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• Plastic particles remained gathered in the
chorion of the embryos.

• Microplastics avoid the entrance of both
contaminants into the embryo.

• Contaminants' toxicity was mitigated by
the presence of microplastics.

• Microplastics prompted the generation of
body malformations in the embryos.
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Microplastics (MPs) alonemay endanger the health and fitness of aquatic species through different mechanisms. How-
ever, the harmful effects of these when mixed with other emerging contaminants require additional research. Herein,
we aimed to determine whether a mixture of MPs with metformin (MET) or guanylurea (GUA) might induce
embryotoxicity and oxidative stress in Danio rerio. Upon exposure to mixtures, our results showed MPs reduced the
mortality rate of MET and GUA in embryos. Moreover, the severity and the rate of malformations were also decreased
in all mixtures with MPs. Concerning oxidative stress, our findings indicated MET, GUA, MPs, and the mixtures in-
creased the levels of lipoperoxidation, hydroperoxide content, and protein carbonyl content in D. rerio larvae. How-
ever, the oxidative damage induced in all mixtures was lower than that produced by both drugs alone. Thus, it is
likely that the accumulation of MPs avoided the entrance of MET and GUA into the embryos. Once the embryo
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hatched, MPs did only remain accumulated in the yolk sac of larvae and did not translocate to other organs. Our risk
assessment analysis confirmed thatMPs shrunk the damage produced byMET andGUA. In a nutshell, MPsmitigate the
embryotoxic damage of metformin and guanylurea in D. rerio by blocking their entrance.
1. Introduction

Metformin (MET) is the main-oral drug for the treatment of type two di-
abetes (Foretz et al., 2019). However, in the last decade, its therapeutic
usage has been expanded to treat other diseases such as cancer, epilepsy,
COVID-19, and polycystic ovary syndrome (Saraei et al., 2019;
Vazifehkhah et al., 2020; Bramante et al., 2021). As a result of the above,
the consumption of MET has increased considerably in the last decade,
and thus, this drug has reached and polluted multiple sources of water
(Elizalde-Velázquez and Gómez-Oliván, 2020).

Previous to the discharge of MET into worldwide surface waters, this
drug enters wastewater treatment plants (WWTPs), where it is bio-
transformed into guanylurea (GUA) (Trautwein et al., 2014; Briones
et al., 2018; Poursat et al., 2019). GUA is the main transformation product
of the biotic degradation of MET, and it occurs in higher concentrations in
surfacewaters than the parental drug. Up to date, authors have reported the
occurrence of MET inWWTPs effluents (0.0075–82.7 μg/L), surface waters
(0.0002–33.6 μg/L), groundwater (0.01–107 μg/L), and drinking water
(0.001–0.008 μg/L) (Kot-Wasik et al., 2016; Meador et al., 2016; Elliott
et al., 2017, Asghar et al., 2018; Lesser et al., 2018). However, the scientific
community has only assessed the presence of GUA in WWTPs effluents
(0.02–810 μg/L) and surface waters (0.001–222 μg/L) (Kosma et al.,
2015; Tisler& Zwiener, 2018; Posselt et al., 2018). Thus, we encourage fu-
ture studies to ascertain the levels of GUA in other water matrices. Besides
its higher occurrence in water settings, GUA also generates a more harmful
and lethal response in aquatic organisms. Several authors, for instance,
have reported that MET and GUA produce oxidative stress (Lee et al.,
2019), embryotoxicity (Ussery et al., 2018;Ussery et al., 2019; Elizalde-
Velázquez et al., 2021a; Elizalde-Velázquez et al., 2021b), genotoxicity
(Ussery et al., 2021), and neurotoxicity (Elizalde-Velázquez et al., 2022a)
in fish, but the metabolite prompts them at lower concentrations.

Microplastics (MPs) are defined as plastics of <0.2 in. (<5 mm) and are
classified into two categories: primary and secondary (Iyare et al., 2020).
Primary MPs are those designed for commercial use, such as the
microbeads added to cosmetics and the microfibers shed from clothing
and other textiles (Chang, 2015). Secondary MPs are the ones that end up
in the environment as a result of the breakdown of larger plastics, such as
water bottles (Vega et al., 2021). MPs concentrations range from near 0
to 5.4 × 105 particles/m3 in surface, sub-surface, and deep freshwater
(Lu et al., 2021a, 2021b) and from about 1 to 2.4 × 106 particles/m3

along the seawater column (Ricciardi et al., 2021). Moreover, these
emerging contaminants have been detected in lake and river sediments (1
to 9.5 × 104 particles/m3), deep-sea sediments (0.6 to 6.6 × 104

particles/kg), sea-ice (2 to 17 particles/L), sea-food (0.03 to 21 items/indi-
vidual), and drinking water (0.1 to 6.3× 103 particles/L) (Lu et al., 2021a,
2021b; Bessa et al., 2018; Giani et al., 2019; Savoca et al., 2019; Kanhai
et al., 2020; Elizalde-Velázquez and Gómez-Oliván, 2021; Piyawardhana
et al., 2022). Therefore, MPs may pose real harm to aquatic organisms
and human beings.

