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ABSTRACT 24 

The combined effects of copper and polyvinyl chloride (PVC) microparticles were investigated on the metal 25 

accumulation, histopathological biomarkers, and targeted transcriptomics in Cyprinus carpio liver. The fish were 26 

exposed to 0.25 mg/L copper and/or 0.5 mg/L PVC microparticles over a 14-d period. The results showed that hepatic 27 

copper accumulation is facilitated by the PVC microparticles presence in water. All treatments induced significant 28 

hepatic stress and inflammation; however, the transcriptional responses involving in detoxification pathways and 29 

apoptotic mechanisms were mixed and often down-regulated in the fish exposed to copper and/or PVC microparticles. 30 

Exposure to copper and/or PVC microparticles induced hypermeia, leukocyte infiltration and increase in 31 

melanomacrophage centers number and area. Generally, the severity of the lesions was in the following order: PVC 32 

microparticles < copper < copper+ PVC microparticles. In conclusion, PVC MPs act as a copper vector, facilitating 33 

accumulation of copper in the fish liver and increasing the tissue damage.  34 

Keywords: PVC microparticle, bioaccumulation, co-exposure, gene expression, hepatic damage  35 



1 INTRODUCTION 36 

Plastic pollution is a pervasive and growing global threat (Borrelle et al., 2020). Estimates suggest that in 2016, 19 to 37 

23 million metric tons of plastic (11% of the plastic generated) entered aquatic ecosystems, with annual emissions 38 

expected to keep increasing and potentially reaching 53 million metric tons by 2030 (Borrelle et al., 2020). Once in 39 

the natural environment, plastics undergo physical, photodegradation and biodegradation processes, forming 40 

microplastic (MP). This fragmentation not only makes their identification and removal more difficult, but also 41 

increases their bioavailability (Botterell et al., 2019; Min et al., 2020; Ali et al., 2021). While the effects of larger 42 

plastics on wildlife are well known (e.g. suffocation, entanglement, blockage of alimentary canals, indigestion and 43 

starvation), the eco-toxicological impacts of MPs have been remained much less understood (Moreschi et al., 2020; 44 

Pannetier et al., 2020; Ragusa et al., 2021). Of worrying concern is the capacity of MPs to adsorb different chemicals 45 

such as heavy metals, which may result in enhanced toxicity (Lu et al., 2018; Fred-Ahmadu et al., 2020; Magadini et 46 

al., 2020). Whilst a growing body of literature has recently focused on understanding the combined effects of different 47 

metals and MPs on fish physiology, there are still important knowledge gaps (Naqash et al., 2020). Particularly, 48 

literature shows contrasting results depending on the type of MPs, metal species and form and fish species studied, 49 

suggesting complex interactions that require further study. For example, polystyrene (PS) MPs increases cadmium 50 

accumulation in zebrafish, Danio rerio (Lu et al., 2018), but shows an opposite effect in discus fish, Symphysodon 51 

aequifasciatus (Wen et al., 2018). Another study has revealed that whilst low concentrations of PS-MPs decrease 52 

cadmium toxicity in zebrafish larvae, the toxicity is enhanced at higher PS-MPs concentrations (> 0.1 mg/L) (Zhang 53 

et al., 2020). In the case of copper, polyethylene (PE) MPs has no significant effects on hepatic copper accumulation 54 

and subsidizes the copper-induced oxidative stress and DNA damage in Prochilodus lineatus (Roda et al., 2020). In 55 

contrast, it has been found that co-exposure of zebrafish larvae to polymer MPs and copper induces neurotoxicity, 56 

alters behaviors and decreases their growth and survival (Santos et al., 2020; Santos et al., 2021b; Santos et al., 2021a). 57 

To date, most of the studies investigating MPs toxicity effects on fish have been performed using light density MPs 58 

such as PS and PE (Alomar et al., 2017; Karbalaei et al., 2021; Umamaheswari et al., 2021; Tongo and Erhunmwunse, 59 

2022). However, polyvinyl chloride (PVC) MP, which is not only one of the most used plastics but also due to its 60 

higher density it tends to sink and thus be more available for benthic organisms, has received much less attention. 61 

Despite some recent studies showing that PVC MPs induce negative effects (such as oxidative stress and 62 

histopathological lesions) in fish (Espinosa et al., 2018; Espinosa et al., 2019; Boyle et al., 2020; Romano et al., 2020), 63 



no studies have yet evaluated the combined toxicity of PVC MPs and metals in fish (or most aquatic animals). In fact, 64 

only one recent work has investigated the combined effect of PVC MPs and cadmium in marine nematodes and shows 65 

that combined treatments displays less toxicity than the separate exposure (Wakkaf et al., 2020). 66 

In this work, we set to investigate the combined effect of copper and PCV MPs on metal accumulation and toxicity in 67 

common carp, Cyprinus carpio. Copper is a well-known toxicant in aquatic life, particularly in fish, with a variety of 68 

negative effects including induction of oxidative stress, apoptosis, inflammation, and histopathological lesions (Al-69 

Bairuty et al., 2013; Pereira et al., 2016). The interaction between MPs and adsorbed metals such as copper is 70 

extremely relevant in aquatic (both coastal and freshwater) ecosystems, which are often exposed to high quantities of 71 

pollutants due to their proximity to industrialized and urban areas (Wong et al., 2020). Wild common carp is a bentho-72 

pelagic fish found both in brackish waters and freshwater rivers (Ghelichpour et al., 2013). Common carp is widely 73 

used as a fish bioindicator due to its widespread distribution, easy availability and sensitivity to xenobiotics (Saucedo-74 

Vence et al., 2017; Chen et al., 2019). Due to its omnivorous, sediment-dwelling behaviour, this species tend to 75 

accumulate more heavy metals than pelagic fish (Alam et al., 2002) and might be more exposed to high-density plastics 76 

(such as PVC) that could exacerbate metal and pollutant accumulation. The present study aimed at testing the 77 

hypothesis of whether PVC MPs can facilitate copper accumulation in carp and intensify its negative effects on the 78 

fish liver. To test this, common carps were exposed to copper and/or PVC MPs for 14 days and hepatic copper 79 

accumulation, histopathological lesions, and transcriptomic responses were investigated.  80 

 81 

2 MATERIALS AND METHODS 82 

2.1 MP and copper sources 83 

In the present research, PVC meal (CAS 9002-86-2) were purchased from Arvand Petrochemical Co. (Khuzestan 84 

province, Bandar-e-Mahshahr, Iran). Scanning electron microscope (SEM- MIRA3-XMU-TESCAN, Brno, Czech 85 

Republic) were used to investigate the morphology and distribution size of PVC MPs. In order to determine the size 86 

distribution of the particles, 40 particles were randomly measured under the SEM. Accordingly, the particles exhibited 87 

relatively spherical shape with smooth surface and average diameter of 140.7 ± 5.11 µm (mean ± SE) (Fig. 1). Using 88 

this PVC MP source, a stock solution of 10 g/L (pH 7.23) was prepared in the test water for the fish exposure trial. 89 

