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Abstract

Microplastics (MPs) are a ubiquitous pollutant detected not only in marine and freshwater bodies, 

but also in tap and bottled water worldwide. While MPs have been extensively studied, the toxicity 

of their smaller counterpart, nanoplastics (NPs), is not well documented. Despite likely large-scale 

human and animal exposure to NPs, the associated health risks remain unclear, especially during 

early developmental stages. To address this, we investigated the health impacts of exposures to 

both 50 and 200 nm polystyrene NPs in larval zebrafish. From 6 to 120 hours post-fertilization 

(hpf), developing zebrafish were exposed to a range of fluorescent NPs (10-10,000 parts per 

billion). Dose-dependent increases in accumulation were identified in exposed larval fish, 

potentially coinciding with an altered behavioral response as evidenced through swimming 

hyperactivity. Notably, exposures did not impact mortality, hatching rate, or deformities; however, 

transcriptomic analysis suggests neurodegeneration and motor dysfunction at both high and low 

concentrations. Furthermore, results of this study suggest that NPs can accumulate in the tissues of 

larval zebrafish, alter their transcriptome, and affect behavior and physiology, potentially 

decreasing organismal fitness in contaminated ecosystems. The uniquely broad scale of this study 
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during a critical window of development provides crucial multidimensional characterization of NP 

impacts on human and animal health.

Graphical Abstract

Capsule:

The results of this study suggest that NPs can accumulate in the tissues of larval zebrafish, alter 

their transcriptome, and affect behavior and physiology, potentially decreasing organismal fitness 

in contaminated ecosystems.
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1. Introduction:

Plastic pollution is ubiquitous and an emerging concern in both freshwater and marine 

environments. Since mass production began in the 1940s, plastic manufacturing has 

increased rapidly, with 348 million tons produced globally in 2018 (Plastics – the Facts 

2018). Large amounts end up in the oceans, which are now predicted to contain more than 

five trillion individual pieces of plastic materials (equaling 250,000 tons) in the first 20 

meters of the water column (Eriksen et al., 2014). Plastics have been identified virtually 

everywhere: from arctic sea ice to ocean sediments (Barnes et al., 2009; Obbard et al., 

2014). In freshwater systems, plastics have been identified in large quantities in lakes, rivers, 

and basins, especially in areas near dense human populations (Eerkes-Medrana et al., 2015; 

Pivonsky et al., 2018). Their ubiquity has allowed for potential human exposure to plastics 

through the consumption of aquatic organisms and via drinking water, especially due to the 

inability of drinking water facilities to entirely remove anthropogenic particles sourced 

through freshwater environments (Kosuth et al., 2018; Wang et al., 2020). In 2019, the 

World Health Organization (WHO) called for a greater assessment of plastics in the 

environment after 90% of bottled water was found to contain small plastic particles (World 

Health Organization). In addition, anthropogenic particles, many of which are likely plastic 

fragments and fibers, have been detected in over 81% of tap water sources, allowing for an 

average of 5,800 particles to be ingested annually per person (Kosuth et al., 2018).
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Nanoplastics (NPs), defined as synthetic plastic particles less than 1 μm in size (Gigault et 

al., 2018), can be classified as primary or secondary based on their origination. Primary NPs 

are utilized for specific industrial or domestic applications to be of certain size, texture, and 

composition (Auta et al., 2017), and are included in resin pellets, sunscreens, and personal 

care products such as toothpastes, shower gels, facial cleansers/scrubs, shampoos, 

conditioners, shaving creams, and deodorants (Fendall et al., 2009; Costa et al., 2010; 

Castaneda et al., 2014; Duis et al., 2016). Although plastic is inert, common plastics such as 

nylon, high-density polyethylene (HDPE), and low-density polyethylene (LDPE) can be 

fragmented from wave action, exposure to UV radiation, and other physical and/or digestive 

processes (Andrady, 2011; Gigault et al., 2016; Lambert and Wagner, 2016; Dawson et al., 

2018; Ekvall et al., 2019). These degradation processes are the main source of environmental 

NPs. Globally, microplastics have reached high densities ranging from <1 parts per billion 

(ppb) to tens of thousands of ppb in both freshwater and marine ecosystems (Li et al., 2016). 

However, as the small size of NPs limits their ability to be measured, few studies have 

directly quantified environmental NP presence. Thus, the environmental burden of NPs is 

relatively unknown, although theorized to be higher than that of MPs (Koelmans et al, 2015; 

Ter Halle et al., 2017).

Due to the likelihood of ingestion or inhalation by aquatic organisms and humans, 

investigation into the potential negative consequences of NPs is warranted. Similar to 

microplastics, NPs can accumulate in the gastrointestinal tract and on the outer epithelium of 

aquatic organisms (Van Pomeren et al., 2017; Brun et al., 2018). Crucian carp (Carassius 
carassius), a freshwater fish, were found to ingest NPs both directly and indirectly through 

the food chain (Mattsson et al., 2017). These contaminants have the potential for trophic 

transfer following the consumption of algae, allowing for NP accumulation (Manabe et al., 

2011; Della Torre et al., 2014; Bergami et al., 2016). Countless fish species have been used 

to study plastics accumulation in organ systems and tissues; in zebrafish (Danio rerio), acute 

exposures resulted in NP presence in the gallbladder, yolk sac, pericardium, gills, 

gastrointestinal tract, and liver, from where transfer to other organs via blood would be 

possible (Skjolding et al., 2017; Veneman et al., 2017). NPs in particular can accumulate in 

the heart and brain of fish causing distinct neurobehavioral effects (Mattsson et al., 2017; 

Pitt et al., 2018). Following their accumulation in several aquatic organisms, both MPs 

(Wright et al., 2013; Rochman et al., 2014; Avio et al., 2015; Cole et al., 2015b; Sussarellu 

et al., 2016) and NPs (Cedervall et al., 2012; Besseling et al., 2014; Della Torre et al., 2014; 

Mattsson et al., 2014; Greven et al., 2016; Brun et al., 2018; Lee et al., 2018; Brun et al., 

2019) can induce stress responses such as oxidative stress, inhibited growth, inflammation, 

dysregulation of energy metabolism, and endocrine disruption. In human cerebral and 

epithelial cells, high concentrations of polystyrene induced oxidative stress in vitro 
(Schirinzi et al., 2017), indicating the potential for cytotoxicity following NP exposure in 
vivo. However, insufficient evidence exists regarding the toxic endpoints of NP exposures 

despite current literature detailing large-scale plastic accumulation in cells and tissues (von 

Moos et al., 2012; Della Torre et al., 2014). In addition, few studies have attempted to 

evaluate transcriptomic outcomes of NP exposures. In the African catfish (Clarias 
gariepinus), MP exposure downregulated reproductive biomarker genes (Karami et al., 

2016). Transient changes were also induced in the zebrafish transcriptome following 
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developmental MP exposure, with over 1,700 genes differentially expressed at 20 mg/L 

including consistent downregulation of genes associated with nervous system functioning 

and metabolic pathways (LeMoine et al., 2018). Brun et al. (2019) showed that NP exposure 

can alter gene expression related to glucose metabolism, oxidative stress, and serotonin 

transport in larval zebrafish as well. However, significant gaps remain in understanding the 

transcriptomic changes associated with NP exposure endpoints, particularly at various NP 

sizes and doses during developmental stages when endocrine function and the epigenome 

are particularly sensitive (Wilkinson et al., 2015).