Currently, it is well known that MPs generate a lethargic swimming and
feeding behavior, oxidative stress, histopathological damage, biochemical
and hematological disruption, and embryotoxicity in nematodes, mussels,
and fish (Chen et al., 2017; Lei et al., 2018a, 2018b; Yin et al., 2018; Lu
et al., 2018; Yu et al., 2018; Elizalde-Velázquez et al., 2020; Li et al.,
2020; Yin et al., 2020; Solomando et al., 2020; Rios-Fuster et al., 2021).
Nonetheless, it is paramount to indicate that the effects of MPs depend
upon the interaction of them with concurrent pollutants, and the dose-
response relationships are altered by interacting pollutants (Agathokleous
et al., 2021). For example, a huge number of articles have shown that
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MPs can increase the toxicity of various other emerging contaminants
such as bisphenol A, herbicides, heavy metals, hydrocarbons, and
polybrominated diphenyl ethers in various aquatic organisms (Bussolaro
et al., 2019; Gu et al., 2020; Liu and Wang, 2020; Qiao et al., 2019;
Zocchi and Sommaruga, 2019). However, several other studies have
indicated that either MPs do not significantly affect the toxicity of other
pollutants, or reduce the harmfulness of various hydrocarbons, metals,
ions, organic pollutants, and pesticides in fresh- and sea-water organisms
(Horton et al., 2018; Magara et al., 2019; Ziajahromi et al., 2019;
Bartonitz et al., 2020; Sun et al., 2020; Tang et al., 2020; Zhu et al.,
2020). The reasons by which co-exposure of MPs and other pollutants
can generate antagonism include: 1) adsorption of contaminants onto
MPs, 2) adherence of MPs to the cell surface, 3) MPs homo- and hetero- ag-
gregation, 4) chelating capacity of MPs against some heavy metals (Sun
et al., 2020; Thiagarajan et al., 2019; Wakkaf et al., 2020; Zhu et al.,
2020; Ziajahromi et al., 2019).

Bearing inmind all the above data, and considering that no studies have
evaluated the effects that co-exposure of MPs and MET or GUAmay induce
in fish, herein, we aimed to determine whether or not MPs may increase or
decrease the toxicity of MET and GUA in D. rerio. For this purpose, we ex-
posed D. rerio embryos to several concentrations of MET, GUA, MPs, and
their mixtures and evaluated the mortality, malformations, and degree of
oxidative damage these pollutants, alone and in combination, may generate
in zebrafish embryos.
2. Method

2.1. Ethical statement

All methods and techniques described herein were approved by The
Ethics and Research Committee of the Autonomous University of the
State of Mexico (approval ID: 2021-135).
2.2. Compounds

Polystyrene microplastics (CAS number: 9003-53-6) and Fluorescent
Polystyrene microplastics were purchased from Spherotech (Lake Forest,
IL). Metformin hydrochloride (CAS number: 1115-70-4) was purchased
from Toronto Research Chemicals (Toronto, ON). N-Guanylurea sulfate
salt hydrate (CAS number: 207300-86-5) and all other reagents were ac-
quired from Sigma-Aldrich (St. Louis, MO).
2.3. Confocal Laser Scanning Microscopy (CLSM)

For the study of polystyrene beads (PB) without fluorescence compo-
sition and yellow beads (YB) with noticeable fluorescence, an inverted
confocal laser scanning microscope (CLSM) was used (LSM 880, Carl
Zeiss, Germany). Samples were observed using a 63 × 1.4 Zeiss Plan
Apochromat oil-immersion DIC M27 objective under the same method-
ology. A procedure based on two separated channels with a 405 nm
laser for fluorescence microscopy and light transmitted microscopy for
contrast observation was used. Images were acquired in a size of
2048 × 2048 pixels and stored in TIFF format. The particle size of PB
and YB was evaluated by means of ImageJ software version 1.47
(http://imagej.nih.gov; National Institute of Health, Bethesda, MD,
USA). Each particle was measured using the length tool of the software
and the collected data was using for comparison.

http://imagej.nih.gov


Table 2
Treatment groups evaluated herein.

Treatment Concentration

Control 0 μg/L
MET 1 1 μg/L
MET 2 40 μg/L
GUA 1 25 μg/L
GUA 2 200 μg/L
MPs 1 25 particles/L
MPs 2 50 particles/L
MPs 3 75 particles/L
MET 2 + MPs 1 40 μg/L + 25 particles/L
MET 2 + MPs 2 40 μg/L + 50 particles/L
MET 3 + MPs 3 40 μg/L + 75 particles/L
GUA 2 + MPs 1 200 μg/L + 25 particles/L
GUA 2 + MPs 2 200 μg/L + 50 particles/L
GUA 2 + MPs3 200 μg/L + 75 particles/L
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2.4. Atomic Force Microscopy (AFM)

For AFM analysis, an Innova AFM was used (Veeco Instruments Inc.,
USA) to evaluate and compare the size of polystyrene beads (PB) and yel-
low beads (YB). Solutions with samples were deposited in glass slides and
mounted onto an AFM stub with carbon tape for both samples. 2D and
3D height images were obtained in contact mode in air at ambient temper-
ature using a DNP-10 tip and scan rate of 1 Hz. Image analysis was evalu-
ated using the NanoScope Analysis v1.4 software(Bruker, USA). 2D
height images were analyzed with a flattened at 0 order and the data
scale was also manually adjusted according to the color bars presented in
each image. All sample images were acquired in a scan size of 5 μm and
values of each particle were measured using the sectioning tool in the soft-
ware.

2.5. D. rerio upkeep

Several AB strain D. rerio adults (483 ± 10 mg, 3.5 ± 0.2 cm) were
maintained in two aquaria of 50 L capacity provided with charcoal-
filtered and UV-sterilized tap water. Male and female fish were kept in dif-
ferent aquaria, and each aquarium upheld the same temperature and light/
dark cycles (27±1 °C; 14 h:10 h ratio). Feedingwas performed two times a
day with Artemia salina nauplii. Water from each aquarium was renewed
every other day, and quality parameters were ascertained before the resto-
ration of the medium (Table 1).

