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Abstract

Since plastics in the environment break down tollemaarticles, contain additives, trap
environmental pollutants and cross cell membratiese is growing concern about the
toxicological consequences for humans and vulnerafjliatic species. Recent studies have
shown the ability of plastic additives to disrupidative metabolism and cause damage to
macromolecules as part of their mechanism of aclibis article focuses on human and fish
cell models because they serve to unravel the mesrha of action of plastic additives and to
predict the consequences of exposure. In addisome in-vivo studies revealing the action
of plastics and its additives on oxidative stresmsameters in aquatic organisms are reviewed.
The selected works highlight an alteration of thédative stress balance as the accepted
mechanism of action of plastics and warn aboutnibgative consequences on humans and

wildlife.

Keywords: oxidative stress; plastic additives; human cells; fish; antioxidant enzymes



| ntroduction

Plastics have significantly improved human lifestylue to their low cost, multiple uses,
durability and lightweight. They contain complexxtoires of chemicals, including residual
or unreacted monomers, and different plastic adgitthat confer flexibility and strength to
polymers, and often make up a large proportionhef plastic product. The weak bond of
plastic additives to the polymers facilitates theansfer to food, liquids and the environment,
becoming global pollutants and causing significamiman and environmental concern.
Ingestion of contaminated food/beverages, inhalaind dermal absorption are the main
pathways of human exposure to plastic additiveg[B]. In the aquatic environment, plastics
break down into microplastics (< 5 mm) or nanoptas{<100 nm) and exert their toxicity
through disruption of cell membrane integrity. Egpee of aquatic organisms to plastic
polymers of different sizes and their role as easriof organic pollutants has been
extensively documented [4, 5, 6]. However, the ¢ceffects associated with exposure have
been less intensively investigated, with the exoepperhaps of their properties as endocrine
disruptors [7]. Recent studies show that plastius their additives cause oxidative stress in

both humans and aquatic species. This work comhikese evidences.

Toxicity of plasticizers asinducersof oxidative stressin human and fish models

Plasticizers are suspected of being toxic and natithgl or altering the lipid and endocrine

metabolism of exposed humans and wildlife. They carss the human placenta and reach
the fetus, and embryonic and fetal developmentcarssidered as particularly vulnerable

periods. Prenatal exposure to plasticizers has been linked to preterm delivery; oxidative stress

is a likely contributor to this event [8]. Fergusen al. [9] reported that 8-isoprostane, a



biomarker of oxidative stress, and di(2-ethylheplgthalate (DEHP) metabolites in urine of
pregnant women were associated to preterm birtle @rthe likely causes was oxidative
stress, which induced inflammation at the fetushapinterface, and this could lead to an
early rupture of membranes and initiation of patiam. In another study, Liu et al. [10]
showed that the levels of oxo-2’-deoxyguanosin®©BdG), an oxidative stress biomarker,
were positively correlated with urinary levels e$fthenol A (BPA) and derivatives, and with
body mass index, suggesting that high oxidativesstmay be associated with BPA exposure

and obesity.

While detecting biomarkers of oxidative stress asged with exposure to plastics represents
a useful approach, discriminating whether oxidatsteess is exclusively due to plastics
exposure is a difficult task, as human populatians exposed to complex mixtures of
compounds. However, by using cell based in-vitr@ags, plastic additives such as
phthalates, have been recognized as reprotoxiciratheters of oxidative stress. Table 1
shows an overview of oxidative stress effects cdumeplastic additives in human and fish
cells. An increase in the generation of reactivggex species (ROS) (up to 2.5-fold) was
detected in embryonic kidney cells HEK-293 exposed 00-400 uM DEHP [11], and an
even greater response (4-fold ROS induction) wasmed in pancreatig cells INS-1 [12].

In contrast, exposure to dimethyl phthalate (DMB9nzylbutyl phthalate (BBP), dibutyl
phthalate (DBP) or DEHP did not generate significagtotoxicity nor increased the
generation of ROS in human placental JEGells; the lack of response was partially
attributed to the low availability of the hydropholphthalates in the culture medium [13].
Similarly, Gutierrez-Garcia et al. [14] observedoww ROS induction (1.5-fold) in HepG2
cells exposed to the highly hydrophobic plasticideisononyl phthalate (DINP). Induction

of antioxidant enzymes occurs as an adaptive méahato the increased levels of ROS.