To address this, we utilized the zebrafish model to identify and quantify transcriptomic 

changes associated with NP accumulation, developmental abnormalities, and changes in 

survivorship and behavior. Zebrafish are an NIH-validated model organism ideal for studies 

in developmental toxicology due to high conservation between the zebrafish and human 

genomes (Howe et al., 2013). To our knowledge, this is one of very few studies that link 

whole genome transcriptomic alterations with behavioral outcomes in developing zebrafish 

exposed to NPs. Thus, the results of this study will provide new insights into the biological 

fate of NPs, as well as their neurobehavioral and physiologic effects in a vertebrate model, 

with implications for human and animal health.

2. Materials and Methods

2.1 Zebrafish husbandry and embryo collection

Adult AB lineage zebrafish were maintained in reverse osmosis (RO) water buffered with 

Instant Ocean salts (600 mg/L; Aquarium Systems Inc, Mentor, OH) on a 14:10 hour light/

dark cycle. Temperatures were maintained at 27°C–29°C and pH at 7-7.5. Fish were fed a 

mixture of Zeigler Adult Zebrafish Diet (Zeigler Bros. Inc, Gardners, PA), Spirulina Flake 

Fish Food (Ocean Star International, Snowville, UT), and 300-500 micron Golden Pearls 

(Aquatic Foods Inc, Fresno, CA) two times daily. Multiple (>10) spawning tanks were set-

up in the afternoon, and dividers separating the sexes (1 male: 2 females per spawn) were 

removed the following morning. Embryos were collected after two hours of spawning, 

rinsed in a 0.6% solution of bleach for 10 minutes, and transferred to a fresh solution 

containing RO water and 600 mg/L Instant Ocean salts in glass petri dishes until the start of 

NP exposure at 6 hours post-fertilization (hpf). Larval zebrafish were euthanized at 120 hpf 

via an immersion bath with 0.4 g/L tricaine methanesulfonate (MS-222) and 0.66 g/L 

sodium bicarbonate, followed by the addition of 300 μL of 6.25% bleach as an adjunctive 

method of euthanasia (Leary et al., 2013). Animal use protocols were approved by the 

Wayne State University Institutional Animal Care and Use Committees, according to the 

National Institutes of Health Guide to the Care and Use of Laboratory Animals (Protocol 

No. 16-03-054).

2.2 Nanoplastics

50 and 200 nm sizes of polystyrene NPs (labelled with Dragon Green) were purchased from 

Bangs Laboratories Inc (Fishers, IN). Polystyrene was selected as it is one of the most 

common plastic polymers used commercially in the United States, has been frequently 

detected in the marine environment, and is often used in experimental microplastic 
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exposures (Andrady, 2011). These microbeads fluoresce green under 300-550 nm 

wavelengths, allowing for visualization under a fluorescent microscope. Each stock solution 

contained 1.02 g/cm3 fluorescent beads with a mean diameter of 42 nm or 194 nm. Stock 

solutions were shaken vigorously to prevent agglomeration of individual particles during 

dosage. Additionally, the stock solutions contained 2 mM of sodium azide that acted as an 

antimicrobial agent, and 0.1% Tween 20 in deionized water, a surfactant to prevent particle 

aggregation. Stock concentrations of sodium azide and Tween 20 were diluted one thousand-

fold in the control and highest polystyrene exposure solutions, and decreased further with 

each ten-fold dilution of exposure solution. Inclusion of Tween 20 and sodium azide did not 

negatively impact larval/embryonic NP accumulation, behavior, gene expression, abnormal 

growth, or survivorship.

2.3 Nanoplastic exposures

Experiments were repeated three times, each consisting of 5 replicates (1 vial = 1 biological 

replicate) per treatment group with 18 embryos exposed per replicate. Experimental design 

was identical for 50 and 200 nm microspheres, conducted independently. At least ten 

spawning events occurred per experiment. In a single experiment, each replicate consisted of 

embryos from a different spawn, but these replicates were held consistent across exposure 

conditions to control for parental effects. At 6 hpf, zebrafish embryos were placed randomly 

in 20 mL glass scintillation vials, selected to avoid the use of plastic materials and allow for 

gentle shaking of NP solution within vials. These contained 18 mL of a polystyrene 

exposure solution; this amount was selected after trials to optimize embryo survival and 

number of embryos per vial at a density of 1 embryo/mL. Embryos were dosed at 0 

(control), 10, 100, 1000, or 10,000 parts per billion (ppb), determined as mass per volume 

(μg/L). A 10,000 ppb exposure was equivalent to 2.46x1014 microspheres/L for 50 nm 

microspheres and 2.54x1012 microspheres/L for 200 nm microspheres. Because 

environmentally relevant levels of NPs remain largely unknown (Ter Halle et al., 2017), this 

range is based on environmentally relevant concentrations of known microplastics 

(Koelmans et al., 2015) and is similar to what has been used in other exposure studies (Lenz 

et al., 2016; Pitt et al., 2018; Brun et al., 2019). Solutions were made by adding the 

appropriate concentration of stock solution to 18 mL of RO water with 600 mg/L Instant 

Ocean salts. Embryos were incubated at 28°C from 6 to 120 hpf. A 10% water change with 

fresh exposure solution was conducted daily and vials were shaken gently by hand twice 

daily for 10 seconds to ensure NP homogeneity within the vial. Mortality and hatching rates 

were recorded each day, and any dead eggs were immediately removed. Embryos that died 

before 24 hours were excluded from the mortality rate calculation. From each replicate, all 

surviving fish were analyzed for developmental abnormalities. Mortality and abnormality 

data were combined across experiments for analysis (initial n=270; 18 embryos x 5 

replicates x 3 repeats). At 120 hpf, the presence of developmental abnormalities was 

determined under a brightfield microscope. Namely, the incidence of uninflated swim 

bladders, skeletal curvature, cardiac edema, and yolk sac edema was recorded. Embryos 

unhatched at 120 hpf were not included in downstream analyses. A subset of fish was 

collected for behavioral analysis; the rest were then euthanized to be either collected for 

transcriptomic analysis or separately imaged for the accumulation analyses post-mortem.
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2.4 Behavioral analysis