The solution was stirred for 10 min on a magnetic stirrer to achieve a homogenous suspension (with a milky 90 

appearance), immediately before adding to the test water.  91 



Copper sulfate pentahydrate (CAS 7758-99-8; Merck KGaA, Darmstadt, Germany) was used as copper source and 92 

dissolved in the test water to have a final concentration of 5 g/L. This stock was used for the aquaria inoculation.   93 

2.2 Experimental protocol 94 

This experiment was conducted after consultation with the Scientific Board of the Inland Waters Aquatic Resources 95 

Research Center, Gorgan Iran. Four-month old common carp (37.8 ± 1.01 g; 11.8 ± 0.42 cm standard length; mean ± 96 

SE), offspring of domestic broodstock, were purchased from a local farm (Behshar, Mazandaran Province, Iran) and 97 

stocked into 12 aquaria (40 L) at a density of seven fish per aquarium. Total number of the fish in this experiment was 98 

84 specimens that were randomly (simple randomization) distributed into the 12 aquaria. They were acclimatized to 99 

the experimental conditions for ten days, during which they were fed a commercial diet (Beyza Feed Mill, Shiraz, 100 

Iran) based on 2% of biomass per day. The aquaria were continuously aerated and the water renewal rate of 50% was 101 

done daily. After the acclimation, the aquaria were numbered and randomly (simple randomization) assigned into four 102 

triplicate groups. Each triplicate group was consider as a treatment: Control (fish were kept in clean water); copper 103 

(fish were kept in water containing 0.25 mg/L copper); PVC-MP (fish were kept in water containing 0.5 mg/L PVC-104 

MP); and copper+PVC-MP (fish were kept in water containing 0.25 mg/L copper + 0.5 mg/L PVC-MP). The fish 105 

were exposed to water copper and PVC MPs over a 14-day period because this period was found enough to induce 106 

negative effects in fish (Hoseini et al., 2016; Ding et al., 2018; Yin et al., 2018). The concentration of copper was 107 

based on a previous study on common carp (Dautremepuits et al., 2004), whereas, the concentration of PVC MPs was 108 

an environmentally-relevant one according to previous reports (Lasee et al., 2017; Romano et al., 2020). To adjust the 109 

water copper and PVC MPs levels, 2 mL of the copper and PVC MPs stock solution were inoculated into the aquaria 110 

at the first day of the exposure. During the exposure, 50% of the aquaria water was replaced with clean tap water 111 

(dechlorinated by intense aeration for 24 h) and the concentrations of copper and PVC MPs were adjusted by adding 112 

1 mL of the stock solutions to the aquaria. The fish were fed as the acclimation period during the exposure to copper 113 

and PVC MPs. At the end of the experiment, six fish per treatment were sampled for histopathological analysis, copper 114 

assay and gene expression assay. The fish were dissected and the hepatic pieces were removed by a scissors and 115 

washed with distilled water. The samples of histopathological analysis were fixed immediately in buffered formalin 116 

(10%) for one month at 16-20°C. A piece of the fish liver were dried at 70°C (24 h), kept at 4°C (2 days) and used for 117 

copper assay. For gene expression assay, the samples were immediately frozen in liquid nitrogen and transferred to -118 

70°C until analysis.  119 



Water temperature, pH, dissolved oxygen, hardness, unionized ammonia, and copper levels were 23.5 ± 1°C, 7.79 120 

±0.65, 6.39 ± 0.45 mg/L, 195 ± 8.99 mg CaCO3/L, 0.01 ± 0.005 mg N/L, and 0.002 ± 0.000 mg/L, respectively. The 121 

copper concentrations of the aquaria were measured four times during the experiment; accordingly, water copper 122 

contents of Control, copper, PVC-MP, and copper+PVC-MP treatments were 0.0035 ± 0.001, 0.242 ± 0.022, 0.0055 123 

± 0.001, and 0.250 ± 0.020 mg/L, respectively.  124 

2.3 Water physicochemical analyses 125 

Water physicochemical parameters were measured once a day, before the aquaria water renewal. Water temperature, 126 

pH and dissolved oxygen levels were investigated using a portable digital probe (Hach portable probe; Model HQ40D, 127 

Loveland, Colorado, USA). Water ammonia (indophenol salicylate method; 0-1 mg/L) and total hardness (EDTA and 128 

eriochrome black method; 0-500 mg/L) were determined using a customized photometer (Palintest photometer; Model 129 

7100, Palintest House, Kingsway, Team Valley, Gateshead, Tyne & Wear, NE11 0NS, United Kingdom).  130 

2.4 Hepatic histopathological examination 131 

The fixed hepatic samples were used to prepare cross sections for histopathological examination. The samples were 132 

collected in 25-mL tubes containing formalin, blindly numbered and used for sectioning. Each sample (approximately 133 

5 mm) was embedded in one paraffin block. The samples were dehydrated in ethanol before embedding in paraffin. 134 

Three sections (at 200 µm intervals) with 4-µm thickness were prepared from each sample, mounted on slides and 135 

stained by hematoxylin and eosin. Sample of each fish were mounted on one slide. The slides were blindly-examined 136 

under light microscopy (Nikon Eclipse 50i, NY 11747-3064, USA) equipped with a camera and LCD (Model: Digital 137 

Sight DS-L2, Nikon, NY 11747-3064, USA) and histopathological lesions were defined qualitatively and 138 

quantitatively. Nine fields (400 × 300 µm; approximately 75% of each section area) were observed on each slide (at 139 

20x magnification) and number of melanomacrophage centers (MMCs) in the hepatic parenchyma were counted. 140 

MMCs number per mm2 of hepatic section was calculated and average of MMCs number per mm2 of hepatic sample 141 

was used for statistical analysis (Supplementary data 1). The dimensions of MMCs were recorded using the LCD 142 

software and used for MMCs area calculation. The sum of MMCs are per section was calculated and averages area of 143 

three sections per sample were used for statistical analysis (Supplementary data 2). Moreover, 20 pancreas tissues per 144 

slide were examined and percentage of pancreas with MMC was used for statistical analysis. Other lesions were also 145 

checked in the same nine fields and presented semi-quantitatively. Briefly, nine fields per section of a sample were 146 

observed and number of the fields exhibiting the lesions were recorded. Based on these data, four scales of severity 147 



were adjusted, including none (lesion not presented), mild (1-9 out 27 fields exhibiting the lesion), moderate (10-18 148 

out 27 fields exhibiting the lesion), and severe (19-27 out 27 fields exhibiting the lesion). 149 

2.5 Water and hepatic copper assay 150 

The water and hepatic samples were collected in separate tubes, which were numbered blindly. The water samples 151 

were mixed with equal volume of concentrated nitric acid before injection to a graphite atomic absorption 152 

spectrophotometry (Agilent 240z, Santa Clara, California, USA). For tissue copper content determination, 100 mg of 153 

dried samples were mixed with 2 mL concentrated nitric acid and digested over 24 h at 65°C in an oven to achieve a 154 

clear solution. After the completion of digestion, 2 mL of distilled water was added to the samples and the final mixture 155 

was injected to the graphite atomic absorption spectrophotometry. Appropriate dilutions were made, if necessary, and 156 

the samples were double-assayed. Copper assays were performed blindly.  157 

2.6 Gene expression analysis 158 

The liver samples were blindly collected in plastic tubes. The tubes were numbered and used for gene expression 159 

analysis. In the liver samples, the expressions of glutathione-s-transferase (gst), heat shock protein 70 (hsp70), tumor 160 

necrosis factor alpha (tnfa), interleukin 1 beta (il1b), caspase 3 (cas3), caspase 9 (cas9), and Cytochrome P450 1A1 161 