2.6. Collection and exposure of D. rerio embryos

One night before spawning, 24 zebrafish adults were placed in four in-
dividual breeding chambers on a ratio of 2:1 (2 female:1 male). The next
morning, after the onset of light, embryos were collected and rinsed accord-
ing to the protocols of Varga, 2011. By using a stereomicroscope (Zeiss
Stemi 305) and following the protocols of Kimmel et al., 1995, embryos
were classified, and only sphere stage embryos (4 hpf) were selected for
exposure.

To carry out the embryotoxicity test, 72 sphere stage embryos per group
of treatment (Table 2) were selected an allocated into 24-well plates. One
embryo was assigned to each well; thus, a total of three 24-well plates
were used for each treatment group. All concentrations used here are envi-
ronmentally relevant as they have been previously reported inwater bodies
(Kosma et al., 2015; Kot-Wasik et al., 2016; Meador et al., 2016; Elliott
et al., 2017, Asghar et al., 2018; Lesser et al., 2018; Tisler & Zwiener,
2018; Posselt et al., 2018; Elizalde-Velázquez and Gómez-Oliván, 2020;
Lu et al., 2021a, 2021b; Elizalde-Velázquez and Gómez-Oliván, 2021). All
plates were kept at the same temperature (27 ± 1 °C) and light/dark
(14 h:10 h ratio) conditions. All along the course of the exposure (12, 24,
48, 72, and 96 hpf), we reckon the number of dead andmalformed embryos
and calculated their rates. The malformation rate was set as the percentage
of embryos with at least one deformation compared to the control group. A
maximum-likelihood linear regression analysis was performedwithmortal-
ity data to determine lethal concentration 50 (LC50) and effective concen-
tration 50 of malformations (EC50m) with their 95 % confidence intervals
(p < 0.05). Finally, using IBM SPSS Statistics 22 software, we carried out a
plot with main alterations induced by each treatment group.
Table 1
Water quality parameters ascertained during the maintenance and re-
production of D. rerio.

Parameter Value

Conductivity 370 ± 25 μS/cm
Dissolved Oxygen 9.5 ± 0.7 mg/L
Nitrite 0.026 ± 0.007 mg/L
Nitrate 2.5 ± 0.4 mg/L
pH 7.32 ± 0.08
Un-ionized ammonia 0.010 ± 0.002 mg/L
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2.7. Oxidative stress assessment

For evaluation of oxidative stress biomarkers, fourteen systems, each
with 1 g of sphere stage embryos, were allocated in aquaria of 5 L of capac-
ity. Each of the fourteen systems represented each of the treatment groups
used herein (Table 2). For all systems, temperature (27 ± 1 °C) and light/
dark cycles (14 h:10 h ratio) were upheld without change during exposure.
As at 72 hpf and 96 hpf, the antioxidant system of embryos is already work-
ing, we opted to assess the oxidative damage induced by each treatment
group at those periods. Thus, half of the embryos in each aquarium were
used at 72 hpf and the other half at 96 hpf. Embryos collected at 72 hpf
and 96 hpf were treated according to the method of Elizalde-Velázquez
et al., 2021a, 2021b. Briefly, embryos were homogenized in 1 mL of phos-
phate buffer solution (pH 7.4), and homogenate was split into two
Eppendorf tubes. One of the tubes confined 300 μL of trichloroacetic acid
(20%) and 300 μL of homogenate (tube 1), and the other one only enclosed
700 μL of the latter (tube 2). For assessment of hydroperoxide content (HP),
lipid peroxidation (LPO), and protein carbonyl content (PC), we used tube 1
and stuck to the methods described by Jiang et al., 1992, Buege and Aust,
1978, and Levine et al., 1994, respectively. Moreover, for the quantification
of catalase (CAT) and superoxide dismutase (SOD), we employed the tube
two and followed the techniques described by Radi et al., 1991, and
Misra and Fridovich, 1972, respectively. The total protein content of each
sample was determined through the Bradford method (Bradford, 1976)
and used to express the results of oxidative stress biomarkers. For an in-
depth description of themethods employed, see Table 1S in the supplemen-
tary material.
2.8. Compounds determination

MET and GUA concentrations were determined in water and embryos.
Water samples were collected from both embryotoxicity test and oxidative
stress experiment using the method described by Elizalde-Velázquez et al.,
2021a, 2021b. Briefly, 140 μL of water from each of the 72 wells from each
treatment group were collected and pooled to get a 10 mL sample for the
embryotoxicity test. In the case of the oxidative stress experiment, 10 mL
of water were directly collected from each of the fourteen formed systems.
For both tests, samples were taken up at 0 and 96 hpf. Embryos from both
experiments were taken up at the same endpoints as water samples and
were treated following the procedure described by Łabuzek et al., 2010.
Concisely, the homogenate was deproteinized with 400 μL of acetonitrile
and 500 μL of MeOH added with 57 μmol/L of internal standard. It was
then sieved using a 10 μm strainer and evaporated to dryness at 45 °C
under a nitrogen stream.Next, we dissolved the sampleswith 100 μL ofmo-
bile phase and centrifuged them at 16000g for 15 min. Quantification was
performed on an Agilent 1260 HPLC system coupled to an API 5500 Qtrap
MS equipped with a Turbo V Ion spray source. Parameters of positive ESI
were adjusted to the following conditions: ion source temperature 550 °C;