Zebrafish larvae were gently rinsed with RO water containing 600 mg/L Instant Ocean salts 

three times at 120 hpf. Fish were then transferred to new 20 mL scintillation vials containing 

18 mL of the RO solution. 4 larval fish from each of five replicates per condition were 

randomly placed (1 larvae/well) across five 24-well plates for behavioral analysis, in three 

separate experiments (n=60 total, 20 per experiment). Plates were placed in an incubator at 

28°C for an hour to acclimate, then transferred to a DanioVision™ observation chamber 

(Noldus Inc., Wageningen, Netherlands) for an alternating light/dark locomotion test to 

screen for neurobiological alterations. The testing paradigm proceeded as follows: a 12-

minute acclimation period inside the DanioVision Observation Chamber in the dark, 

followed by an alternating cycle of 3 minute intervals of light and dark stimuli repeated 4 

times. Larval fish behavior was recorded live using a Basler Gen1 Camera (Basler 

acA1300-60) and EthoVision XT 13 software (Noldus Inc., Wageningen, Netherlands). 

Following the behavioral test, data points were analyzed at 30 second time intervals 

evaluating behavioral endpoints of distance traveled and velocity.

2.5 Nanoplastic accumulation

Immediately after euthanasia, zebrafish were imaged using a Nikon stereomicroscope 

(Melville, NY, USA) with a X-Cite fluorescent illuminator (Series 120). From one 

experiment, 4 fish were selected at random for accumulation analysis from each of five 

replicates (20 fish selected per exposure group). Each fish was individually imaged for green 

fluorescence with a Nikon camera lens (AF-P 70-300mm) at 3x magnification using a 700 

millisecond exposure and 25.6 gain (n=20). These settings were optimized to the 10,000 ppb 

concentration to prevent oversaturation of images. Zebrafish larvae were rinsed with RO 

water containing 600 mg/L Instant Ocean salts at 120 hpf to prevent background NP 

fluorescence. Intensity of fluorescence was quantified in whole larvae using ImageJ software 

(ImageJ2, Bethesda, Maryland, USA).

2.6 RNA isolation and Quant-Seq analysis

After rinsing 3 times to remove residual NPs, larvae were euthanized at 5 dpf and collected 

in 300 μL of RNAlater Stabilization Solution (Invitrogen, Carlsbad, CA). For transcriptomic 

analysis, 3 pooled samples of 5 larvae each were collected per experiment (repeated 3 times) 

from each exposure group (pooled larvae were from the same replicate) for a total of 9 

pooled samples per condition. Of these samples, 5 each from the control, 100, and 1,000 ppb 

groups were randomly selected across the three experiments for downstream RNA isolation 

and Quant-Seq analysis (n=5 biological replicates per concentration, 5 larvae per pool). 

Larvae used for transcriptomic analyses were not subjected to behavioral or accumulation 

studies. Larvae were stored in RNAlater solution for 7 days at 4°C to allow for tissue 

permeation, then RNAlater was removed and samples were transferred to −80°C for storage. 

Larvae were homogenized and RNA was isolated using the RNeasy® Lipid Tissue Mini Kit 

(Qiagen, Hilden, Germany). The Qubit® 2.0 Fluorometer and Qubit® RNA High Sensitivity 

Assay Kit (Invitrogen, Carlsbad, CA) were used to measure RNA concentrations. 3’ mRNA-

seq libraries were prepared from isolated RNA using QuantSeq 3’ mRNA-Seq Library Prep 

Kit FWD for Illumina (Lexogen, Vienna, Austria). Samples were normalized to 40 ng/μL 

Pedersen et al. Page 6

Environ Pollut. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(total input of 200 ng in 5 μL) and amplified at 17 cycles. Libraries were quantified using a 

Qubit® 2.0 Fluorometer and Qubit® dsDNA Broad Range Assay Kit (Invitrogen, Carlsbad, 

CA), and run on an Agilent TapeStation 2200 (Agilent Technologies, Santa Clara, CA) for 

quality control. The samples were sequenced on a HiSeq 2500 (Illumina, San Diego, CA) in 

rapid mode (single-end 50 bp reads). Reads were aligned to D. rerio (Build danRer10) using 

the BlueBee Genomics Platform (BlueBee, Rijswijk, The Netherlands). Differential gene 

expression between the control and exposure lineage zebrafish was evaluated using DEseq2 

(available through GenePattern; Broad Institute, Cambridge, Massachusetts). Details on 

nucleic acid concentrations, sequencing output, and read alignment are included in 

Supplemental Table S1. Genes with significant changes in expression in 100 and 1,000 ppb 

200 nm NP-exposed fish, as defined by absolute log2 fold change value ≥ 0.75, p-value < 

0.05, and Benjamini-Hochberg adjusted p-value < 0.1 (Supplemental Table S2), were 

uploaded into Ingenuity Pathway Analysis software (IPA; QIAGEN Bioinformatics, 

Redwood City, CA) for analysis using RefSeq IDs as identifiers. Complete IPA disease and 

function pathway output is reported in Supplemental Table S3.

2.7 Statistical analysis and reproducibility

Accumulation and behavioral data were assessed for normality using a Shapiro-Wilk test. 

Natural log transformation of accumulation data was performed to approximate a normal 

distribution. One-way ANOVAs with Tukey post-hoc tests were carried out to compare 

differences among treatment groups exposed to the same size NP microsphere. 

Abnormalities, mortality, and hatching rate data were analyzed using Chi-square analyses. 

All statistical analyses were performed in R (2013; version 3.3.1; R Core Team, 2019) using 

α = 0.05 to determine statistical significance. DESeq2 was used to analyze differential gene 

expression, and a Benjamini-Hochberg correction was performed to adjust p-values for 

multiple hypothesis testing. IPA-generated pathways were analyzed with a Right-Tailed 

Fisher’s Exact Test, with significantly altered pathways defined by p-values < 0.01.

3. Results

3.1 Developmental abnormalities

NPs in either size group did not have a statistically significant impact on the development of 

abnormalities from 0 to 120 hpf (Supplemental Table S4). The rate of swim bladder 

uninflation increased by ~7% in the 100 and 10,000 ppb treatment groups within the 200 nm 

size class compared to the control, but this change was not significant.