(cyp1a1) were assessed. Primer of the genes were designed using Geneious IR9 and Oligoanalyzer software (Table 162 

1).   163 

The liver samples were treated with a commercial kit (Dena Zist Asia Co., Mashhad, Iran) for RNA extraction. The 164 

products were treated with DNase I (Thermo Fisher Scientific, Waltham, MA, USA) to remove DNA contamination 165 

and RNA quality was checked using a NanoDrop (Thermo Scientific, 2000c, Waltham, MA, USA) at 280/260 nm. 166 

Then, cDNA was synthetized using a commercial kit (SMOBIO Technology, Hsinchu City 30075, Taiwan). Gene 167 

expressions were assayed using quantitative RT-PCR (Applied biosciences, Step One, Foster City, California, USA). 168 

Reaction mixtures contained 1µL cDNA, 0.5 µL primer and 5 µL SYBR Green (Ampliqon A/S, Stenhuggervej 22, 169 

5230 Odense M, Denmark), which filled up to 10 µL by addition of Diethyl pyrocarbonate (Bio Basic Inc., Markham, 170 

ON, Canada). Forty cycles consisting initial denaturation (120 s, 94°C), denaturation (15 s, 94°C), annealing (30 s, 171 

58°C), and expansion (20 s, 72°C) were run per sample. Each reaction was run in duplicate and gene expression was 172 

normalized based on a housekeeping gene (beta-actin) of the Control treatment. Gene expression was calculated 173 

according to ∆∆Ct method (Livak and Schmittgen, 2001). RT-PCR processes were performed blindly.  174 

2.7 Statistical analysis 175 



Comparison of the cas3 among the treatments was performed by one-way ANOVA and Tukey tests (mean of six 176 

replicates) after confirmation of normal distribution (Shapiro-Wilk test) and variance homogeneity (Levene test). 177 

Comparison of the other data among the treatments was conducted by Kruskal-Wallis and Mann-Whitney U tests, as 178 

they failed to meet ANOVA assumptions. P < 0.05 was considered as significance and the data were presented as 179 

mean ± SE. All analyses were performed in SPSS v.22.  180 

3 RESULTS 181 

3.1 Hepatic copper content 182 

Hepatic copper content exhibited significant differences among the treatments (P < 0.001). There was no significant 183 

difference in hepatic copper content between the Control and PVC-MP treatments. Hepatic copper contents of copper 184 

and copper+PVC-MP treatments were significantly higher than that of the Control; moreover, the hepatic copper 185 

content in copper+PVC-MP was significantly higher than that of Copper treatment (Fig. 2).  186 

3.2 Hepatic histopathological assessment 187 

Hepatic histopathological lesions are presented in Table 2 and Fig. 3 and 4. Exposure to copper and/or PVC-MP 188 

significantly increased hepatic hyperemia and leukocyte infiltration. The severity of these lesion was as following 189 

order: PVC-MP < copper < copper+PVC-MP. There were significant differences in the number (P = 0.008) and area 190 

(P = 0.001) of MMC in the hepatic parenchyma and percentage of pancreas tissues with MMC (P = 0.003). Number 191 

of MMCs significantly increased in copper and copper+PVC-MP treatments, compared to the Control. Exposure to 192 

copper, PVC-MP, and copper+PVC-MP significantly increased area of MMCs and percentages of pancreatic tissues 193 

with MMCs. The highest MMCs area was observed in copper and copper+PVC-MP treatments; whereas, the highest 194 

percentages of pancreatic tissues with MMCs was observed in copper+PVC-MP treatment.  195 

 196 

3.3 Targeted transcriptomics 197 

hsp70 (P = 0.001), tnfa (P < 0.001) and il1b (P = 0.001) gene expressions were significantly affected by copper and/or 198 

PVC MPs exposure. Copper, PVC-MP and copper+PVC-MP treatments showed significant up-regulations in hepatic 199 

hsp70 gene expression compared to the Control and the highest expression was related to copper treatment. Copper, 200 

PVC-MP and copper+PVC-MP treatments exhibited significant up-regulations in hepatic tnfa and il1b gene 201 

expression, compared to the Control. The highest expression of tnfa was observed in copper treatment and the highest 202 

expressions of il1b were related to PVC-MP and copper+PVC-MP treatments (Fig. 5).  203 



There were significant effects of copper and/or PVC MPs exposure on hepatic cyp1a1 (P = 0.003) and gst (P = 0.001). 204 

Whereas PVC-MP and copper+PVC-MP exhibited no changes in hepatic cyp1a1 gene expression, compared to the 205 

Control, copper treatment showed a significant down-regulation (Fig. 5). Hepatic gst exhibited a significant down-206 

regulation in copper treatment, but significant up-regulations in PVC-MP, compared to the Control (Fig. 6).  207 

Significant effects of exposure to copper and/or PVC-MP were found on hepatic cas3 expression (F =15.7; P < 0.001). 208 

Hepatic expression of cas3 exhibited a significant up-regulation in PVC-MP treatment, and down-regulation in 209 

copper+PVC-MP treatment, compared to the Control treatment. The gene expression in copper treatment was 210 

comparable to the Control (Fig. 6). Exposure to copper and/or PVC MPs significantly affected hepatic cas9 expression 211 

(P = 0.002). Copper and copper+PVC-MP treatments exhibited significant down-regulations in hepatic cas9 gene 212 

expression, compared to the Control. Nevertheless, the gene expression in PVC-MP treatment was comparable to the 213 

Control (Fig. 7).  214 

 215 

4 DISCUSSION 216 

4.1 PVC MPs as copper vector 217 

The liver is the main organ responsible for detoxification, transformation and storage of toxic compounds in fish 218 

(Bawuro et al., 2018). Metal accumulation (e.g. copper and cadmium) has been previously observed in fish liver, and 219 

was associated to the high concentration of metallothionein proteins, which play essential roles in the regulation and 220 

detoxification of intracellular metals (Das et al., 2006; Ghedira et al., 2010). Here, we demonstrated that copper 221 

accumulation was facilitated by environmental PVC MPs, with copper levels were 2-fold higher in the combined 222 

treatment (copper+PVC-MP) than in the copper treatment. This could be explained by involuntary ingestion of MPs 223 

with adsorbed copper on their surfaces. Then, once in the gut, the copper (or perhaps the MPs with copper) could be 224 

transferred to the liver via the blood stream. Facilitation of metal uptake and accumulation in different fish tissues by 225 

