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A B S T R A C T

Micro- and Nanoplastic particles (MNPs) are abundantly present in the environment including in our oceans. 
Whale species (cetaceans) occupy the top of the food chain and get exposed to MNPs via their diet. Therefor 
cetaceans are considered sentinel species to investigate health effects of MNPs in mammals. The aim of this study 
is to understand how these particles affect cellular function of marine mammals. For this harbor porpoise tissues 
were isolated post mortem and cells were cultured in vitro. Cells were subsequently exposed to fluorescently- 
labelled polystyrene MNPs of 1000, 200, and 50 nm diameter. After exposure the cells were examined by 
confocal laser scanning microscopy and RNA sequencing. Plastic particles, even of 1000 nm diameter were 
observed inside the cells after 24 h of exposure. Gene expression changes were observed after plastic particle 
exposure in pathways of various biological processes including signaling and metabolism. In conclusion, this 
study shows that exposure to MNPs induces cellular responses and changes in gene expression in fibroblast-like 
cells from a sentinel marine mammal. Comparative analyses between human, cetacean and fish show common as 
well as species-specific gene responses which could be relevant to further study the health impact of MNPs.

1. Introduction

Marine plastic pollution poses a significant concern, with an esti
mated 3200 kilotons of plastic litter present in the oceans in the year 
2020, and an annual input of additional 500 kilotons (Kaandorp et al., 
2023). An estimated 60–80 % of debris found in the marine environment 
is plastic waste (MacLeod et al., 2021; European Commission, 2018). 
The biodegradability of most plastics is very limited, but large plastic 
pieces can over time fragment into micro and nanoplastic particles 
(MNPs). The size of microplastics ranges from 5000 to 1 μm; plastic 
particles smaller than 1000 nm are termed nanoplastics (Weber et al., 
2022; Lu et al., 2024). Due to their small size MNPs are easily ingested 
by marine life, both via direct and indirect, via the food, exposure 
(Zantis et al., 2021). As an integral part of the food chain it very likely 
that MNP impact human health via aquatic organisms.

Whale species (cetaceans) occupy a prominent position in the food 
chain and are sentinel species, thereby serving as indicators of ocean 
health. Marine mammals are frequently exposed to MNPs, with esti
mates ranging from 200,000 to 10 million particles per day in filter 
feeders (Zantis et al., 2021) and 150 particles per day in delphinids 
(Dool and Bosker, 2022). Recently a study found that small cetaceans 
can also inhale MNPs (Dziobak et al., 2024). Importantly, these esti
mates are based on the presence of relative large microplastics, while 
very little is known about nanoplastics, which are more prominent in the 
marine environment (Cuningham et al., 2023). Although exposure of 
cetaceans to MNPs is well documented, effect testing is challenging, as 
most marine mammals are protected species. Notably, in vitro cell cul
tures offer a prospective avenue to examine the effect of exposure to 
anthropogenic pollutants on cellular and tissue function, which can be 
used to predict impacts on animal health (Borod et al., 2020; Ochiai 
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et al., 2020). It has been described that cultured cells of well-known cell 
lines such as Caco-2 and HT-29 can passively take up MNPs of different 
sizes. Cytotoxicity has been observed in cell lines exposed to MNPS, 
particularly with regard to oxidative stress and membrane. In addition, 
it has been suggested that higher dose can lead to higher cellular uptake 
damage (Banerjee and Shelver, 2021 and references therein).

Here we investigated the impact of MNPs on cultured cells of the 
harbor porpoise (Phocoena phocoena). The harbor porpoise is a small 
cetacean species that is native to waters of the northern hemisphere, 
including the North Sea. In this study, harbor porpoise cells obtained 
from stranded animals were collected post mortem and cultured in vitro. 
First, we highlight our procedure to successfully obtain viable cells from 
deceased porpoises. Next, we exposed cultured cells to different sizes of 
labelled polystyrene MNPs and examined for uptake and changes in 
gene expression. The findings indicate that even the largest of MNPs 
(1000 nm diameter) can enter the cytoplasm of cells and change gene 
expression patterns. To our knowledge this is the first study on cetacean 
cell lines that investigates the impact of NMPs on cetacean cells, 
providing an important method that will allow to study impacts of NMPs 
on cetacean health. Comparative analyses between cetacean and 
humans may provide new insights into the health impact of MNPs in 
humans as well (van der Laan et al., 2023)