3.2 Mortality and hatching rates

Mortality rates were not impacted by the presence of 50 or 200 nm NPs relative to control 

(p>0.05) for any treatment group. NPs in either size group did not have an impact on the 

daily hatching rates of zebrafish from 0 to 120 hpf, and no significant results were apparent 

among each treatment group relative to the control (p>0.05, Supplemental Table S4). Over 

80% of all fish in the exposure and control groups hatched by 72 hpf. Percent unhatched 

after 120 hpf increased by over 5% in 10,000 ppb exposures to 50 nm polystyrene compared 

to the control, but this increase was not significant.
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3.3 Behavior

50 nm NP exposure did not impact the total distance travelled at any of the 48 time intervals 

sampled (Supplemental Figure S1, p>0.05), and no significance was reported in either light 

or dark cycles among each respective concentration (p>0.05). However, 200 nm NP-exposed 

fish displayed hyperactive behavior at the two highest concentrations during the dark cycles. 

The first dark photoperiod showed a significant difference between the control and 10,000 

ppb exposure groups at one of the six 30 second time intervals sampled (Figure 1, 

Supplemental Figure S1, p=0.005). For all subsequent dark photoperiods, 10,000 ppb 

exposed fish displayed hyperactivity at every 30 second time interval relative to the control 

groups (Figure 1, Supplemental Figure S1, p<0.05). During dark cycles, fish in the 10,000 

ppb exposure group were also significantly hyperactive relative to 10 and 100 ppb exposed 

fish in greater than 66% of sampled 30 second time periods. The 1000 ppb exposure group 

exhibited hyperactivity at only two of the 30 second time intervals sampled (Figure 1, 

Supplemental Figure S1, p=0.02 and p=0.01). In contrast, no significant difference in total 

distance travelled was found between the control group and NP exposure groups during the 

light periods. Supplemental Figure S2 and Figure 1 detail the average total distance traveled 

for each concentration of 50 and 200 nm exposures, respectively, with significance only 

indicated following 1000 and 10,000 ppb exposures to 200 nm NPs.

3.4 Nanoplastic accumulation

As measured by intensity of fluorescence in whole larval fish, NP accumulation in larval 

zebrafish increased with exposure concentration for both 50 and 200 nm NPs (Supplemental 

Figure S3, Figure 2, p<0.01 and p<0.01, respectively). At 10 ppb and 100 ppb, no difference 

in accumulation was found compared to the control for either 50 or 200 nm NP-exposed fish 

(p>0.05). However, NP accumulation increased significantly relative to the control for both 

50 and 200 nm at 1000 ppb (p<0.01 and p<0.01, respectively) and 10,000 ppb 

(Supplemental Figure S3, Figure 2, p<0.01 and p<0.01, respectively). For exposure to 50 nm 

polystyrene at 10,000 ppb, NP fluorescence increased by approximately 38%, while 200 nm 

exposed fish at the same concentration displayed an increase in fluorescence of over 65%. 

The polystyrene microspheres accumulated primarily in the gastrointestinal tract, liver, 

ocular, and cranial regions of exposed fish (Figure 2, Supplemental Figures S4 and S5) 

following the five-day exposures.

3.5 Transcriptomic analysis

Only control, 100, and 1,000 ppb concentrations were analyzed for transcriptomic effects, in 

order to compare the lowest exposure concentration that produced neurobehavioral effects 

with 200 nm microspheres (i.e. 1,000 ppb) to the highest concentration that produced no 

neurobehavioral effects (i.e. 100 ppb). Exposure to 200 nm microspheres resulted in the 

greatest amount of differentially expressed genes (DEGs): 734 (62% upregulated) DEGs 

were reported at 100 ppb, while 1,000 ppb exposures resulted in 864 (62% upregulated) 

DEGs (Supplemental Tables S2, S5). Considerable overlap was evident, with 53% of DEGs 

at 100 ppb and 45% of DEGs at 1,000 ppb present in both conditions (Supplemental Figure 

S6). Contrastingly, 50 nm exposures at 100 ppb resulted in no DEGs, while 1,000 ppb 

exposures resulted in only 2 DEGs: hsd11b2 [hydroxysteroid (11-beta) dehydrogenase 2; 
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log2FC=1.27, q<0.1] and slc3a2b (solute carrier family 3 member 2b; 1.06, 0,) 

(Supplemental Tables S2, S5).

DEGs from 200 nm NP exposures were assessed with IPA software to determine enrichment 

of biological and disease-linked pathways. 100 and 1,000 ppb exposures reported multiple 

enriched pathways; namely, organismal injury and abnormalities, endocrine system disorder, 

and neurological disease were three of the top five general disease and disorder pathways 

altered in both conditions (Table 1). In 100 ppb exposures, 71 and 88 DEGs were altered in 

skeletal/muscular and nervous system development and function pathways, respectively 

(Table 1). Nervous system-related sub-pathways were affected in both concentrations, 

including movement disorders (78 DEGs in 1,000 ppb, 80 DEGs in 100 ppb), neuromuscular 

disease (64 DEGs in 1,000 ppb, 59 DEGs in 100 ppb), morphology of nervous system (56 

DEGs in 1,000 ppb, 47 DEGs in 100 ppb), and development of neurons (51 DEGs in 1,000 

ppb, 56 DEGs in 100 ppb) (Supplemental Table S3). DEGs altered in nervous system sub-

pathways include csnk2b (casein kinase 2, beta polypeptide; 1,000 ppb log2FC= 0.83, 

q<.001; 100 ppb log2FC= 0.83, q<.001), eef2k (eukaryotic elongation factor 2 kinase; 1.67, 

q<.001; 1.13, q<.01), gmfb (glia maturation factor, beta; 1,000 ppb log2FC= 0.95, q<.001), 

and ntf3 (neurotrophin 3; 1,000 ppb log2FC= 0.95, q<.1) involved in neurogenesis and 

synaptic function, as well as chrna1 (cholinergic receptor, nicotinic, alpha 1 (muscle); 0.77, 

q<.05; 0.80, q<.05), atp1a2a (ATPase Na+/K+ transporting subunit alpha 2a; 0.79, q<.01; 

0.80, q<.05), bicd2 (bicaudal D homolog 2; −1.08, q<.05; −1.02, q<.01), and myhb (myosin 

heavy chain b; −1.31, q<.001; −1.12, q<.001) implicated in neuromuscular dysfunction.