MPs have been previously shown (Lu et al., 2016; Lu et al., 2018).  226 

4.2 Histopathological damage induced by copper and PVC MPs 227 

The observed liver histological changes (increases in MMCs, hyperemia, and leukocyte infiltration) in the three 228 

treatments are commonly associated with hepatocyte response to toxic substances (Ghelichpour et al., 2017; Macêdo 229 

et al., 2020), with the combined treatment (copper+PVC-MP) displaying the highest liver damage. It has been reported 230 



that exposure to toxicant persuades immunological responses (Agius and Roberts, 2003), which explains increased 231 

number/volume of MMCs and leukocyte infiltration in the present study. MMCs are the sites of concentration of 232 

cellular debris, formed during toxicant exposure (Agius and Roberts, 2003). Moreover, MMCs have immunological 233 

roles and increase in their population in the fish hepatic tissue might be due to inflammation caused by copper and/or 234 

PVC-MP exposure (see hsp70, tnfa, and il1b gene expressions). Inflammation results in recruiting leukocyte to the 235 

damaged tissue, which explains higher leukocyte infiltration in the liver of the exposed fish. Besides, blood flow 236 

increases within the inflamed tissues, which explains presence of hyperemia in the exposed fish. Such pathological 237 

changes have been previously reported in fish exposed to copper (Mela et al., 2013; Paulino et al., 2014; Yancheva et 238 

al., 2014) or MPs (Jabeen et al., 2018; Santana et al., 2022). Our results not only show that both treatments separately 239 

lead to liver alterations but that the co-exposure exacerbates these alterations. A plausible explanation for the higher 240 

damage in fish co-exposed to copper and PVC MPs could be related to the higher availability (i.e. bioaccumulation) 241 

of copper as proposed for earthworms co-exposed to MPs and cadmium (Huang et al., 2021). However, co-exposure 242 

of copper and MPs could also display synergetic effects at different subcellular levels. For example, Qiao et al. (2019) 243 

suggested that higher toxicity in zebrafish co-exposed with copper and PS-MPs was attributed to the inhibition of Cu-244 

ion transport and the synergetic copper and MPs effect on oxidative stress. Similarly, Eom et al. (2021) also observed 245 

that mysid co-exposure to different metals and PS MPs increased metal toxicity and impaired the antioxidant defense 246 

and cholinergic systems.  247 

4.3 Transcriptional changes induced by copper and PVC MPs 248 

Toxicity of MPs and metals in cells is mainly due to the generation of reactive oxygen species (ROS) (Dazy et al., 249 

2009; Gauthier et al., 2014; Jeong et al., 2016; Alomar et al., 2017), which triggers different cellular responses to 250 

protect the organisms from ROS-associated damage, such as stress-induced signaling pathways (e.g. heat-shock 251 

proteins), pro-inflammatory responses (e.g. tnfa and il1b), detoxification mechanisms (gst and cyp1a1), and apoptosis 252 

(Gao et al., 2013; Morcillo et al., 2015; Morcillo et al., 2016). Our results showed that all treatments induced 253 

significant hepatic stress and inflammation, as evidenced by significant overexpression of hsp70, with fish exposed 254 

only to copper displaying the highest hsp70 values. We also observed that all treatments induced inflammation, with 255 

expression of tnfa being highest in fish exposed to copper and il1b being highest in PVC-MP and copper+PVC-MP 256 

treatments. Such inflammatory responses have been well-documented in fish exposed to copper [reviewed by Pereira 257 

et al. (2016)]. It has been previously reported that PVC MPs induce no significant changes in hsp70, il1b and another 258 



pro-inflammatory cytokine, interleukin 8 (il8), when administered through dietary route in European seabass, 259 

Dicentrarchus labrax (Espinosa et al., 2019), and gilthead seabream, Sparus aurata (Espinosa et al., 2017). On the 260 

other hand, inflammatory transcriptomic responses were observed in fish exposed to water contaminated with other 261 

MPs. For example, exposure to polystyrene MPs induced transcription of tnfa, il1b, il8, and interferon gamma in Nile 262 

tilapia, Oreochromis niluticus (Ahmadifar et al., 2021). Such inconsistent results might be due to the difference in 263 

MPs concentration, type and size, and target species and organ, which arise the need for further studies to illustrate 264 

the inflammatory effects of MPs in fish.   265 

Cytochrome P450 1A1 and glutathione-s-transferase belong the first and second phases of detoxification process, 266 

respectively (Bengtson Nash et al., 2014). While, the processes is normally activated upon exposure to toxicants, 267 

copper has shown to have an inhibitory effect on cyp1a1 and gst expression in fish including common carp (Jiang et 268 

al., 2014; Jiang et al., 2015), Oryzias javanicus (Woo et al., 2009), and rainbow trout, Oncorhynchus mykiss, 269 

hepatocytes (Faverney et al., 2000; Risso-de Faverney et al., 2000). In the case of PVC MPs, the results are in line 270 

with those found in goldfish, Carassius auratus, as no change in cyp1a1 and elevation in gst were observed in different 271 

organs of the fish (Romano et al., 2020). Such results were, also, observed, when other MPs were test in fish; for 272 

example polyethylene MPs in sheepshead minnow, Cyprinodon variegatus (Choi et al., 2018), and low density 273 

polyethylene MPs in zebrafish (Rainieri et al., 2018). Overall, it seems that PVC MPs and copper have distinctive 274 

effects on detoxification process in fish, as copper has inhibitory effects. Such effects are harmful to fish and this 275 

might explain higher histopathological lesions in the copper and copper+PVC-MP treatments.  276 

Caspases (3 and 9) are vital molecules in regulating apoptotic mechanisms (Gao et al., 2013). Previous works have 277 

shown that different pollutants including copper can enhance cas3 and cas9 and induce apoptosis in fish (Gao et al., 278 

2013; Jiang et al., 2015; Zhang et al., 2018). Here, we observed a significantly down-regulation of cas3 and cas9 in 279 

fish exposed to copper and copper+PVC-MP. Although these results are in contrast with some previous literature, 280 

Krumschnabel et al. (2005) showed that copper-induced apoptosis was dependent on mitochondrial permeability 281 

transition (MPT) induction, and some trout hepatocyte sub-populations responded differently, some of which 282 

displayed reduced MPT potential, with decreases apoptosis and increased necrosis. Although, the origin of caspases 283 

down-regulation in this study remains puzzling, perhaps some procedures similar to those described in Krumschnabel 284 

et al. (2005) might apply. However, as caspases play key roles in protecting organisms from stress signals, their 285 



inhibition in fish exposed simultaneously to copper and PVC MPs could play a role in the higher toxicity and damage 286 

in this group.  287 

5 CONCLUSION 288 

In summary, the present results show that PVC MPs act as a copper vector, facilitating accumulation of copper in carp 289 

liver and increasing the tissue damage in fish co-exposed to copper and PVC MPs. Our results suggest that co-exposure 290 

to copper and MPs not only lead to higher toxicity due to copper bioaccumulation, but also through subcellular 291 

interactions such as inhibition of apoptosis and detoxification pathways and increases oxidative stress. 292 

ACKNOWLEDGEMENTS 293 

This research work was partially supported by Chiang Mai University. The authors would like to thank Dr. Jeffrey C. 294 