Thus, after exposure to DEHP, superoxide dismuf8&#D) and catalase (CAT) activities

increased significantly in embryonic kidney cell€Ki293, although this response was
insufficient to neutralize the excess of ROS [1f]contrast, SOD activity did not increase
but diminished in INS-1 and mouse NE-4C neural stetfs exposed to DEHP [12, 15]. A

bell-shaped response in SOD activity was obsemdtiman erythrocytes exposed to DMP,
and was attributed to overcompensation, free radicavenging, and impaired immune

function. Concomitantly, decreased CAT and glutatkiperoxidase (GPX) activities coupled
to an increase on glutathione (GSH) levels werdenged [16]. GSH is an important ROS
scavenger that was significantly depleted in IN&#l NE-4C cells after exposure to DEHP
[12, 15]. Additionally, GPX activity, which requseGSH to reduce hydrogen peroxide and

lipid hydroperoxides, decreased in NE-4C cells [15]

Oxidative stress can result in peroxidative damtageolyunsaturated fatty acids (PUFA) in
constitutive cellular lipids (Fig. 1). Consequentlgignificant increased levels of
malondialdehyde (MDA), a biomarker of lipid peroatthn, have been observed in NE-4C,
INS-1 and HEK-293 cells exposed to DEHP [11, 13, DEHP caused a significant increase
in DNA strand breaks and oxidative damage in paimel cells INS-1. Moreover,
mitochondrial dysfunction and damage of lysosomahtiranes could lead to increased ROS
formation after DEHP exposure [12]. Phthalate malitds also triggered the generation of

ROS, an up-regulation of oxidative stress-respa@genes and DNA damage [17, 18].

Comparatively, fish cell lines are more sensitikart human cell models to oxidative stress
induced by phthalates. DBP and DEHP led to sigamfianduction of ROS ifPoeciliopsis

lucida hepatoma (PLHC-1) and zebrafish liver (ZFL) cétflek (Pérez-Albaladejo et al.,



unpublished results). Similarlypicentrarchus labrax embryonic cells showed DNA strand

breaks due to oxidative damage upon DEHP expod@ie [

In addition to phthalates, bisphenol A (BPA) haerbeeported to induce ROS in human
erythrocytes, L-02 hepatocytes, placental and erdaah stromal cells [20, 13, 21, 22]. BPA
exposure generated ROS with decreased expressi@ntmixidant enzymes and an up-
regulation of inflammatory cytokine expression awdrogen receptor ER4n endometrial
stromal cells, suggesting a relationship betwegmosure to BPA and endometrial-related
disorders. When cells were treated with an &ERhibitor, most of these responses were
reversed, which is indicative of a key role of ERn the oxidative stress process [21].
Similarly, BPA inhibited P450 aromatase activitydamduced ROS production in human
placenta JEG-3 cells [13]. Regarding to BPA denvest, recent studies showed a higher
toxicity, endocrine and lipid disruption potentaf bisphenol A diglycidyl ether (BADGE),
and other derivatives in comparison to BPA. Howe\BADGE and derivatives weakly

induced the generation of ROS in human placenta [&4].

Due to the unwanted effects of BPA, the use ofrdiive analogs, presumably safer than
BPA, has increased in the last years. Bisphen8HF}, bisphenol S (BPS) and bisphenol AF
(BPAF) are among the most used BPA substitutefiofitih, BPS has shown low oxidative
potential in comparison with other bisphenols, ¢hiergrowing evidence that BPF and BPAF
are no safer than BPA [20, 24]. Thus, despiteatsel cytotoxicity, BPF exhibited higher

ability to generate ROS (up to 5-fold inductionathBPA (2-fold) in fish liver PLHC-1 cells,

and lead to significant alterations in the celfsdomics profile, which consisted mainly in a
significant depletion of different polyunsaturatgads, presumably oxidized by ROS (Pérez-

Albaladejo et al., unpublished results). Macroplsagethe freshwater fisRyprinus carpio



were also sensitive to BPS, which induced ROS mtolu and a deregulation of genes
involved in oxidative stress, although no lipid @adation occurred. Modulation of the
PPARy signaling pathway by rosiglitazone, reduced ROB8n&iion in fish macrophages
exposed to BPS, suggesting the involvement of BPAR the oxidative stress and
inflammatory processes induced by BPS [25, 26]cdntrast, neither BPA, BPS, BPF nor
BPAF dysregulated the expressions of antioxidaatymes GPX, GSR, SOD1A, CAT) in
human HepG2 cells, which resulted less sensitivan tiish cells [27]. Given that
concentrations of BPA, BPS and BPF in the ng/L gglnmange have been reported in aquatic
environments [28], the potential risks to fish speahronically exposed to these chemicals

can be significant.