In addition to nervous system and neuromuscular pathways, both 100 and 1,000 ppb 

exposures dysregulated metabolic, cardiac, and hepatic pathways; Figure 3 details a heatmap 

of the predicted activation state of pathways from each of these categories, while Table 2 

indicates the log2 fold change and q-value of specific DEGs across all pathways of interest 

for 100 and 1,000 ppb exposures to 200 nm NPs. Several DEGs that were implicated in 

metabolic dysfunction included pdk2a (pyruvate dehydrogenase kinase 2a; 0.91, q<.01; 

0.85, q<.05), apoa4b.3 (apolipoprotein A-IV b, tandem duplicate 3; 1.23, q<.01; 0.88, q<.1), 

and insrb (insulin receptor b; 1,000 ppb log2FC= −0.85, q<.1). DEGs related to 

cardiovascular function included slc8a1b (solute carrier family 8 member 1b; 1,000 ppb 
log2FC= −0.78, q<.05), myh6 (myosin, heavy chain 6, cardiac muscle, alpha; −0.75, q<.1; 

−0.84, q<.05) and amot (angiomotin; −1.20, q<.01; −1.34, q<.001)]. DEGs involved in 

hepatic metabolism included cyp3a65 (cytochrome p450, family 3, subfamily a, polypeptide 

65; 1,000 ppb log2FC= −0.86, q<.01) and cyp7a1 (cytochrome p450, family 7, subfamily a, 

polypeptide 1; 100 ppb log2FC= 0.84, q<.05), while altered gastrointestinal homeostasis 

genes included aqp1a.1 (aquaporin 1a (Colton blood group), tandem duplicate 1; 1.13, 

q<.001; 0.96, q<.01) and mfge8b (milk fat globule EGF and factor V/VIII domain 

containing b; 1.01, q<.01; 0.81, q<.05). Finally, a subset of DEGs were also involved in 

epigenetic modification [kdm2aa (lysine (K)-specific demethylase 2Aa; 1,000 ppb log2FC= 
0.82, q<.05), smyd3 (SET and MYND domain containing 3; 100 ppb log2FC= −1.01, 

q<.05), and hdac3 (histone deacetylase 3; 1,000 ppb log2FC= 0.89, q<.1)].
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4. Conclusions

NPs are an ubiquitous pollutant in the environment and bioavailable to a wide range of 

species (Cedervall et al., 2012; Della Torre et al., 2014; Cole et al., 2015a; Greven et al., 

2016). Here, we demonstrate that embryonic and early larval NP exposure in zebrafish alters 

gene expression in neurological disease and movement disorder pathways, coinciding with 

hyperactivity and large-scale accumulation in the gastrointestinal tract, liver, cranial, and 

ocular regions, in a dose- and size-dependent manner. Our results correspond with previous 

studies indicating the end organs for NP accumulation in fish, particularly following 

developmental NP exposure (Mattsson et al., 2017; Skjolding et al., 2017; Pitt et al., 2018). 

Nanopolystrene can penetrate through the zebrafish chorion, resulting in developmental 

immersion in NPs (Pitt et al., 2018). Exposure via ingestion and/or the respiratory system at 

the early larval stage is also possible (Lu et al., 2016; Van Pomeren et al., 2017; Parenti et 

al., 2019). We did not observe increased mortality or developmental abnormalities due to 

developmental NP exposure. These findings are similar to Pitt et al. (2018) and Brun et al. 

(2019), who, respectively, found only decreased larval heart rate and decreased swim 

bladder inflation in NP-exposed fish, and LeMoine et al. (2018), who found no changes in 

hatch rate or mortality in MP-exposed fish.

Overall, studies detailing size-dependent toxicity vary widely, with no clear pattern of 

outcomes. While Lee et al. (2018) detailed neurotoxicity due to larger sizes of MPs (1-5μm), 

but not from NPs, many have determined that NPs have a more significant impact on health 

than larger sized plastics (Wu et al., 2019; Yi et al., 2019). In the current study, 200 nm NP 

exposures had significantly higher accumulation that was associated with profound 

transcriptomic and neurobehavioral consequences, while 50 nm did not. Only 2 genes were 

dysregulated compared to control in fish exposed to 50 nm NPs. (Supplemental Tables S2, 

S5). 200 nm NPs have potentially greater disruptive or occlusive effect on tissues and/or 

blood vessels, causing higher levels of inflammation and stress response, which are reported 

mechanisms of plastics-induced toxicity (Mohr et al., 2014; Lu et al., 2016; Gopinath et al. 

2019; Yong et al., 2020). However, closer histological and pathway analysis will be needed 

to confirm this in future studies.

Similar to Brun et al. (2019), we found that NP-exposed larval zebrafish presented with 

hyperactivity during dark periods at the two highest levels of exposure (1,000 and 10,000 

ppb). Contrastingly, Pitt et al. (2018) and Chen et al. (2017) observed hypoactivity during 

dark periods in NP-exposed fish. No difference in activity was present in light periods; 

however, this is reasonable considering the innate tendencies of larval zebrafish to move less 

during light intervals and more during dark intervals (MacPhail et al. 2008). Limonta et al. 

(2019) reports hyperactivity in dark periods in adult zebrafish chronically exposed to MPs, 

but this study assayed daily locomotor activity long-term in a 12:12h light/dark cycle, 

suggesting that behavioral outcomes in this case may rather indicate changes in adult 

circadian rhythms. In adult zebrafish exposed to NPs, Sarasamma et al. (2020) found 

hyperactivity in a novel tank test, as well as alterations in more complex social behaviors; 

future studies raising exposed larval fish to adulthood will allow us to determine whether 

hyperactivity persists into adulthood and to characterize a larger repertoire of behavioral 

phenotypes than is possible at early stages of development. Discrepancies in developmental 
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stage, NP size, NP type, length of exposure, and behavioral assay design may account for 

the conflicting behavioral outcomes across studies, highlighting the need for expansion of 

behavioral testing methods as well as comprehensively designed studies exploring multiple 

experimental factors.

Transcriptomic analysis revealed dysregulation in nervous system development and 

neurological disease pathways at 1,000 and 100 ppb NP exposures. These results are similar 

to several other studies detailing MP- and NP-induced neurotoxicity, as determined by 

reduced activity of the neurotransmission biomarker acetylcholinesterase (AChE) in aquatic 

bivalves, the common goby (Pomatoschistus microps), and larval zebrafish (Oliveira et al., 

2013; Avio et al., 2015; Chen et al., 2017; Ribeiro et al., 2017). LeMoine et al. (2018) also 

reported dysregulation of genes involved in neural development and function in MP-exposed 

larval zebrafish. We found a large subset of DEGs involved in neurogenesis and synaptic 

function; for example, exposure to both NP concentrations upregulated the serine/threonine 

kinase csnk2b, a modulator of neuron and oligodendrocyte proliferation, neuronal 

morphology, and synaptic transmission (Huillard et al., 2010; Yang et al., 2018), hax1, 
which suppresses neuronal apoptosis (Chao et al., 2008), and eef2k, a Ca2+-regulated kinase 

involved in synaptic plasticity (Park et al., 2008). Heise et al. (2017) reported that eEF2K 

strongly inhibits GABAergic signaling in rodents; therefore, increased expression can 

enhance neuronal excitation. Likewise, slc6a1a, which was upregulated in 100 ppb-exposed 

fish, is critical for GABA reuptake from the synaptic cleft. Dysregulation of its orthologue 