Fig. 1. CLSM images for polystyrene beads (PB) and yellow beads (YB), using a laser of 405 nm (a, c) and a light transmitted microscope (b, d). Sizes for particles are showed
as insets in the images (I). Height images in 2D and 3D for polystyrene beads (a, b) and yellow beads (c, d), respectively (II).
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collision gas: medium; ion spay voltage 4.5 kV; turbo gas 448 kPa; curtain
gas 172 kPa; and nebulizer gas 310 kPa. Nitrogen was used as collision
gas and desolvation nebulizer. An Xbridge Phenyl column (150 mm ×
2.1 mm, particle size 3.5 μm) and a mobile phase consisting of water with
5mM ammonium formate as eluent A andMeOH 100%with 5mMammo-
nium formate as eluent B were used to achieve separation. The injection
volume was 50 μL and the rate was 100 μL/min. Data were evaluated
with Analyst 1.6 software.

2.9. Statistical analysis

Results from all tests were uttered as the mean ± standard deviation
(SD). A Shapiro-Wilk test was performed to evaluate the normality of
data. Differences between means were ascertained by carrying out a Stu-
dent Newman Keuls test. Moreover, differences between treatment groups
and time endpoints were assessed through a two-way ANOVA test. By
using R software, a principal component analysis was done to determine
the correlation between variables. Using each treatment group's frequency
of malformations and mortality, we performed a chi-square test to deter-
mine the relative risk of compounds alone and the mixtures. Results from
compounds alone were used as the reference group for the chi-square test
(PASW 18).

3. Results

3.1. CLSM and AFM images

Through CLSM, we observed MPs and confirmed the fluorescence of
yellow beads. Moreover, according to our CLSM analysis, polystyrene and
yellow beads reached a mean diameter of 1.144 ± 0.088 and 1.278 ±
Fig. 2. Incidence of MPs in D. rerio embryos. Arrowheads indicate the spots where MP
necessary to zoom in on the photos.
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0.142 μm, respectively (Fig. 1I). By AFM, we confirmed the bead shape of
MPs. Unlike CLSM, our results of AFM indicated that the mean diameter
of non-fluorescent and fluorescent were 1.132 ± 0.061 and 1.263 ±
0.130 μm, respectively (Fig. 1II). In both cases, the diameter of MPs re-
ported by the manufacturer agrees with the ones reported herein.

3.2. Rate of MPs in D. rerio embryos

MPs did not cross the chorion of embryos; instead, these remained gath-
ered on the surface (Fig. 2). Moreover, as the concentration of MPs in-
creased, the higher the number of particles accumulated on the chorion.
Once the embryos hatched, MPs only gathered on the yolk of fish and did
not distribute to other organs. Negative control did not show any presence
of MPs neither around the chorion nor in the yolk sac of embryos. Overall,
embryos exposed to each of the treatment groups showed a much lower oc-
currence of MPs in the chorion and yolk sac of embryos regarding the pos-
itive control.

3.3. MET and GUA quantification

Concentrations of MET and GUA in the control and MPs groups re-
mained below the limit of quantification in water gathered from both ex-
periments and in embryos collected from oxidative stress experiments
(Table 3). Overall, the concentration of MET and GUA in their respective
individual treatment groups' water samples decreased between 15.6 and
18.8% compared to the nominal concentration. However, for the mixtures,
concentrations of both drugs only decreased between 13.7 and 15.7% com-
pared to the nominal concentration. Thus, we suggest MPs gathering in the
chorion might reduce the absorption of MET and GUA into the embryos.
The above mentioned agreed with our quantification of MET and GUA in
s accumulated in a higher proportion. To better appreciate the presence of MPs is



Table 3
MET and GUA levels in water and embryos.

Matrix Treatment Nominal concentration Real concentration (0 hpf) Real concentration (96 hpf)

Water
F.E.T.

Control 0 μg/L <LOQ <LOQ
MET 1 1 μg/L 0.98 ± 0.05 μg/L 0.83 ± 0.06 μg/L
MET 2 40 μg/L 39.89 ± 0.27 μg/L 32.81 ± 0.35 μg/L
GUA 1 25 μg/L 24.91 ± 0.23 μg/L 21.47 ± 0.29 μg/L
GUA 2 200 μg/L 198.97 ± 1.37 μg/L 164.90 ± 2.12 μg/L
MPs 1 25 particles/L <LOQ <LOQ
MPs 2 50 particles/L <LOQ <LOQ
MPs 3 75 particles/L <LOQ <LOQ
MET 2 + MPs 1 40 μg/L + 25 particles/L 39.85 ± 0.19 μg/L 36.06 ± 0.21 μg/L
MET 2 + MPs 2 40 μg/L + 50 particles/L 39.87 ± 0.25 μg/L 35.89 ± 0.18 μg/L
MET 3 + MPs 3 40 μg/L + 75 particles/L 39.91 ± 0.21 μg/L 36.13 ± 0.25 μg/L
GUA 2 + MPs 1 200 μg/L + 25 particles/L 199.14 ± 1.39 μg/L 179.96 ± 1.12 μg/L
GUA 2 + MPs 2 200 μg/L + 50 particles/L 198.91 ± 1.34 μg/L 179.88 ± 1.19 μg/L
GUA 2 + MPs 3 200 μg/L + 75 particles/L 199.05 ± 1.30 μg/L 180.24 ± 1.10 μg/L

Water
O.S.