Alkylphenols (APs) are another group of plastic iades often present in herbicides,
cosmetics, resins and detergents, with estrogentenpal and ability to induce the generation
of ROS. Octyl- (OP) and nonylphenol (NP) inducedSRgeneration up to 4-fold in human
placental JEG-3 cells, while heptylphenol (HP) @ased ROS production up to 40-fold [29].
Consequently, placental cells exposed to HP digplay lipid signature reflecting oxidative
stress (Figure 1). Oxidative stress and signifidigand peroxidation were common responses
of fish liver cells and spermatozoa exposed to 8(F B1]. As with the other plasticizers, the
endocrine-disruptive action of NP in catfish ocedrthrough ROS formation and oxidative

damage [32].

Evidences of oxidative stressin the aquatic environment



Oxidative stress responses induced by plasticinax®e been detected in aquatic systems
along the trophic web, from microalgae and zooptamkto filter feeders and predators
alongside the trophic web, the final consumers. (Rugnans) being susceptible to higher
exposures [33, 34]. The consequences of exposupkastic additives on key organisms in
the marine trophic chain are of utmost importamoenfan ecological, economical and health

perspective, since many of these additives cardosferred through the food chain [7].

Laboratory exposures to plasticizers have mostlgused in freshwater models. The
cladoceranDaphnia magna and zebrafish (fanio rerio) were selected to evaluate the
oxidative stress consequences of exposure to DEldReached 3D printed plastic [35, 36].
Adult carps C. carpio) exposed to 0.1-1000 ug/L BPA for 30-days suffesadincrease of
lipid peroxidation, while antioxidant defenses @&sed in a dose dependent manner [37]. A
similar study, but lasting for 60-days, revealedomparable oxidative stress response when
fish were exposed to the BPA analog, BPF [38]. fideetilapia,Oreochromis niloticus, was
used to show interactive effects of polystyrene) (R&roplastics and other pollutants. Thus,
microplastics increased the bioaccumulation ofahigbiotic roxithromycin (ROX) in tilapia,
but mitigated the neurotoxicity and oxidative damagqused by ROX [39]. In the aquatic
realm, the trophic chain transfer of plastics dmertassociated additives, and the consequent
generation of an oxidative stress condition, cderahe ecosystem’s balance and pose a
threat to final consumers. Table 2 lists a selactibstudies showing oxidative stress effects

on fish after exposure to microplastics and plaatiditives.

In the marine environment, oxidative stress resg®n® plastics and/or plasticizers,
individually or as a mixture, have been documemtgarimary producers as microalgae [40],

but also in zooplankton constituents [41]. Coralsystems are of particular concern due to



their fragility to anthropogenic stressors [42].arger invertebrate species, such as the
crustaceanArtemia franciscana, were selected to test PS toxicity over oxidatsteess
parameters after short (48 h) and long term (14 dagosures [43]. Filter feeding bivalves,
such as the mussklytilus galloprovincialis, were the sentinel species selected to assess ROS
formation in hemocytes after exposure to the orghnephate flame retardant tris-(1-chloro-
2-propyl) phosphate (TCPP) used as plastic add[d4. Among marine vertebrates, the
toxicity of microplastics alone and combined withg Hvas investigated in sea bass -
Dicentrarchus labrax- juveniles. Microplastics likely adsorbed mercdirgm the water and
influenced its bioaccumulation, and both, mercung anicroplastics caused neurotoxicity,
oxidative stress and lipid peroxidation [45]. Anathfish of commercial interest, the sea
bream Sparus aurata- was considered for assessing the toxicity of D{lBubstitute of the
toxic phthalate, DEHP) in a 21-day diet exposurdictv revealed an upregulation of
oxidative stress related genes [46]. Under a meaéstic scenario, microplastics occurrence
in the digestive tract and oxidative stress pararsah the liver were reported in the striped
red mullet Mullus surmuletus from Mediterranean fishing grounds [47]. The fish
Pomatoschistus microps was the model selected to predict the consequeriaqagcroplastics
and antibiotics co-exposure and temperature ri8g Ekylphenols (OP and NP) have been
described to cause an oxidative stress conditioa iwide range of exposed biota, from

microalgae to fish [49, 50].