SLC6A1 has been shown in several studies to be involved in ADHD susceptibility in 

humans by modulating the balance of neuronal excitation/inhibition (Yuan et al., 2017; Yuan 

et al., 2020). In 1,000 ppb exposures, neural and glial growth factors were upregulated, 

including ntf3, which promotes neuronal differentiation and sensory neuronal survival (Usui 

et al., 2012; Lin et al. 2018), and gmfb, which is known to play both a pro-developmental 

and neuroinflammatory role in the CNS (Fan et al., 2018). Synaptic genes snap91a, which 

regulates clathrin-mediated synaptic vesicle recycling, and flrt2, also important in neuronal 

migration, were also upregulated in 1,000 ppb-exposed fish (Yao et al., 1999; Cicvaric et al., 

2018). Overall, the upregulation of a subset of neurogenesis and synaptic plasticity genes 

suggests NP exposure dysregulates a variety of neurodevelopmental pathways, one outcome 

of which may be neuronal excitation, increased network activity, and subsequent hyperactive 

behavioral outcomes. Supporting this, hyperactivity and ADHD symptoms have been linked 

to increased functional connectivity in human cerebellar networks (Mostert et al., 2016). 

Such disorders are thought to be triggered by alterations in brain formation and 

neurotransmitter signaling during early development via processes such as neural migration, 

morphogenesis, and cell signaling, all of which are likely disrupted by NP exposure, as 

evidenced by our transcriptomic findings.

Changes in neuromotor/neuromuscular pathways likely also contribute to neurobehavioral 

outcomes. Following NP exposure, movement disorder and neuromuscular disease pathways 

were altered in both exposure groups, including disorder of basal ganglia (58 DEGs in 1,000 

ppb; 57 DEGs in 100 ppb), dyskinesia (47 DEGs in 1,000 ppb; 44 in 100 ppb), and 

hypoplasia of cerebellum in 1,000 ppb-exposed fish alone (7 DEGs). The basal ganglia, 

which are homologous to the subpallium in zebrafish, are responsible for voluntary and 

involuntary motor activity, thus disruption can result in impaired motor activity (Palmér et 
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al., 2017). In fact, in 100 ppb-exposed fish, we found upregulation of the membrane protein 

trafficking gene ap1s2, which is implicated in basal ganglia disease in humans (Saillour et 

al., 2007). In 1,000 ppb-exposed fish, we also found downregulation of ahi1, which is 

associated with cerebellar development in humans and mice (Louie and Gleeson, 2005; 

Lancaster et al., 2011). As in mammals, the zebrafish cerebellum is a locus of motor control 

(Ahrens et al., 2012); therefore, dysregulation of cerebellar development can result in 

neuromotor consequences. Multiple neuromuscular genes were downregulated in both 

exposure groups, including skeletal muscle subunit myhb (Wang et al., 2012) and axonal 

transport gene bicd2, while cytoskeletal gene prph and axonal transport gene kif1ab were 

downregulated in 1,000 ppb-exposed fish alone. Although BICD2 and KIF1A regulate 

axonal transport in opposite directions (retrograde vs anterograde, respectively), impairment 

of either can affect motor neuron survival and brain development, leading to neuromuscular 

disease (Yonekawa et al., 1998; Rossor et al., 2020). Likewise, downregulation of PRPH, 

which is involved in cytoskeletal development and maintenance of PNS neurons, increases 

the likelihood of peripheral neuropathy (Bjornsdottir et al., 2019). Another subset of 

neuromuscular genes was upregulated in both exposure groups, including the nicotinic 

acetylcholine receptor subunit chrna and the Na+/K+-ATPase atp1a2a; atp1a3a was also 

upregulated in 100 ppb-exposed fish. As CHRNA1 activity regulates synaptic signaling at 

neuromuscular junctions, increases in AChR signaling can induce excitotoxicity and various 

myopathies (Lefebvre et al., 2004). Na+/K+-ATPases also regulate skeletal muscle and 

neuronal excitability through maintaining the Na+ and K+ electrochemical gradient, the 

disruption of which is also known to cause neuromuscular disease (Holm et al., 2016; 

Castaneda et al., 2018). Taken together, our transcriptomic findings suggest that NP 

exposure dysregulates pathways important to neuromotor control, motor neuron survival, 

and neuromuscular excitability, promoting neurological and neuromuscular disorders.

While our neurobehavioral findings of hyperactivity in 1,000 and 10,000 ppb NP-exposed 

fish correspond with transcriptomic findings in 100 and 1,000 ppb exposures suggesting 

increased neuronal activity and excitability, we also observed changes in pathways 

suggesting neuromotor impairment. One possibility is that other indications of 

neuromuscular impairment are present in our NP-exposed fish but are not discerned by our 

methods. While the comparison of total distance travelled in light and dark periods is an 

excellent neurobehavioral screening tool, it has limitations in detecting subtle motor 

outcomes. The evaluation of tap-elicited startle response, for example, may be a useful 

future direction for determining changes in rapid escape-driven motor reflexes (Levin and 

Cerutti, 2009). Alternatively, other indications of neuromuscular impairment may present 

later in life, affecting movement, food intake, and survival. The neuromuscular system 

undergoes large-scale structural and functional development as fish dramatically increase in 

size between 5 dpf and adulthood (Johnston et al., 2011). Additionally, deficits in active 

food seeking behavior in the water column do not affect survival until yolk sac depletion, 

several days after our testing period (Hernandez et al., 2018).

Finally, transcriptomic dysregulation of stress response and energy regulation networks, in 

conjunction with hyperactivity-linked neurological pathways, may be counteracting potential 

motor dysfunction and neurodegenerative effects to promote a hyperactive phenotype. 200 

nm NPs generally upregulated glucose and lipid metabolism genes in 100 and 1,000 ppb-
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exposed fish, including the lipid metabolism genes apoa4b.3 and apoa1b, respectively 

altered in both exposure groups and in 100 ppb alone (Gomez et al., 2010), the glycolytic 

regulator si:ch211-160o17.2 (INPP1) and rate-limiting gluconeogenesis enzyme pck1 in 

1,000 ppb (Burgess et al., 2007; Benjamin et al., 2014), and the glycolytic enzyme pdk2a in 

both groups (Kumar et al., 2016). Supporting our findings, Cedervall et al. (2012) reported 

that 24 nm NPs can bind to apoA-I in fish serum and alter muscle/liver cholesterol 

distribution when consumed through the food chain, disrupting fat metabolism. Likewise, 

Brun et al. (2019) found increased pck1 promotor activity in NP-exposed zebrafish, 

concluding that plastic-induced stress responses following 72-120 hpf exposures to 25 nm 

polystyrene microspheres may be related to disruption in glucose metabolism and increased 

cortisol, another reported mechanism for hyperactivity and neurological disruption in fish 