Control 0 μg/L <LOQ <LOQ
MET 1 1 μg/L 0.98 ± 0.03 μg/L 0.81 ± 0.04 μg/L
MET 2 40 μg/L 39.94 ± 0.19 μg/L 32.42 ± 0.13 μg/L
GUA 1 25 μg/L 24.93 ± 0.18 μg/L 20.73 ± 0.16 μg/L
GUA 2 200 μg/L 199.31 ± 0.84 μg/L 162.14 ± 0.79 μg/L
MPs 1 25 particles/L <LOQ <LOQ
MPs 2 50 particles/L <LOQ <LOQ
MPs 3 75 particles/L <LOQ <LOQ
MET 2 + MPs 1 40 μg/L + 25 particles/L 39.91 ± 0.10 μg/L 34.16 ± 0.06 μg/L
MET 2 + MPs 2 40 μg/L + 50 particles/L 39.97 ± 0.09 μg/L 33.91 ± 0.08 μg/L
MET 3 + MPs 3 40 μg/L + 75 particles/L 39.92 ± 0.13 μg/L 33.85 ± 0.05 μg/L
GUA 2 + MPs 1 200 μg/L + 25 particles/L 199.35 ± 0.69 μg/L 175.09 ± 0.54 μg/L
GUA 2 + MPs 2 200 μg/L + 50 particles/L 199.43 ± 0.78 μg/L 174.89 ± 0.59 μg/L
GUA 2 + MPs 3 200 μg/L + 75 particles/L 199.37 ± 0.74 μg/L 175.17 ± 0.51 μg/L

Embryos
O.S.

Control 0 μg/L <LOQ <LOQ
MET 1 1 μg/L <LOQ 0.02 ± 0.01 μg/L
MET 2 40 μg/L <LOQ 0.81 ± 0.07 μg/L
GUA 1 25 μg/L <LOQ 0.34 ± 0.03 μg/L
GUA 2 200 μg/L <LOQ 7.29 ± 0.16 μg/L
MPs 1 25 particles/L <LOQ <LOQ
MPs 2 50 particles/L <LOQ <LOQ
MPs 3 75 particles/L <LOQ <LOQ
MET 2 + MPs 1 40 μg/L + 25 particles/L <LOQ 0.29 ± 0.02 μg/L
MET 2 + MPs 2 40 μg/L + 50 particles/L <LOQ 0.31 ± 0.04 μg/L
MET 3 + MPs 3 40 μg/L + 75 particles/L <LOQ 0.26 ± 0.03 μg/L
GUA 2 + MPs 1 200 μg/L + 25 particles/L <LOQ 2.05 ± 0.11 μg/L
GUA 2 + MPs 2 200 μg/L + 50 particles/L <LOQ 1.89 ± 0.14 μg/L
GUA 2 + MPs 3 200 μg/L + 75 particles/L <LOQ 2.01 ± 0.12 μg/L

<LOQ: below limit of quantification.
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the embryos. For example, we observed that the concentrations of both
compounds in the embryos significantly decreased compared to quantities
observed in the embryos exposed to individual compounds.

3.4. Mortality, malformation, and hatching rates

Overall, mortality and malformation rates were higher in embryos ex-
posed toMET or GUA alone than in organisms exposed toMPs and themix-
tures (Fig. 3I). In the case of MET, the rate of dead and malformed embryos
was 35.5 and 57.7 % for 1.0 μg/L and 60 and 75.5 % for 40 μg/L, respec-
tively. Meanwhile, for GUA, the percentage of not living and deformed em-
bryos was 28.8 and 44.4 for 25 μg/L and 71.1 and 82.2 for 200 μg/L,
correspondingly. As can be seen, in both treatment groups, the results
were concentration-dependent, and GUA, at the highest concentration, pro-
duced more deaths and malformations in the embryos than MET. In the
treatments with MPs alone and the mixtures, the number of dead and mal-
formed embryos was kept almost constant. For example, for MPs alone, we
got death rates of 42.2, 35.5, and 33.3 % for 25, 50, and 75 particles/L,
respectively; while, for the MPs mixed with MET, the death rates were
42.3, 37.8, and 35.6 % for 25, 50, 75 particles/L plus 40 μg/L of MET,
correspondingly.Moreover, for themixtureswithMPs and GUA, our results
indicated that for 25, 50, 75 particles/L plus 200 μg/L of GUA, themortality
rates were 48.9, 42.3, and 39.1, respectively. Thus, from mixtures and MPs
alone, we can observe that the number of dead embryos decreased as the
concentration of MPs increased in the medium. The control group reached
6

the highest number of hatched embryos after 96 h of exposure, followed by
1 and 40 g/L of MET alone (96.5 % and 94.4 %), 25 g/L of GUA (87.5 %),
40 g/L ofMETplus 25 and 50 particles/L ofMPs (84.6 and 82.1%), 200 g/L
of GUA (76.9), 40 g/L of MET plus 75 particles/L of MPs (75.8 %), 25 par-
ticles/L of MPs (65,3 %), 200 g/L of GUA plus 25 and 50 particles/L of MPs
(60.8 and 68 %), 50 particles/L of MPs (51.7 %), 200 g/L of GUA plus 75
particles/L of MPs (44.7 %), and 75 particles/L (43.3 %). It is paramount
to indicate that the hatching rate in all treatment groups was
concentration-dependent. The foremost malformations observed in em-
bryos exposed to all treatments were scoliosis, tail deformation, pericardial
edema, yolk deformation, delay of the hatching process, and craniofacial
malformation. However, the severity of malformations was different with
each treatment (Fig. 3II). Bearing inmind the aforementioned, the more se-
vere malformations were observed in fish exposed to GUA, followed by
those exposed to MET, the mixtures, and MPs. In the mixtures, it is para-
mount to indicate that as the concentration of MPs increased in the me-
dium, the severity of malformations decreased.