Conclusion

Studies conducted in the past two years show tmeof the currently used plastic additives

induce significant oxidative stress responses imdru cells at concentrations that are likely



to occur in daily exposures. Although the use ainlno cohorts for the study of oxidative
effects due to exposure to plastics is a usefutagm, alternative in vitro methods with
human cells models provide evidence of the mechawoisaction of individual compounds.
Similarly, the use of fish cell lines, which arensalered even more sensitive to plastic
additives than human ones, represents a valuablefdo detecting oxidative stress and
predicting the risk of these compounds to aquatimé. However, in vitro systems still have
some limitations to overcome, mainly related to tbes solubility and availability of
hydrophobic chemicals in the culture medium, theveo prevalence of cell to cell
communication, the lower differentiation and thghar proliferation rate of cultured cells
compared to cells in tissues and organs. Thudymexposures to aquatic organisms are still
needed to corroborate whether microplastics anuéstic additives could pose a threat from

an ecological and human health perspective.
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Table 1. Overview of oxidative stress effects cdusgplastic additives in human and fish cell msdel

Compound Exposure In-vitro model Response References
Phthalates
DEHP 5-500 uM Placental choriocarcinoma (JEG-3) Induction of ROS in HEK-293, INS-1, PLHC-1 and ZFL, but not in JEG-3 cells [11,12,13,19]
Embryonic kidney cells (HEK-293) Alteration of SOD activity and lipid peroxidation (HEK-293, INS-1)
Pancreatic B cells (INS-1) Increase of CAT activity (HEK-293)
Dicentrarchus labrax embryonic cell line (DLEC) Depletion of GSH levels, lysosomal membrane alteration and mitochondrial
Poeciliopsis lucida hepatome (PLHC-1) dysfunction (INS-1)
Zebrafish liver cell line (ZFL) DNA oxidative damage (INS-1, DLEC)
DMP 5-500 uM JEG-3 Increase of SOD activity and GSH levels, decrease of GPX and CAT activities, and lipid [16, 29]
Erythrocytes peroxidation (erythrocytes)
No significant oxidative responses in JEG-3 cells at 500 uM
BBP 500 uM JEG-3 Induction of ROS by DBP in fish cells (PLHC-1, ZFL) [29]
DBP PLHC-1 No significant ROS generation in JEG-3 cells
ZFL
DiNP 238 uM Hepatocytes HepG2 Induction of ROS [14]
Bisphenols
BPA 0.004-2000 uMm Erythrocytes Induction of ROS [20, 21, 22, 24, 27, 29, 35]
Peripheral blood mononuclear cells (PBMC) Lipid peroxidation, decreased GSH levels and CAT, SOD and GPX activities
JEG-3 (erythrocytes)
Endometrial stromal cells (ESCells) Strong oxidative damage to DNA pyrimidines and purines (PBMC)
HepG2 Down-regulation of SOD and HO, but not GPX (ESCells)
Hepatocytes L-02 No significant differences in the expression of GPX1, GSR, SOD1A, but up-regulation
Cortical neurons (hCN) of GCLC (HepG2)
PLHC-1 Deregulation of CAT activity (L-02 cells)
ZFL Deregulation of the expression of GSS and CAT genes (hCN)
BPF 0.004-2000 um Erythrocytes Induction of ROS [20, 24, 27]
BPAF PBMC Lipid peroxidation and decreased GSH levels and SOD activity (erythrocytes)
HepG2 Decreased CAT and GPX by BPF, but BPAF did not (erythrocytes)
PLHC-1 DNA oxidation (PBMC)
ZFL No significant differences in the expression of GPX1, GSR, SOD1A and GCLC (HepG2)
BPS 0.004-2000 uMm Erythrocytes Induction of ROS [20, 24, 25, 26, 27]
PBMC Decreased GPX (erythrocytes)
HepG2 DNA oxidation (PBMC)

Macrophages of Cyprinus carpio

No significant differences in the expression of GPX1, GSR, SOD1A and GCLC (HepG2)
No lipid peroxidation, but deregulation of oxidative stress involved genes in fish
macrophages




BADGE
BADGE-2H20

Alkylphenols
HP
OopP
NP

5-500 pM

1-40 pM

JEG-3
PLHC-1
ZFL

JEG-3

HepG2

Fish hepatocytes (Epinephelus coioides)
Fish spermatozoa ( Acipenser ruthenus)

Low or no induction of ROS, except in PLHC-1 (2-fold induction)

OP and NP induced ROS generation (JEG-3, HepG2)

HP induced ROS up to 43-fold, which led to lipidic changes in JEG-3

NP induced lipid peroxidation, alteration of antioxidant enzymes and/or loss of
membrane integrity in fish cells

(23]

[13, 29, 29, 30, 31]




Table 2. Selection of studies showing oxidativessreffects in fish after exposure to microplasiid plastic additives.