Wolf (DVM, DACVP) for helping to diagnosis, analysis, and presentation of the histopathological lesions.  295 

REFERENCES 296 

Agius, C., Roberts, R.J., 2003. Melano-macrophage centres and their role in fish pathology. J. Fish Dis. 26, 499-509. 297 

Ahmadifar, E., Kalhor, N., Dawood, M.A.O., Ahmadifar, M., Moghadam, M.S., Abarghouei, S., Hedayati, A., 2021. 298 

Effects of polystyrene microparticles on inflammation, antioxidant enzyme activities, and related gene 299 

expression in Nile tilapia (Oreochromis niloticus). Env. Sci. Poll. Res. 28, 14909-14916. 300 

Al-Bairuty, G.A., Shaw, B.J., Handy, R.D., Henry, T.B., 2013. Histopathological effects of waterborne copper 301 

nanoparticles and copper sulphate on the organs of rainbow trout (Oncorhynchus mykiss). Aquat. Toxicol. 302 

126, 104-115. 303 

Alam, M.G.M., Tanaka, A., Allinson, G., Laurenson, L.J.B., Stagnitti, F., Snow, E.T., 2002. A comparison of trace 304 

element concentrations in cultured and wild carp (Cyprinus carpio) of Lake Kasumigaura, Japan. Ecotoxicol. 305 

Environ. Saf. 53, 348-354. 306 

Ali, S.S., Elsamahy, T., Koutra, E., Kornaros, M., El-Sheekh, M., Abdelkarim, E.A., Zhu, D., Sun, J., 2021. 307 

Degradation of conventional plastic wastes in the environment: A review on current status of knowledge and 308 

future perspectives of disposal. Sci. Total Environ. 771, 144719. 309 

Alomar, C., Sureda, A., Capó, X., Guijarro, B., Tejada, S., Deudero, S., 2017. Microplastic ingestion by Mullus 310 

surmuletus Linnaeus, 1758 fish and its potential for causing oxidative stress. Environ. Res. 159, 135-142. 311 



Bawuro, A., Voegborlo, R., Adimado, A., 2018. Bioaccumulation of heavy metals in some tissues of fish in Lake 312 

Geriyo, Adamawa State, Nigeria. J. Environ. Public Health. 2018, 1854892-1854892. 313 

Bengtson Nash, S., Dawson, A., Burkhard, M., Waugh, C., Huston, W., 2014. Detoxification enzyme activities 314 

(CYP1A1 and GST) in the skin of humpback whales as a function of organochlorine burdens and migration 315 

status. Aquat. Toxicol. 155, 207-212. 316 

Borrelle, S.B., Ringma, J., Law, K.L., Monnahan, C.C., Lebreton, L., McGivern, A., Murphy, E., Jambeck, J., 317 

Leonard, G.H., Hilleary, M.A., Eriksen, M., Possingham, H.P., De Frond, H., Gerber, L.R., Polidoro, B., 318 

Tahir, A., Bernard, M., Mallos, N., Barnes, M., Rochman, C.M., 2020. Predicted growth in plastic waste 319 

exceeds efforts to mitigate plastic pollution. Science. 369, 1515. 320 

Botterell, Z.L.R., Beaumont, N., Dorrington, T., Steinke, M., Thompson, R.C., Lindeque, P.K., 2019. Bioavailability 321 

and effects of microplastics on marine zooplankton: A review. Env. Poll. 245, 98-110. 322 

Boyle, D., Catarino, A.I., Clark, N.J., Henry, T.B., 2020. Polyvinyl chloride (PVC) plastic fragments release Pb 323 

additives that are bioavailable in zebrafish. Env. Poll. 263, 114422. 324 

Chen, M., Zhao, H., Wang, Y., Bekele, T.G., Liu, W., Chen, J., 2019. Uptake and depuration of eight fluoroquinolones 325 

(FQs) in common carp (Cyprinus carpio). Ecotoxicol. Environ. Saf. 180, 202-207. 326 

Choi, J.S., Jung, Y.-J., Hong, N.-H., Hong, S.H., Park, J.-W., 2018. Toxicological effects of irregularly shaped and 327 

spherical microplastics in a marine teleost, the sheepshead minnow (Cyprinodon variegatus). Mar. Pollut. 328 

Bull. 129, 231-240. 329 

Das, K., De Groof, A., Jauniaux, T., Bouquegneau, J.-M., 2006. Zn, Cu, Cd and Hg binding to metallothioneins in 330 

harbour porpoises Phocoena phocoena from the southern North Sea. BMC Ecol. 6, 2. 331 

Dautremepuits, C., Betoulle, S., Paris-Palacios, S., Vernet, G., 2004. Immunology-related perturbations induced by 332 

copper and chitosan in carp (Cyprinus carpio L.). Arch. Environ. Contam. Toxicol. 47, 370-378. 333 

Dazy, M., Masfaraud, J.-F., Férard, J.-F., 2009. Induction of oxidative stress biomarkers associated with heavy metal 334 

stress in Fontinalis antipyretica Hedw. Chemosphere. 75, 297-302. 335 

Ding, J., Zhang, S., Razanajatovo, R.M., Zou, H., Zhu, W., 2018. Accumulation, tissue distribution, and biochemical 336 

effects of polystyrene microplastics in the freshwater fish red tilapia (Oreochromis niloticus). Env. Poll. 238, 337 

1-9. 338 



Eom, H.-J., Haque, M.N., Lee, S., Rhee, J.-S., 2021. Exposure to metals premixed with microplastics increases toxicity 339 

through bioconcentration and impairs antioxidant defense and cholinergic response in a marine mysid. Comp. 340 

Biochem. Physiol. C Toxicol. Pharmacol. 249, 109142. 341 

Espinosa, C., Cuesta, A., Esteban, M.Á., 2017. Effects of dietary polyvinylchloride microparticles on general health, 342 

immune status and expression of several genes related to stress in gilthead seabream (Sparus aurata L.). Fish 343 

Shellfish Immunol. 68, 251-259. 344 

Espinosa, C., Esteban, M.Á., Cuesta, A., 2019. Dietary administration of PVC and PE microplastics produces 345 

histological damage, oxidative stress and immunoregulation in European sea bass (Dicentrarchus labrax L.). 346 

Fish Shellfish Immunol. 95, 574-583. 347 

Espinosa, C., Beltrán, J.M.G., Esteban, M.A., Cuesta, A., 2018. In vitro effects of virgin microplastics on fish head-348 

kidney leucocyte activities. Env. Poll. 235, 30-38. 349 

Faverney, C.R.-d., Lafaurie, M., Girard, J.-P., Rahmani, R., 2000. Effects of heavy metals and 3-methylcholanthrene 350 

on expression and induction of CYP1A1 and metallothionein levels in trout (Oncorhynchus mykiss) 351 

hepatocyte cultures. Environ. Toxicol. Chem. 19, 2239-2248. 352 

Fred-Ahmadu, O.H., Bhagwat, G., Oluyoye, I., Benson, N.U., Ayejuyo, O.O., Palanisami, T., 2020. Interaction of 353 

chemical contaminants with microplastics: Principles and perspectives. Sci. Total Environ. 706, 135978. 354 