3.5. Oxidative stress test

MET and GUA exposed fish showed a significant increase in the activity
of CAT and SOD, as well as in the levels of LPO, PC, and HP (Fig. 4I–V). The
increase in all oxidative stress biomarkers was time- and concentration-
dependent; thus, we observed significant differences between treatment
groups, except for 40 g/L of MET and 25 g/L of GUA and between time



Fig. 3. Mortality, malformation, and hatching rates of D. rerio embryos after exposure to MPs, MET, GUA, and their mixture (I). Foremost malformations found in D. rerio
embryos after treatment (II). TD: tail deformation, S: scoliosis, YD: yolk deformation, CFM: craniofacial malformation, PE: pericardial edema, DHP: delay of the hatching
process.
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Table 4
Relative risk assessment of MET, GUA, and their mixture with MPs in D. rerio
embryos.

Concentration Mortality RR Raw model
IC 95 %

p

Metformin 40 MET 1.00 0.03
40 + 25 MIXTURE 0.51 0.28–0.92
25 MPs 1.00 1.00
40 + 25 MIXTURE 1.00 0.55–1.80
40 MET 1.00 0.005
40 + 50 MIXTURE 0.42 0.23–0.77
50 MPs 1.00 0.76
40 + 50 MIXTURE 1.10 0.60–2.02
40 MET 1.00 0.002
40 + 75 MIXTURE 0.39 0.21–0.70
75 MPs 1.00 0.75
40 + 75 MIXTURE 1.10 0.60–2.04

Concentration Malformations RR Raw
model
IC 95 %

p

40 MET 1.00 <0.001
40 + 25 MIXTURE 0.20 0.10–0.37
25 MPs 1.00 0.21
40 + 25 MIXTURE 1.49 0.80–2.79
40 MET 1.00 <0.001
40 + 50 MIXTURE 0.15 0.08–0.28
50 MPs 1.00 0.35
40 + 50 MIXTURE 0.74 0.40–1.38
40 MET 1.00 <0.001
40 + 75 MIXTURE 0.13 0.07–0.25
75 MPs 1.00 0.01
40 + 75 MIXTURE 0.46 0.25–0.86

Concentration Mortality RR Raw model
IC 95 %

p

Guanylurea 200 GUA 1.00 0.002
200 + 25 MIXTURE 0.39 0.21–0.72
25 MPs 1.00 0.37
200 + 25 MIXTURE 1.31 0.72–2.36
200 GUA 1.00 <0.001
200 + 50 MIXTURE 0.30 0.16–0.55
50 MPs 1.00 0.36
200 + 50 MIXTURE 1.32 0.73–2.42
200 GUA 1.00 <0.001
200 + 75 MIXTURE 0.27 0.15–0.50
75 MPs 1.00 0.35
200 + 75 MIXTURE 1.33 0.73–2.45

Concentration Mortality RR Raw model
IC 95 %

p

Guanylurea GUA 1.00 <0.001
MIXTURE 0.19 0.10–0.37
MPs 1.00 0.01
MIXTURE 2.15 1.16–3.99
GUA 1.00 <0.001
MIXTURE 0.14 0.07–0.29
MPs 1.00 0.76
MIXTURE 1.10 0.60–2.00
GUA 1.00 <0.001
MIXTURE 0.12 0.06–0.24
MPs 1.00 0.13
MIXTURE 0.63 0.35–1.15

P<0.001 associated to chi-square test
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endpoints (SOD (F(13, 224) = 210.892;p < 0.001), CAT (F(13, 224) =
207.987; p < 0.001), LPO (F(13, 224) = 269.043; p < 0.001), PC (F(13,
224) = 146.167; p < 0.001), and HP (F(13, 224) = 433.168; p < 0.001)).
Organisms exposed to MPs showed a significant reduction in the activity
of CAT and levels of PC compared to embryos exposed to MET and GUA
at both endpoints (CAT (F(13, 224) = 207.987; p < 0.001) and PC (F(13,
224) = 146.167; p < 0.001)). On the other hand, the activity of SOD and
levels of LPO and HP, particularly after 96 h of exposure, in embryos ex-
posed to this treatment was significantly higher than in organisms exposed
to the control group (SOD (F(13, 224) = 210.892; p < 0.001), LPO (F(13,
224) = 269.043; p < 0.001), and HP (F(13, 224) = 433.168; p < 0.001)).
Mixtures of MET and GUA showed different tendencies. In the treatments
with MET and MPs, we found that the oxidative damage biomarkers aug-
mented more at 96 hpf than at 72 hpf. For example, in the mixtures with
MET andMPs, we didfind these augmented the oxidative damage biomark-
ers more at 96 hpf than at 72 hpf. However, for GUA mixtures, most
biomarkers were increased at 72 hpf. Similar to fish exposed to MPs
alone, MPs with MET, at the lowest and middle concentration, reduced
the activity of PC, HP, LPO, and CAT in comparison to the control group
(CAT (F(13, 224) = 207.987; p < 0.001), LPO (F(13, 224)=; p < 0.001),
PC (F(13, 224) = 146.167; p < 0.001), and HP (F(13, 224) = 433.168; p
< 0.001)). Moreover, in the case of fish exposed to MPs and GUA, we
observed a significant depletion in the levels of HP compared to the control
group (HP (F(13, 224) = 433.168; p < 0.001)).