Compound Dose Fish model Response References
Microplastics
Commercial microplastics 0.26 & 0.69 mg/L Juvenile Dicentrarchus labrax Increase muscle and brain LPO at high dose ~ [45]
Environmental microplastics - Wild Mullus surmuletus from Balearic coast (Spain). 27% of 417 collected fish contained [47]
microplastics in their stomach.
No evidences of oxidative stress in liver,
induction of glutathione S-transferase
(GST)
Polystyrene microplastics 100-400 pum rainbow trout (Oncorhynchus mykiss) Small changes on gene expression and [50]
activities of antioxidant enzymes and
muscle LPO
Polyethylene microspheres 150-180 pm 50 - 250 mg/L Sheepshead minnow (Cyprinodon variegatus) Alteration of ROS key related genes Catand  [51]
Sod3
Polystyrene microspheres 5 pym 0.050 - 0.5 mg/L Zebrafish (Danio rerio) Increase SOD and CAT activities [52]
Phthalates
DiNP 15 & 1500 pg/kg bw/day gilthead seabream (Sparus aurata) Upregulation of mRNA g6pdh, glut red, [46]
gpx1 and CAT activity at higher dose
DEHP 20-200 pg/L Medaka fish larva (Oryzias latipes) Suppression of the expression of SOD, CAT, [53]
GPX, GST, PPARa, RXRa
Alteration of fish growth and locomotion
partially through oxidative stress pathway
Bisphenols
BPA 1-1000 pg/L Juvenile common carp (Cyprinus carpio) Lipid peroxidation [38, 54,57]
Nile tilapia (Oreochromis nilotocus) Inhibition of SOD and CAT in C. carpio, but
Zebrafish embryos (D. rerio) increased in O. nilotocus
Decrease of GPX and GST in O. nilotocus
Increase of SOD, ROS levels and expression
of related genes in zebrafish embryos
BPF 1-1000 pg/L Juvenile common carp (C. carpio) Lipid peroxidation [38,57]

Zebrafish embryos (D. rerio)

No alterations in SOD and CAT activities
were detected in C. carpio, but up-



BPS

BPA, BPF, BPS

Alkylphenols
NP

100-1000 pg/L

0.1-10 pg/L

50-100 pg/L

Zebrafish embryos (D. rerio)

Zebrafish (D. rerio) F1 larvae, after parental exposure

Nile tilapia (0. nilotocus)
Catfish (Clarias gariepinus)

regulation of OE-related genes

Increase of SOD, CAT, ROS levels and
expression of related genes in zebrafish
embryos

ROS production

Lipid peroxidation

Increase of SOD and CAT
Up-regulation of OE-related genes

GPX was not changed
Decrease CAT (BPA and BPS) and SOD
activities

Lipid peroxidation
Disruption of CAT, SOD, GPX

Increase of E2 (estrogenic) and decrease of

T in catfish

[57]

[55]

(32]
[56]



Fig. 1. (A) Heptylphenol significantly induced tlgeneration of reactive oxygen species (up
to 43-fold at 40 pM) in human placenta JEG-3 cellsl consequently, (B) an inhibition of
P450 aromatase activity was observed, together \{@h a significant depletion of
polyunsaturated phospholipids (phosphatidylcholifi®S), phosphatidylethanolamines (PE),
plasmanyl and plasmenyl -PCs and -PEs (PC-P, PEBE2R)), and triacylglycerols (TG).
TGs act as cell depots of polyunsaturated fatty acids; the hydrolysis of TGs will provide fatty
acids to replace damaged/oxidized lipids. The fimant depletion of highly unsaturated
phospholipids may result in a decrease of cell mamb fluidity, imperfect packing of the
lipid bilayer and alter ion transport, signal trdastion and cell integrity. Adapted from

Pérez-Albaladejo et al. [29].
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