2. Materials and methods

2.1. Tissue collection

Between September 2021 and June 2022, harbor porpoises that 
stranded dead or died shortly after stranding on the Dutch coast were 
transported to the Division of Pathology of the Faculty of Veterinary 
Medicine at Utrecht University as part of the ongoing Stranding 
Research Program (IJsseldijk et al., 2022). Upon arrival, the animals 
were examined externally and internally to identify their health status 
and cause of death, following internationally standardized guidelines 
and procedures (IJsseldijk, 2019). Tissue pieces of different origins were 
excised using a sterile scalpel, and transferred to a sterile 15 mL tube 
containing Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 
(DMEM/F12; Gibco; Grand Island NY, USA) supplemented with 10 % 
fetal bovine serum (FBS; Gibco) and 1 % AA (Antibiotic-Antimycotic; 
Gibco). Alternatively, tissue pieces were collected in University of 
Wisconsin (UW) organ preservation solution (Viaspan, Duramed Pharm 
Inc. Pomona NY, USA) if longer storage periods (several days) were 
required. For information on the animals, including sex, age and cause of 
death see Supplementary Table 1.

Maximally 2 h after collection, the tissue pieces were placed in Petri 
dishes in a biosafety cabinet under sterile conditions and cut into 
approximately 1 mm3 pieces using sterile disposable scalpel blades. 
Pieces were placed in 6-well plates (Primaria™ 6-well Clear Multiwell 
Plate; Corning, Corning NY, USA) with 3 mL culture medium, which 
consisted of Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 
(DMEM/F12; Gibco), supplemented with 10 % fetal bovine serum (FBS; 
Gibco) and 1 % AA (Gibco) and placed in a humidified incubator at 37 ◦C 
and 5 % CO2. The medium was refreshed daily for two weeks. After this 
period, medium was refreshed every other day. The wells were exam
ined daily with a reversed light microscope for cellular outgrowth. Cells 
recovered from harvested tissues were cryopreserved in Cryostor 
(Merck, Amsterdam, the Netherlands) or 90 % FBS and 10 % DMSO 
using a Mr. Frosty (Merck) according to manufacturer’s recommenda
tions and banked for future research at − 196 ◦C in vapor phase nitrogen.

For thawing, frozen cells in cryovials were kept for approximately 1 
min at 37 ◦C in a water bath, after which the cells were resuspended in 
10 mL culture medium. After centrifugation for 5 min at 163 g the pellet 
was resuspended in 3 mL DMEM/F12 medium (Gibco) with 10 % FBS, 1 
% AA (Gibco), and seeded in 6 well plates.

2.2. MNP exposure

Lung cells (adult females national reference numbers: UT1919 and 
UT1924) and diaphragm cells (neonate male UT1934) were cultured in 
8 well-chamber slides (Nunc Lab-Tek Chamber Slide System 177445; 
Thermo Scientific, Waltham MA, USA) in DMEM/F12 medium (Gibco) 
with 10 % FBS, 1 % AA (Gibco), in a humidified incubator at 37 ◦C and 5 
% CO2. Fluorescein-labelled Yellow Green (YG) polystyrene (latex) 
nanoplastic particles (abbreviated as YG-NP) with 50 nm (Polybead 
17149-10), 200 nm (Polybead 09834-10) and 1000 nm (Polybead 
17154-10) diameter sizes were used (Fluoresbrite Microparticles; Poly
sciences Europe; Hirschberg an der Bergstrasse, Germany).

Cells at 40 % confluency were exposed to the particles for 20 h at 
either 50 or 100 μg/mL. Thereafter, cells were washed 2x with Hanks’ 
Balanced Salt Solution (HBSS; Gibco; Grand Island, NY, USA), and fixed 
with 4 % paraformaldehyde for 15 min at room temperature. Subse
quently, cells were stained with 1 μg/mL Hoechst 33342 (ab228551; 
Abcam, Cambridge, UK) for 5 min, again washed 2x with HBBS, per
meabilized with 0.1 % Triton X-100 and stained with 0.25 μg/mL 
Phalloidin-568 (Invitrogen; Waltham MA, USA) for 15 min followed by 
two final washes with HBSS. Cells were sealed in mounting medium 
(Fluorsave Reagent 3769661; Millipore, Burlington MA, USA) and 
covered with microscope slides. Imaging took place using confocal laser 
scanning microscopy with a Leica SPE-II system at 405 nm (Hoechst), 
635 nm (Phalloidin) and 488 nm (YG-NP).