(Wendelaar, 1997; Joäls et al., 2012; Joäls et al., 2018). In 1,000 ppb-exposed fish, 

downregulation of the insulin receptor insrb suggests further dysregulation of glucose 

metabolism patterns (Aronoff et al., 2004; Noguchi et al., 2013), and the upregulation of 

socs3b (both exposure groups) and stk25b (100 ppb only) is known to impair mitochondrial 

function and increase leptin and insulin resistance, another adverse metabolic consequence 

of increased cortisol (Chursa et al., 2017; Pedroso et al., 2018). Wu et al. (2019) further links 

MP exposure to mitochondrial dysfunction in human intestine cells, and zebrafish models of 

epilepsy exhibiting hyperactivity also implicate glycolysis and mitochondrial respiration in 

neuronal excitation (Kumar et al., 2016). Thus, dysregulation of glucose and lipid 

homeostasis and overall energy metabolism may contribute to developmental outcomes of 

NP-induced hyperactivity and neuronal dysfunction.

Stress-induced dysregulation of energy metabolism also has large-scale consequences for 

overall organismal health and physiology, including long-term outcomes such as metabolic 

syndrome, depression, osteoporosis, immunosuppression, and hypertension (Chrousos et al., 

2000). In fish, stress events can cause energy relocation from investment processes such as 

reproduction and development towards survival-oriented processes such as locomotion 

(Wendelaar, 1997). Although early growth and development did not appear to be impacted in 

the current study, endocrine system disease and organismal development pathways were 

significantly altered by both NP exposure conditions. Others have also reported 

dysregulation of lipid metabolism, oxidative stress, immune response, and inflammatory 

pathways in larval zebrafish exposed to NPs (Veneman et al., 2017; Brun et al., 2018). 

Together, these findings suggest potential later-life consequences of early-life NP exposure 

on reproductive health and/or organismal fitness. Chronic exposures may have a stronger 

impact on such relocation processes if hyperactivity persists.

Corresponding with the ability of NPs to travel through and occlude vasculature and 

accumulate in the heart (Mohr et al., 2014; Mattsson et al., 2017; Pitt et al., 2018; Gopinath 

et al., 2019), we observed that NP exposure altered cardiovascular development and function 

pathways, important for maintaining metabolic and overall physiological health. In both 

exposure groups, several cardiac muscle genes involved in contraction and development 

were dysregulated, including sarcomere assembly gene tcap and myosin subunits myh7bb 
and myh6, orthologues of which are implicated in various forms of cardiomyopathy 

(Hayashi et al., 2004; Carniel et al., 2005; Chen et al., 2020). A subset of genes involved in 

blood vessel development and regulation was also affected in both groups, with 
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downregulation of VEGF-regulated angiogenesis gene amot (Aase et al., 2007) and 

vasodilator ace2 (Burrell et al., 2012), as well as upregulation of cyp2n13, an orthologue of 

which can produce cardioprotective epoxyeicosatrienoic acids that can stimulate 

vasodilation and angiogenesis and protect against hypoxia (Solanki et al., 2018). slc8a1b, a 

Na+/Ca2+ transporter that regulates cardiac excitability and contractility (Ebert et al., 2005), 

and chrm2a, an M2 muscarinic receptor that modulates heart rate (Steele et al., 2009) were 

downregulated, respectively, in 100 and 1,000 ppb fish. Overall, dysregulation of cardiac 

muscle and vasculature formation and function may lead to later-life survival deficits and 

cardiovascular and/or metabolic disease outcomes. Although developmental assessment of 

cardiac edema did not reveal NP-induced cardiotoxicity, assessment of outcomes such as 

heart rate or mitochondrial bioenergetics may reveal more subtle effects. If NP exposure 

alters vasculature in the brain, this may contribute to neurodegenerative or 

neuroinflammatory outcomes; thus, future studies will explore NP presence in larval brain 

vasculature.

Primarily in 1,000 ppb-exposed fish, we found altered expression of a subset of chromatin 

modifying enzymes, histone demethylases and methyltransferases, and histone deacetylases. 

The dysregulation of genes involved in epigenetic modification can both alter the dynamics 

of developmental transcriptional networks, and potentially induce epimutations that persist 

into adulthood, mediating later-life physiological outcomes of early NP exposure. baz1a and 

baz1b were upregulated and downregulated, respectively, in both exposure groups; these 

accessory subunit members of the ISWI family of chromatin remodeling proteins regulate 

nucleosome mobilization and transcription and have also been implicated in 

neurodevelopment and behavioral regulation (Sun et al., 2016; Zaghlool et al., 2016). In 

1,000 ppb-exposed fish, three members of the chromodomain-helicase-DNA binding protein 

family (chd1, chd4a, chd6) were downregulated. This ATP-dependent chromatin remodeling 

family interacts with a variety of histone modifying enzymes (including HDACs and HATs) 

to regulate chromatin accessibility, and disruption of human orthologues CHD1 and CHD4 

has also been linked to neurodevelopmental disorders (Tai et al., 2003; Pray-Grant et al., 

2005; Low et al., 2016; Weiss et al., 2016; Pilarowksi et al., 2017). Several enzymes 

modifying histone methylation were also dysregulated. The H3K36 histone demethylase 

kdm2aa, associated with transcriptional silencing and CpG island promoter regulation, was 

upregulated in 1,000 ppb-exposed fish (Frescas et al., 2008; Blackledge et al., 2010), 

whereas the H3K4 histone methyltransferase smyd3, a promoter of transcriptional 

activation, was downregulated in 100 ppb-exposed fish (Kim et al., 2009). Finally, the 

histone deacetylase hdac3 was upregulated in both exposure groups. HDAC3, generally 

associated with a repressive transcriptional profile, is a known neurotoxic factor highly 

expressed in neurons and neuronal support cells (Thomas and D’Mello, 2018). Taken 

together, changes in these epigenetic modifiers suggest altered regulation of transcriptional 

networks, possibly indicating increased transcriptional silencing as well as 

neurodegenerative outcomes in both exposure groups. Future exploration of both 

developmental and later-life NP-induced epigenetic modifications and associated phenotype 

will provide valuable information to the field, as there has been limited assessment of the 

epigenetic outcomes of either MP or NP exposure to date.
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Despite potential NP accumulation in the liver and gastrointestinal tract of exposed fish, 

effects on hepatic and gastrointestinal functioning have been largely unexplored. Pathway 

analysis revealed that 1,000 and 100 ppb exposures resulted in 212 and 194 DEGs, 

respectively, in liver hyperplasia/hyperproliferation pathways. cyp7a1, a hepato-biliary 

enzyme controlling cholesterol catabolism and bile acid synthesis, was upregulated in 100 

ppb exposures (Shin et al., 2003) and cyp3a65, a hepatic and gastrointestinal phase I 

xenobiotic metabolizing enzyme, was downregulated in 1,000 ppb exposures (Jackson et al., 