Gao, D., Qiao, P., Liu, S., Zhang, L., He, P., Zhang, X., Wang, Y., Min, W., 2013. Cadmium induces liver cell 355 

apoptosis through caspase-3A activation in purse red common carp (Cyprinus carpio). PLoS One. 8, e83423. 356 

Gauthier, A., Trouvelot, S., Kelloniemi, J., Frettinger, P., Wendehenne, D., Daire, X., Joubert, J.-M., Ferrarini, A., 357 

Delledonne, M., Flors, V., 2014. The sulfated laminarin triggers a stress transcriptome before priming the 358 

SA-and ROS-dependent defenses during grapevine's induced resistance against Plasmopara viticola. PLoS 359 

One. 9, e88145. 360 

Ghedira, J., Jebali, J., Bouraoui, Z., Banni, M., Guerbej, H., Boussetta, H., 2010. Metallothionein and metal levels in 361 

liver, gills and kidney of Sparus aurata exposed to sublethal doses of cadmium and copper. Fish Physiol. 362 

Biochem. 36, 101-107. 363 

Ghelichpour, M., Shabani, A., Shabanpour, B., 2013. Microsatellite variation and genetic structure of common carp 364 

(Cyprinus carpio) populations in Gomishan bay and Gorganroud River (Southeast of the Caspian Sea). Int. 365 

J. Aquat. Biol. 1, 22-27. 366 



Ghelichpour, M., Taheri Mirghaed, A., Mirzargar, S.S., Joshaghani, H., Ebrahimzadeh Mousavi, H., 2017. Plasma 367 

proteins, hepatic enzymes, thyroid hormones and liver histopathology of Cyprinus carpio (Linnaeus, 1758) 368 

exposed to an oxadiazin pesticide, indoxacarb. Aquac. Res. 48, 5666-5676. 369 

Hoseini, S.M., Hedayati, A., Taheri Mirghaed, A., Ghelichpour, M., 2016. Toxic effects of copper sulfate and copper 370 

nanoparticles on minerals, enzymes, thyroid hormones and protein fractions of plasma and histopathology in 371 

common carp Cyprinus carpio. Exp. Toxicol. Pathol. 68, 493-503. 372 

Huang, C., Ge, Y., Yue, S., Zhao, L., Qiao, Y., 2021. Microplastics aggravate the joint toxicity to earthworm Eisenia 373 

fetida with cadmium by altering its availability. Sci. Total Environ. 753, 142042. 374 

Jabeen, K., Li, B., Chen, Q., Su, L., Wu, C., Hollert, H., Shi, H., 2018. Effects of virgin microplastics on goldfish 375 

(Carassius auratus). Chemosphere. 213, 323-332. 376 

Jeong, C.-B., Won, E.-J., Kang, H.-M., Lee, M.-C., Hwang, D.-S., Hwang, U.-K., Zhou, B., Souissi, S., Lee, S.-J., 377 

Lee, J.-S., 2016. Microplastic size-dependent toxicity, oxidative stress induction, and p-JNK and p-p38 378 

activation in the monogonont rotifer (Brachionus koreanus). Environ. Sci. Technol. 50, 8849-8857. 379 

Jiang, W.-D., Liu, Y., Jiang, J., Wu, P., Feng, L., Zhou, X.-Q., 2015. Copper exposure induces toxicity to the 380 

antioxidant system via the destruction of Nrf2/ARE signaling and caspase-3-regulated DNA damage in fish 381 

muscle: Amelioration by myo-inositol. Aquat. Toxicol. 159, 245-255. 382 

Jiang, W.-D., Liu, Y., Hu, K., Jiang, J., Li, S.-H., Feng, L., Zhou, X.-Q., 2014. Copper exposure induces oxidative 383 

injury, disturbs the antioxidant system and changes the Nrf2/ARE (CuZnSOD) signaling in the fish brain: 384 

protective effects of myo-inositol. Aquat. Toxicol. 155, 301-313. 385 

Karbalaei, S., Hanachi, P., Rafiee, G., Seifori, P., Walker, T.R., 2021. Toxicity of polystyrene microplastics on 386 

juvenile Oncorhynchus mykiss (rainbow trout) after individual and combined exposure with chlorpyrifos. J. 387 

Hazard. Mater. 403, 123980. 388 

Krumschnabel, G., Manzl, C., Berger, C., Hofer, B., 2005. Oxidative stress, mitochondrial permeability transition, 389 

and cell death in Cu-exposed trout hepatocytes. Toxicol. Appl. Pharmacol. 209, 62-73. 390 

Lasee, S., Mauricio, J., Thompson, W.A., Karnjanapiboonwong, A., Kasumba, J., Subbiah, S., Morse, A.N., Anderson, 391 

T.A., 2017. Microplastics in a freshwater environment receiving treated wastewater effluent. Integr. Environ. 392 

Assess. Manag. 13, 528-532. 393 



Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-time quantitative PCR and 394 

the 2− ΔΔCT method. Methods. 25, 402-408. 395 

Lu, K., Qiao, R., An, H., Zhang, Y., 2018. Influence of microplastics on the accumulation and chronic toxic effects of 396 

cadmium in zebrafish (Danio rerio). Chemosphere. 202, 514-520. 397 

Lu, Y., Zhang, Y., Deng, Y., Jiang, W., Zhao, Y., Geng, J., Ding, L., Ren, H., 2016. Uptake and accumulation of 398 

polystyrene microplastics in zebrafish (Danio rerio) and toxic effects in liver. Environ. Sci. Technol. 50, 399 

4054-4060. 400 

Macêdo, A.K.S., Santos, K.P.E.d., Brighenti, L.S., Windmöller, C.C., Barbosa, F.A.R., Ribeiro, R.I.M.d.A., Santos, 401 

H.B.d., Thomé, R.G., 2020. Histological and molecular changes in gill and liver of fish (Astyanax lacustris 402 

Lütken, 1875) exposed to water from the Doce basin after the rupture of a mining tailings dam in Mariana, 403 

MG, Brazil. Sci. Total Environ. 735, 139505. 404 

Magadini, D.L., Goes, J.I., Ortiz, S., Lipscomb, J., Pitiranggon, M., Yan, B., 2020. Assessing the sorption of 405 

pharmaceuticals to microplastics through in-situ experiments in New York City waterways. Sci. Total 406 

Environ. 729, 138766. 407 

Mela, M., Guiloski, I.C., Doria, H.B., Rabitto, I.S., da Silva, C.A., Maraschi, A.C., Prodocimo, V., Freire, C.A., Randi, 408 

M.A.F., Oliveira Ribeiro, C.A., Silva de Assis, H.C., 2013. Risks of waterborne copper exposure to a 409 

cultivated freshwater Neotropical catfish (Rhamdia quelen). Ecotoxicol. Environ. Saf. 88, 108-116. 410 

