapidly (24 h) upregulated by the estrogenic stimulus (Abril
et al., 2022). However these two bags that induced estrogenic bio-
markers, showed in the analyses lower levels of DEHP than the 100%
degradable bag, and similar to the Home-compostable 2 bag, and none
of those two bags significantly induced any of the four xenoestrogen
biomarkers here studied.

Similarly, among the materials with Phthalic Acid (PLA resin, In-
dustrial compostable bag, Home compostable bag 2, Recycled PE bag)
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the only response associated with an estrogenic effect was observed in
the Recycled PE bag. Industrial organic chemicals such as those present
in the materials tested are commonly manufactured as a mixture of
isomers often termed technical mixtures. However, different isomers of
the same molecule show different biological effects, since their affinity
to molecular receptors may be very different. This is very well known for
the differential endocrine disruption ability of 1,1,1-trichloro-2,2-bis(p-
chlorophenyl)ethane (DDT) isomers (Kelce et al., 1995) and non-
ylphenol isomers (De la Parra-Guerra and Acevedo-Barrios, 2023; Shioji
et al., 2006). The unknown composition of the materials tested in the
present study, and the isomerization changes that may take place during
leaching and incubation may contribute to explain the variability of the
biological responses here recorded.

Mechanistic studies focused on elucidating the regulation of the es-
trogenic process by different substances have concluded that whereas
the magnitude of the induction of genes as vtgs, chgs or ers is linked to the
affinity of the ligand; the estrogenic response of each gene/protein have
a particular chronology (Kim et al., 2018), that depends on functional
role of that molecule in the estrogenic process (Yost et al., 2014).
Additionally, contaminants that mimic estrogens and/or mix of them
will not exert the same affinity for linking domain, as the hormone.
These facts reinforce the importance of explore more than one
biomarker in ecotoxicological studies, and also explain the varied gene
expression patterns that are not the same for all the biomarkers.

Transcriptomic studies have evidenced that contaminants identified
as endocrine disruptors affect notably the lipidic metabolism (Kim et al.,
2018; Schiller et al., 2013). Indeed, Franzellitti et al. (2019) have
postulated that the effective concentrations of phthalates that generate
molecular responses related to alterations in lipid homeostasis are lower
than the ones required to induce estrogenic effects. Because of this, our
study also includes two biomarkers to explore the effects in the ste-
roidogenic pathway: star, and cyp19a2. StAR protein is the starting point
for the production of steroid hormones by delivering cholesterol within
the mitochondria (Stocco and Clark, 1996). On the other hand aroma-
tase (CYP19A2) is the enzyme responsible for the local biosynthesis of
estrogens in fish brain (Tchoudakova and Callard, 1998). Our results
demonstrated that leachates of five of the six tested bags alter the star
gene expression, even at concentrations of 1 g/L (New and stored In-
dustrial compostable bag, and both home compostable bags). The In-
dustrial compostable bag (new) leachate induced star and cyp19a2 at
both tested concentrations while the 100% degradable PE bag induced
the gene expression of cyp19a2 at 10 g/L. Conversely, 10 g/L leachates
from both Home-compostable bags, the Recycled PE bag, and the con-
ventional LDPE bag all down regulated the star gene expression, while in
addition leachates form the Home compostable bag 1 inhibited the gene
expression of cyp19a2 at both tested concentrations. Previous studies in
gold fish evidenced that “long term” exposures to DEHP (1 pg/L), have
inhibited the gene expression of star and cyp19a2, and also have reduced
sperm production and motility, without altering the vitellogenin pro-
duction (Golshan et al., 2015). Although the regulatory process of star
gene expression has not been completely elucidated, in the ovary of
adult female largemouth bass, exposure to estrogenic substances pro-
duces the inhibition of the star mRNA (Prucha et al., 2020). Stocco and
Clark (1996) postulated that the responses related to the availability of
cholesterol are quickly regulated and argue that the main responsible for
this process is the StAR protein. At this point it is necessary to highlight
that star was the biomarker most responsive to the plastic leachates, and
also alert about the possible effects of these by-products for the fish
steroid metabolism.

The main mechanism for detoxification is initiated by the activity of
the Cytochrome P450 (CYP) enzymes, with CYP1Al standing out as a
classic biomarker of exposure to aromatic organic pollutants in fish
(Esteves et al., 2021; Stegeman, 1993). Our results evidenced that
exposure to many of the tested leachates induced cypl1A1 gene expres-
sion, but this induction did not show a response proportionally linked to
the concentration tested. Surprisingly at 10 g/L, just three leachates
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(Home compostable, Stored industrial compostable and PE recycled
bag), produced the induction of cyplal. At 1 g/L four of the six tested
leachates produced alterations in the cypalal gene expression, being
induced by the Industrial compostable (new), LDPE, and Recycled PE
bags while inhibited by the Home compostable bag 2 leachate. Our re-
sults corroborate the ones reported by Qiu et al. (2023) in the medaka
larvae (Oryzias melastigma) where exposures to plastic leachates alter
the gene expression of cypla.

The 100 % degradable PE bag was the studied material with the
highest levels of DEHP in the composition. DEHP is one of the most
detected phthalates in seawater samples (Gunaalan et al., 2020) and also
in leachates of virgin plastics (Coffin et al., 2018). No significant alter-
ations in the gene expression of any of the studied biomarkers could be
verified in larvae exposed to the leachate from the 100% Degradable PE
bag, except for a slight induction of cyp19a2 (1.88x).

Even if additives in plastic leachates can be under the analytic
detection limits (Franzellitti et al., 2019), is necessary for future studies
to increase the efforts for the chemical characterization of additives, in
order to establish accurate cause-effect relationships.

There is little information regarding the effects generated by plastic
leachates in marine vertebrates through standardized methods (Barrick
et al., 2021; Qiu et al., 2023, 2022). In this sense, there is an urgency to
produce standardized and comparative protocols to evaluate the effects
of leachates, additives and MNPs in aquatic environments (Barrick et al.,
2021; Franzellitti et al., 2019). Our experimental design seeks to pro-
duce comparative information related to primary leachates of materials
that have been purposed as “environmentally friendly” alternatives
using standardized protocols (Abril et al., 2022; Almeda et al., 2023).
This approach aims to characterize the endocrine and toxicological
implications of leachates in marine vertebrates.

5. Conclusions

The alternative plastic bags tested in this study showed restricted
low-molecular weight phthalates and other toxic chemicals and thus
they do not improve chemical safety compared to traditional LDPE bags.
Most of these alternatives and their constitutive raw materials can
leachate chemicals into seawater previously characterized as endocrine
disruptors.

Because of the registered alterations in gene expression of genes
responsive to xenoestrogens (vtgc, vigab, zp3), alterations in steroido-
genesis (star and cyp19a2) and indicative of xenobiotic biotransforma-
tion (cyplal); we can conclude that these alternatives are not less
harmful for the marine fauna than the traditional LDPE bags.

The expression in 2-dph C. variegatus larvae of biomarker genes
significantly altered upon exposure to leachates of several plastic ma-
terials is a rapid and sensitive molecular tool that may be part of an a
priori scheme of assessment of plastic additives with similar function-
ality. This assessment would guide industry in the choice of the most
innocuous materials with the lowest risk to the marine environment.
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