3.6. MET and GUA toxic effect' relative risk associated to MPs presence

Our chi-square test demonstrated that the relative risk of mixtures was
significantly reduced compared to MET and GUA alone. Nonetheless, our
findings did indicate there was not a significant difference between mix-
tures and MPs alone (Table 4).

3.7. Principal Component Analysis (PCA)

According to our PCA, the variables that contributed more in Dim. 1
were all antioxidant enzymes and oxidative damage biomarkers (see sup-
plementary material). Moreover, for Dim. 2, the mortality and malforma-
tion rate were the variables with the highest contribution. In Dim. 3, PCA
analysis indicated MET and GUA uptake had a more prominent contribu-
tion concerning other variables. Finally, HP, uptake of MET, and SOD had
the most noticeable contribution in Dim. 4 (Fig. 5).

4. Discussion

MPs occurrence in surface waters is a worldwide concern issue because
it threatens aquatic ecosystems, and although, in the last decade,more stud-
ies have evaluated their toxicity on marine and freshwater biota, the infor-
mation on the detrimental effects of MPs and their mixture with drugs is
still limited (De Sá et al., 2018; Ma et al., 2020; Agathokleous et al.,
2021). Herein, we aimed to determine whether or not environmentally rel-
evant concentrations ofMPsmight boost the embryotoxic effect ofMET and
GUA inD. rerio embryos. Previously, several studies demonstratedMET and
GUA, at realistic concentrations, generated oxidative stress, numerous body
malformations, and dead of a considerable number of embryos (Ussery
et al., 2018; Ussery et al., 2019; Elizalde-Velázquez et al., 2021a, 2021b;
Phillips et al., 2021). In agreement with those findings, our results demon-
strated both compounds induced scoliosis, tail deformation, pericardial
edema, yolk malformation, and craniofacial malformation. Concerning
MPs, embryos also showed the presence of the first three abovementioned
body malformations. However, it is paramount to indicate that those mal-
formations were less frequent and severe than in embryos exposed to
MET and GUA. In a previous study, De Marco et al., 2022 demonstrated
Fig. 4. Enzymatic activity of SOD (I) and CAT (II) and oxidative damage levels of LPO
mixtures. * indicates a significant difference against control group.

9

that 10 μm spherical PS-MPs (200 particles/mL) altered the normal devel-
opment of D. rerio by generating in them different malformations, mainly
at the level of column and tail. Moreover, Lu et al., 2021b and Chen et al.,
2022 indicated that PS-MPs round in shape and size of 327 nm (10 μg/L)
and 5 μm (500 μg/L), respectively, prompted malformations at multiple
(III), HP (IV), and PC (V) in D. rerio embryos exposed to MPs, MET, GUA, and their



Fig. 5. Principal Component Analysis of biomarkers evaluated in D. rerio embryos.
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regions and stages of zebrafish development. Nonetheless, in disagreement
with our results and those reported by other authors, previous studies indi-
cated that PS-MPs did not influence the development on ELS of Salmo trutta
f. fario and Oryzias melastigma (Jakubowska et al., 2020; Schmieg et al.,
2020; Kammann and Scharsack, 2021). Differences in results might be
due to the sensitivity of species. Thomas et al., 2020, for instance, provided
evidence for lesser sensitivity on ELS of Paracentrotus lividus to MPs
compared to Sphaerechinus granularis and highlighted the importance of
choosing a highly sensitive specie when evaluating mildly harmful
materials. Even though the mechanism of embryotoxicity of MPs remains
unclear, recent findings demonstrate that the adsorption of MPs to the cho-
rion surface contributes to noticeable hypoxia, which in turn prompts mal-
formations (Xia et al., 2022). All vertebrates rely on flow for gas exchange
and respiratory gas transport during the early stages of development (De
Guzman et al., 2020). PS-microbeads used herein measured 1.0 μm in
size; meanwhile, the diameter of the chorionic pores in D. rerio measures
<1.0 μm (Kim and Tanguay, 2014). Potential adherence of PS-MPs in the
chorionic membrane of D. rerio during embryogenesis may have caused
clogged pores, hindered gas exchange, and consequently, insufficient oxygen
supply. Another mechanism by which PS-MPs may induce embryotoxicity in
fish is themigration of toxic residual or unreacted quantities of styrenemono-
mers (Martínez-Gómez et al., 2017). Moreover, other authors have pointed
out that malformations produced by PS-MPs are due to toxic chemical
additives, such as flame retardants, plasticizers, UV stabilizers, and pigments,
intentionally incorporated into their surface (Gallo et al., 2018).