2017), suggesting altered liver cell metabolic function and impaired drug metabolism due to 

NP exposure. Several aquaporin genes, which play a role in regulating gastrointestinal 

transmembrane water transport and fluid secretion (Liao et al., 2020), and mfge8b, involved 

in maintaining intestinal epithelial homeostasis and maintenance of mucosal integrity (Bu et 

al., 2007), were upregulated in both exposure groups (aqp1a.1, aqp3a, mfge8b) or in 100 ppb 

alone (aqp8a.1), suggesting altered gut fluid transport and barrier function in NP-exposed 

fish. Similarly, others have seen NP-induced effects on cytochrome p450 enzyme activity in 

insect cells (Fröhlich et al., 2010), and PS MP exposure in mice also resulted in gut MP 

accumulation, gut barrier dysfunction, and upregulation of bile acid metabolic enzymes (Jin 

et al., 2019). Further investigation into NP-induced hepatic and gastrointestinal endpoints 

and functioning is warranted. Recent studies have indicated the potential for fluorophores to 

leach from labeled plastics and accumulate in tissues, resulting in false positive NP 

accumulation (Catarino et al., 2019; Schur et al., 2019). As these findings present a 

limitation for this study, future directions will include exposure to unlabeled polystyrene 

NPs as well as measuring polystyrene body burden to address this confound.

Overall, the present study demonstrates that exposure to polystyrene NPs can induce size- 

and dose-dependent effects on neurobehavior, as well as potential hepatic, cardiovascular, 

gastrointestinal, epigenetic, and metabolic dysfunction, based on transcriptomic outcomes 

observed in NP-exposed zebrafish. Although we only found hyperactivity to be elicited at 

1,000 ppb or above in 200 nm NP-exposed fish, the large amount of overlap in both DEGs 

and pathways of interest between 100 and 1,000 ppb exposure conditions suggests that, on 

the whole, these exposure groups share similar physiological outcomes of early NP 

exposure. IPA analysis indicates two potential mechanisms for hyperactivity in 200 nm NP-

exposed zebrafish: dysregulation of gene expression related to energy metabolism with 

implications for neurological development and stress responses, as well as induction of 

motor dysfunction and neurodegenerative processes with potential impacts on locomotion. 

Furthermore, this study establishes a link between three interdependent outcomes: NP 

accumulation within the cranial region, alterations in specific genes and pathways essential 

in neurological development and function, and hyperactivity. Epigenetic, endocrine, and 

metabolic transcriptomic dysregulation also suggests later-life physiological outcomes, but 

further research is needed to determine the long-term consequences of early life NP 

exposure.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Health impacts of exposures to both 50 and 200 nm polystyrene nanoplastics 

in larval zebrafish were investigated.

• Dose-dependent increases in plastic accumulation were identified, as 

measured by whole body fluorescence.

• Altered behavioral response was evidenced by swimming hyperactivity.

• Transcriptomic analysis suggests neurodegeneration and motor dysfunction at 

both high and low concentrations.
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Figure 1: 
Representative sample of the total distance travelled (cm) (left) and total averaged locomotor 

activity of zebrafish larvae (right) after 120 hpf of exposure to 200 nm polystyrene 

microplastics (N=60). An asterisk (*) is used to distinguish significantly different means 

compared to the control (p<0.05) as determined by ANOVA with Tukey post-hoc test.

Pedersen et al. Page 25

Environ Pollut. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Representative samples of zebrafish exposed to nanoplastics at 0, 100, 1,000, and 10,000 

ppb (left) and fluorescent values indicative of accumulation of nanoplastics in whole larval 

zebrafish from exposures to 0-10,000 ppb of 200 nm nanoplastics (right) at 120 hpf (N=20). 

An asterisk (*) is used to distinguish significantly different means compared to the control 

(p<0.05) as determined by ANOVA with Tukey post-hoc test. Natural log transformation of 

accumulation data was performed to approximate a normal distribution. Zebrafish were 

imaged post-mortem using a Nikon stereomicroscope (Melville, NY, USA) with a X-Cite 

fluorescent illuminator (Series 120).
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Figure 3: 
Heatmap indicating predicted upregulation or downregulation in subpathways based on z-

scores. Subpathways from 200 nm NP exposures to 100 and 1,000 ppb were selected and 

categorized.

Pedersen et al. Page 27

Environ Pollut. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pedersen et al. Page 28

Table 1:

Ingenuity pathway analysis-generated list of overlapping pathways from exposures to 100 and 1,000 ppb 

polystyrene nanoplastics of the 200 nm size class. Using a Right-Tailed Fisher’s Exact Test, p-values < .01 

were considered significant.

100 ppb 1,000 ppb

Pathway p-value # of Genes changed p-value # of Genes changed

DISEASE AND DISORDERS

Cancer 3.75 × 10−3 441 3.53 × 10−3 513

Organismal Injury and Abnormalities 3.75 × 10−3 445 3.53 × 10−3 523

Endocrine System Disorder 2.37× 10−3 353 3.52 × 10−3 427

Hereditary Disorder 3.31 × 10−3 129 3.53 × 10−3 135

Neurological Disease 3.32 × 10−3 160 3.53 × 10−3 182

MOLECULAR AND CELLULAR FUNCTION

Cellular Function and Maintenance 3.83 × 10−3 153 3.33 × 10−3 168

Cellular Assembly and Organization 3.83 × 10−3 138 3.33 × 10−3 130

Cellular Growth and Proliferation 3.46 × 10−3 132 3.52 × 10−3 164

PHYSIOLOGICAL SYSTEM DEVELOPMENT

Organismal Development 3.90 × 10−3 162 3.35 × 10−3 216

Organismal Survival 2.66 × 10−3 136 2.78 × 10−3 168

Nervous System Development and Function 3.46 × 10−3 88 - -

Muscular System Development and Function 3.75 × 10−3 71 - -

CARDIOTOXICITY

Cardiac Enlargement 2.24 × 10−5 29 1.39 × 10−4 35

Cardiac Dysfunction 2.37 × 10−5 19 1.93 × 10−4 20

Cardiac Arrythmia 3.90 × 10−4 17 1.80 × 10−3 18

HEPATOTOXICITY

Liver Hyperplasia/Hyperproliferation 3.48 × 10−5 194 7.83 × 10−5 212

Liver Necrosis/Cell Death 2.77 × 10−3 14 6.57 × 10−3 11
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