Min, K., Cuiffi, J.D., Mathers, R.T., 2020. Ranking environmental degradation trends of plastic marine debris based 411 

on physical properties and molecular structure. Nature Comm. 11, 727. 412 

Morcillo, P., Esteban, M.Á., Cuesta, A., 2016. Heavy metals produce toxicity, oxidative stress and apoptosis in the 413 

marine teleost fish SAF-1 cell line. Chemosphere. 144, 225-233. 414 

Morcillo, P., Cordero, H., Meseguer, J., Esteban, M.Á., Cuesta, A., 2015. In vitro immunotoxicological effects of 415 

heavy metals on European sea bass (Dicentrarchus labrax L.) head-kidney leucocytes. Fish Shellfish 416 

Immunol. 47, 245-254. 417 

Moreschi, A.C., Callil, C.T., Christo, S.W., Ferreira Junior, A.L., Nardes, C., de Faria, É., Girard, P., 2020. Filtration, 418 

assimilation and elimination of microplastics by freshwater bivalves. Case Stud. Chem. Env. Eng. 2, 100053. 419 

Naqash, N., Prakash, S., Kapoor, D., Singh, R., 2020. Interaction of freshwater microplastics with biota and heavy 420 

metals: a review. Environ. Chem. Lett. 18, 1813-1824. 421 



Pannetier, P., Morin, B., Le Bihanic, F., Dubreil, L., Clérandeau, C., Chouvellon, F., Van Arkel, K., Danion, M., 422 

Cachot, J., 2020. Environmental samples of microplastics induce significant toxic effects in fish larvae. 423 

Environ. Int. 134, 105047. 424 

Paulino, M.G., Benze, T.P., Sadauskas-Henrique, H., Sakuragui, M.M., Fernandes, J.B., Fernandes, M.N., 2014. The 425 

impact of organochlorines and metals on wild fish living in a tropical hydroelectric reservoir: 426 

bioaccumulation and histopathological biomarkers. Sci. Total Environ. 497-498, 293-306. 427 

Pereira, T.C.B., Campos, M.M., Bogo, M.R., 2016. Copper toxicology, oxidative stress and inflammation using 428 

zebrafish as experimental model. J. Appl. Toxicol. 36, 876-885. 429 

Qiao, R., Lu, K., Deng, Y., Ren, H., Zhang, Y., 2019. Combined effects of polystyrene microplastics and natural 430 

organic matter on the accumulation and toxicity of copper in zebrafish. Sci. Total Environ. 682, 128-137. 431 

Ragusa, A., Svelato, A., Santacroce, C., Catalano, P., Notarstefano, V., Carnevali, O., Papa, F., Rongioletti, M.C.A., 432 

Baiocco, F., Draghi, S., D'Amore, E., Rinaldo, D., Matta, M., Giorgini, E., 2021. Plasticenta: First evidence 433 

of microplastics in human placenta. Environ. Int. 146, 106274. 434 

Rainieri, S., Conlledo, N., Larsen, B.K., Granby, K., Barranco, A., 2018. Combined effects of microplastics and 435 

chemical contaminants on the organ toxicity of zebrafish (Danio rerio). Environ. Res. 162, 135-143. 436 

Risso-de Faverney, C., Lafaurie, M., Girard, J.P., Rahmani, R., 2000. The nitroxide stable radical tempo prevents 437 

metal-induced inhibition of CYP1A1 expression and induction. Toxicol. Lett. 111, 219-227. 438 

Roda, J.F.B., Lauer, M.M., Risso, W.E., Bueno dos Reis Martinez, C., 2020. Microplastics and copper effects on the 439 

neotropical teleost Prochilodus lineatus: Is there any interaction? Comp. Biochem. Physiol. A Mol. Integ. 440 

Physiol. 242, 110659. 441 

Romano, N., Renukdas, N., Fischer, H., Shrivastava, J., Baruah, K., Egnew, N., Sinha, A.K., 2020. Differential 442 

modulation of oxidative stress, antioxidant defense, histomorphology, ion-regulation and growth marker gene 443 

expression in goldfish (Carassius auratus) following exposure to different dose of virgin microplastics. 444 

Comp. Biochem. Physiol. C Toxicol. Pharmacol. 238, 108862. 445 

Santana, L.M.B.M., Rodrigues, A.C.M., Campos, D., Kaczerewska, O., Figueiredo, J., Silva, S., Sousa, I., Maia, F., 446 

Tedim, J., Abessa, D.M.S., Pousão-Ferreira, P., Candeias-Mendes, A., Soares, F., Castanho, S., Soares, 447 

A.M.V.M., Rocha, R.J.M., Gravato, C., Patrício Silva, A.L., Martins, R., 2022. Can the toxicity of 448 



polyethylene microplastics and engineered nanoclays on flatfish (Solea senegalensis) be influenced by the 449 

presence of each other? Sci. Total Environ. 804, 150188. 450 

Santos, D., Luzio, A., Matos, C., Bellas, J., Monteiro, S.M., Félix, L., 2021a. Microplastics alone or co-exposed with 451 

copper induce neurotoxicity and behavioral alterations on zebrafish larvae after a subchronic exposure. 452 

Aquat. Toxicol. 235, 105814. 453 

Santos, D., Félix, L., Luzio, A., Parra, S., Bellas, J., Monteiro, S.M., 2021b. Single and combined acute and subchronic 454 

toxic effects of microplastics and copper in zebrafish (Danio rerio) early life stages. Chemosphere. 277, 455 

130262. 456 

Santos, D., Félix, L., Luzio, A., Parra, S., Cabecinha, E., Bellas, J., Monteiro, S.M., 2020. Toxicological effects 457 

induced on early life stages of zebrafish (Danio rerio) after an acute exposure to microplastics alone or co-458 

exposed with copper. Chemosphere. 261, 127748. 459 

Saucedo-Vence, K., Elizalde-Velázquez, A., Dublán-García, O., Galar-Martínez, M., Islas-Flores, H., SanJuan-Reyes, 460 

N., García-Medina, S., Hernández-Navarro, M.D., Gómez-Oliván, L.M., 2017. Toxicological hazard induced 461 

by sucralose to environmentally relevant concentrations in common carp (Cyprinus carpio). Sci. Total 462 

Environ. 575, 347-357. 463 

Tongo, I., Erhunmwunse, N.O., 2022. Effects of ingestion of polyethylene microplastics on survival rate, opercular 464 

respiration rate and swimming performance of African catfish (Clarias gariepinus). J. Hazard. Mater. 423, 465 

127237. 466 

Umamaheswari, S., Priyadarshinee, S., Bhattacharjee, M., Kadirvelu, K., Ramesh, M., 2021. Exposure to polystyrene 467 

microplastics induced gene modulated biological responses in zebrafish (Danio rerio). Chemosphere. 281, 468 

128592. 469 

Wakkaf, T., Allouche, M., Harrath, A.H., Mansour, L., Alwasel, S., Mohamed Thameemul Ansari, K.G., Beyrem, H., 470 

Sellami, B., Boufahja, F., 2020. The individual and combined effects of cadmium, polyvinyl chloride (PVC) 471 

microplastics and their polyalkylamines modified forms on meiobenthic features in a microcosm. Env. Poll. 472 