Reactive oxygen species (ROS) play a vital role in organisms, as they act
as second messengers in cells; nevertheless, when ROS-scavenging system
cannot successfully neutralize the excess of ROS, oxidative damage occurs
(Colín-García et al., 2022). Recently, few authors provided evidence related
to PS-MPs capacity to induce oxidative stress in different aquatic species (Lu
et al., 2016; Chen et al., 2017; Wan et al., 2019; Qiao et al., 2019; Usman
et al., 2021; Kaloyianni et al., 2021; Qiang and Cheng, 2021; De Marco
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et al., 2022; Chen et al., 2022; Solomando et al., 2022). For instance,
Usman et al. (2021) showed that PS-MPs beads (5 μm) induced oxidative
stress in the brain and intestine of Oryzias javanicus after 21 days of expo-
sure. Moreover, in their results, the authors also indicated activities of
SOD and CAT in fish exposed to the lowest concentration of MPS
(100 μg/L) were significantly higher than in those exposed to the middle
(500 μg/L) and high (1000 μg/L) concentrations.We observed a similar sit-
uation in our findings, as fish exposed to 25 particles/L had higher CAT and
SOD activities than organisms exposed to 50 particles/L. These findings
may be due to the fact that as the concentration of MPs increases, the pro-
duction of ROS increases and, consequently, the antioxidant response,
until it reaches a point where the organism is unable to respond. Thus,
once the oxidative stress in the embryos in response to PS-MPs reaches a
certain threshold, it may cause the suppression of antioxidant enzyme activ-
ity and ROSmetabolism in fish. Heredia-García et al. (2022) indicated that
ROS overproduction damage the histidine residues, which are essential for
the activation of SOD and lead to its inhibition. The above mechanismmay
also explain the differences in enzymatic activity we observed at 72 and 96
hpf, specifically in themixtures. Results infish embryos still being inconclu-
sive, as some authors pointed out that PS-MPs significantly decreased the
activity of CAT and GSH (Wan et al., 2019); meanwhile, others indicated
that either the levels of CAT (Chen et al., 2017) or the gene expression of
sod1, sod2, cat, and gst augmented on larvae of D. rerio (De Marco et al.,
2022; Chen et al., 2022). Our results agree with the latest, as we observed
that PS-MPs significantly increased the activity of CAT and SOD.Moreover,
we also showed that PS-MPs boosted the formation of lipid peroxides, hy-
droperoxides, and carbonyls. Thus, PS-MPs are capable of generating oxida-
tive stress on ELS of fish. Up to date, data related to the mechanism by
which PS-MPs prompt the production of ROS on ELS of fish is scarce; none-
theless, authors have suggested it might be the result of an immune re-
sponse (Veneman et al., 2017) or a disruption in the catabolism of several
oxidative stress-related metabolites (Wan et al., 2019). Regardless of the
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pathway that leads to the production of ROS, further investigation is
needed to clarify how PS-MPs prompt oxidative stress in fish embryos.
Concerning MET and GUA oxidative stress response, our results indi-
cated both compounds prompted the production of ROS, which in turn
led to high levels of LPX, HP, and PC in embryos. Concordantly with
our findings, previous studies have indicated both substances can dis-
rupt the redox status of embryos and fish, triggering an oxidative stress
response (Lee et al., 2019; Elizalde-Velázquez et al., 2021a, 2021b;
Elizalde-Velázquez et al., 2022a, 2022b). In addition, Lee et al., 2019
suggested that the inhibition of mitochondrial complex I by MET may
disrupt the electron flow and cause superoxide generation by an FMN
reduction. However, further studies are needed to comprehend the
mechanism by which this drug prompts the production of superoxide
in the mitochondria.

Overall, our findings demonstrate that PS-MPs significantly reduced the
embryotoxic response of MET and GUA. Moreover, we also observed MPs
considerably prevent the entrance of MET and GUA into the embryos.
Therefore, we suggest MPs aggregation in the chorion surface led to an an-
tagonist response in the embryos. This hypothesis agrees with previous
findings, which demonstrated MET did not sorb to PS, polyamide (PA),
and polypropylene (PP) microplastics (Goedecke et al., 2017). According
to the authors, it might occur due to the double positive chargeMET carries
at pH below <9. The above leads to an increased solubility in water and in-
hibits interaction with non-polar microplastics. However, the literature
does not refer to the behavior of GUA, so it is necessary to carry out studies
to clarify what happens with thismetabolite. Previous studies have been in-
conclusive concerning whether or not PS-MPs enhance or decrease the
toxic response of other contaminants during co-exposure. For example, re-
cently, Chen et al., 2022 showed PS-MPs can boost the harmful effects of Cd
on growth, oxidative damage, and apoptosis in ELS of D. rerio. However,
other prior studies indicated that PS-MPs mitigate or decrease the toxic ef-
fects of phenanthrene, triphenyl phosphate, and sulfamethoxazole in
D. rerio and Oryzias melastigma embryos (Li et al., 2020; Zhang et al.,
2021; Lu et al., 2021b). Overall our results highlight that environmentally
relevant concentrations of PS-MPs (1 μm) alone can disrupt the develop-
ment and oxidative status of D. rerio embryos. Nonetheless, when zebrafish
embryos are co-exposed toMPs andMET or GUA, PS-MPs decrease the tox-
icity of the latter.

5. Conclusion

The present study assessed the detrimental effects of MPs alone and
in combination with MET or GUA. In summary, all treatment groups
prompted the generation of body malformations in D. rerio embryos.
Scoliosis, tail deformation, and pericardial edema were the main mal-
formations observed after 96 h of exposure. Besides the alterations in
the normal development of the embryos, our findings also showed all
treatment groups induced oxidative stress by disrupting the levels of
SOD, CAT, LPO, PC, and HP. Interestingly, MPs significantly decreased
the embryotoxic response of MET and GUA after co-exposure. According
to our data, MPs remain gathered on the chorion surface, preventing the
uptake of MET and GUA into the embryo. Therefore, we suggest
aggregation of MPs leads to mitigation of the toxic response of these
two compounds.
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