266, 115263. 473 

Wen, B., Jin, S.-R., Chen, Z.-Z., Gao, J.-Z., Liu, Y.-N., Liu, J.-H., Feng, X.-S., 2018. Single and combined effects of 474 

microplastics and cadmium on the cadmium accumulation, antioxidant defence and innate immunity of the 475 

discus fish (Symphysodon aequifasciatus). Env. Poll. 243, 462-471. 476 



Wong, J.K.H., Lee, K.K., Tang, K.H.D., Yap, P.-S., 2020. Microplastics in the freshwater and terrestrial environments: 477 

Prevalence, fates, impacts and sustainable solutions. Sci. Total Environ. 719, 137512. 478 

Woo, S., Yum, S., Park, H.-S., Lee, T.-K., Ryu, J.-C., 2009. Effects of heavy metals on antioxidants and stress-479 

responsive gene expression in Javanese medaka (Oryzias javanicus). Comp. Biochem. Physiol. C Toxicol. 480 

Pharmacol. 149, 289-299. 481 

Yancheva, V.S., Georgieva, E.S., Velcheva, I.G., Iliev, I.N., Vasileva, T.A., Petrova, S.T., Stoyanova, S.G., 2014. 482 

Biomarkers in European perch (Perca fluviatilis) liver from a metal-contaminated dam lake. Biologia. 69, 483 

1615-1624. 484 

Yin, L., Chen, B., Xia, B., Shi, X., Qu, K., 2018. Polystyrene microplastics alter the behavior, energy reserve and 485 

nutritional composition of marine jacopever (Sebastes schlegelii). J. Hazard. Mater. 360, 97-105. 486 

Zhang, M., Li, M., Wang, R., Qian, Y., 2018. Effects of acute ammonia toxicity on oxidative stress, immune response 487 

and apoptosis of juvenile yellow catfish Pelteobagrus fulvidraco and the mitigation of exogenous taurine. 488 

Fish Shellfish Immunol. 79, 313-320. 489 

Zhang, R., Wang, M., Chen, X., Yang, C., Wu, L., 2020. Combined toxicity of microplastics and cadmium on the 490 

zebrafish embryos (Danio rerio). Sci. Total Environ. 743, 140638. 491 

 492 

  493 



FIGURE CAPTIONS 494 

Fig. 1: SEM micrograph of PVC MPs at different magnifications (a, b and c) and particle size distribution histogram 495 

(d). 496 

Fig. 2: Hepatic copper content in different treatments after 14 days exposure to 0.25 mg/L Copper and/or 0.5 mg/L 497 

PVC MPs. Different letters indicate significant differences among the treatments (Kruskal-Wallis and Mann-Whitney 498 

U tests; n = 6; P < 0.001). 499 

Fig 3: Hepatic section of the fish. A and B: control fish (A: 20x; B: 40x); C-E: Copper treatment (C: 20x; D: 40x; E: 500 

20x); F-H: PVC-MP (F: 20x; G: 40x; H: 20x); I-K: Copper+PVC-MP (I: 20x; J: 40x; K: 20x). PN: pancreas; HN: 501 

hepatocyte nucleus; ER: erythrocyte; HR: hyperemia; MMC: melanomacrophage centers; LI: leukocyte infiltration 502 

(scale bar is 25 µm). 503 

Fig. 4: Number and area of MMC within the hepatic parenchyma and percentage of pancreatic tissue with MMC in 504 

different treatments. Different letters above the bars show significant differences among the treatments [Kruskal-505 

Wallis and Mann-Whitney U tests; n = 6; number of MMC within the hepatic parenchyma (P = 0.008), area of MMC 506 

(P = 0.001); percentage of pancreas with MMC (P = 0.003)] 507 

Fig. 5: Hepatic hsp70, tnfa and il1b gene expressions (relative to beta-actin) in different treatments after 14 days 508 

exposure to 0.25 mg/L Copper and/or 0.5 mg/L PVC MPs. Different letters indicate significant differences among the 509 

treatments [Kruskal-Wallis and Mann-Whitney U tests; n = 6; hsp70 (P = 0.001), tnfa (P < 0.001) and il1b (P = 0.001)]. 510 

Fig. 6: Hepatic cyp1a1 and gst gene expressions (relative to beta-actin) in different treatments after 14 days exposure 511 

to 0.25 mg/L Copper and/or 0.5 mg/L PVC MPs. Different letters indicate significant differences among the treatments 512 

[Kruskal-Wallis and Mann-Whitney U tests n = 6; cyp1a1 (P = 0.003) and gst (P = 0.001)]. 513 

Fig. 7: Hepatic cas3 and cas9 gene expressions (relative to beta-actin) in different treatments after 14 days exposure 514 

to 0.25 mg/L Copper and/or 0.5 mg/L PVC MPs. Different letters indicate significant differences among the treatments 515 

(cas3: ANOVA and Tukey tests; n = 6; F =15.7; P < 0.001; cas9: Kruskal-Wallis and Mann-Whitney U tests; n = 6; 516 

P = 0.002). 517 
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 545 

Table 1: Sequences of the primers used in this experiment 546 

Primer  Sequence (5-3) length Tm Amplicon (bp) Accession no. 
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hsp70 F:ATGTTGCCTTCACAGACACTG 21 60 120 XM_019074376.1 

R:GGTCATCAAACTTTCTGCCGA 21 60   

cyp1a1 F:GAAGAAGTTCGTGGCCATCAA 21 60 101 XM_019064218.1 

R:TGATGTCTCGGATGTTGTCCT 20 60   

gst F:AGGCCAAAGATCGCTTTCTTC 21 60 127 XM_019105124.1 

R:AGTAACTCCTGCAGCATCAGA 21 60   

cas3 F:AGCGGTTCTTGGTTCATTCAG 21 60 148 XM_019110173.1 

R:TCCTAGCATCAAAGACTGGCT 21 60   

cas9 F:TTGGGTGGGATAGATGACCAG 21 60 132 XM_019066459.1 

R:GGTTGAGTAGGACACCAGGAT 21 60   

tnfa 

 

F:GAACAATCAGGAAGGCGGAAA 21 60 128 XM_019088899.1 

R:GGGTTTCTGTGGACACTTCAG 20 60   

il1b F:CATTGCTTGTACCCAGTCTGG 21 60 121 XM_019111089.1 

R:TCTGAAGAAGAGGAGGCTGTC 21 60   

beta-actin F: TCTGCTATGTGGCTCTTGACT 21 60 118 XM_019106214.1 

R: AACCTCTCATTGCCAATGGTG 21 60   
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Table 2: Prevalence and severity of hepatic hyperemia and leukocyte infiltration of the fish exposed to copper and/or 549 

PVC-MP for 14 d.  550 

        Control Copper PVC-MP Copper+PVC-MP 
  Number of examined fish 6 6 6 6 
Hyperemia 
  Number affected fish 0 6 6 6 
  Mild 0 2 3 1 
  Moderate 0 3 3 1 
  Severe 0 1 0 4 
Leukocyte infiltration 
  Number affected fish 0 5 5 6 
  Mild 0 1 4 2 
  Moderate 0 4 1 4 
  Severe 0 0 0 0 
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