2.3. RNA isolation and sequencing

Cells were lysed in buffer RLT (Qiagen; Germantown MA, USA) and 
stored at − 80 ◦C until further use. RNA extraction was performed with 
an RNeasy minikit (Qiagen) according to the manufacturer’s in
structions. RNA was eluded with 2x 100 μL water, pooled and lyophi
lized for 2h in a sublimator (Zirbus, Tiel, the Netherlands). Subsequently 
RNA was dissolved in 15 μL RNase free water and examined for purity 
and concentration on a Bio-analyzer (Agilent; Santa Clara CA, USA). 
RNA was sequenced and data were uploaded to Galaxy Web platform 
(Goecks and Nekrutenko, 2010). Reads were mapped using HISAT2 
(version 2.2.1) against the Vaquita (Phocoena sinus) genome file 
GCF_008692025.1_mPhoSin1.pri_genomic.fna.gz (Morin et al., 2021). 
Mapped reads were annotated against the Phocoena_sinus_annota
tion_release_100 and converted to counts using FeatureCounts (version 
2.0.1). DESEQ2 (version 2.11.40.7) was used to identify differentially 
expressed genes. Genes with an adjusted p-value <0.05 (Benjamini-
Hochberg FDR correction) were considered significant. Transcriptome 
analysis was performed using the GSEA platform for gene set enrichment 
Subramanian et al., (2005) (https://www.gsea-msigdb.org/gsea/index. 
jsp); and ShinyGO for pathway analysis (Ge et al., 2020; https:// 
bioinformatics.sdstate.edu/go). After normalization for the count 
depth using the median of ratios method, the Wald test was used for 
hypothesis testing between two groups. Correction for multiple testing 
was performed using the Benjamini and Hochberg method (Love et al., 
2014). Raw data are available from the Gene Expression Repository 
(GEO) at NCBI (accession number GSE289215).

3. Results

3.1. Establishing harbor porpoise primary cell cultures

To understand the viability of cells from various tissues of deceased 
harbor porpoises, an initial phase involved the collection of diverse 
tissue types from 24 animals, which were subsequently mechanically 
minced and cultured in vitro. Wells were examined daily by light mi
croscopy, and despite the presence of antibiotics and antifungals, 
growth of bacteria and fungi was frequently observed. Any wells 
showing bacteria or fungal culture were promptly discarded. For skin 
tissue, liberated and substrate-attached cells were observed at, on 

B.A.J. Roelen et al.                                                                                                                                                                                                                             Environmental Pollution 383 (2025) 126805 

2 

https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://bioinformatics.sdstate.edu/go
https://bioinformatics.sdstate.edu/go


average 11 ± 11.9 (SD) days after the start of culture (n = 10). Skeletal 
muscle cells (Fig. 1A) were observed after 11.7 ± 9.4 days (n = 10); cells 
from the diaphragm (Fig. 1B) after 8.6 ± 2.3 days (n = 14), liver cells 
after 23 ± 13.2 days (n = 3); intestinal tissue after 7.9 ± 2.0 days (n =
9); cells from lung tissue after 8.3 ± 4.1 days (n = 10). The timing of 
cells liberating from the tissues seemed influenced by the specific indi
vidual rather than the tissue type, and is, therefore, most likely due to 
time between death of the animal and obtaining the tissue pieces. 
Indeed, tissues from several specimens were unsuccessful in generating 
viable cultured cells.

Viable cells were obtained from a variety of tissues collected, 
including lung, liver, skin, small intestine, skeletal muscle, and dia
phragm. However, there were also tissues, such as heart, testis, fat, 
tendon, ovary, and bone marrow that did not result in any viable 
cultured cells. Tissues directly collected in UW organ preservation so
lution could be stored at 4 ◦C for up to 6 days before culture and still give 
rise to viable cells, but cells liberated from tissues that had been stored in 
UW solution only appeared after 10 days or more (data not shown).

Cells were most likely fibroblast type, as defined by the spindle shape 
and parallel linear actin filaments (Jalal et al., 2019). In addition, 
transcriptional activity as determined by RNAseq experiments, here 
presented, clearly show that both Vimentin (VIM) and αSMA (ACTA2) 
are amongst the genes with the highest expression levels (7th and 47th, 
respectively, of 19508 annotated genes. In addition, other genes that are 
related to the formation of connective tissue, like Fibronectin (FN), and 
Collagen (COL1A1, COL1A3) are ranked highest on gene expression.

Culturing the tissue pieces on wells coated with Collagen type I did 
not lead to faster liberation of the cells, although cells cultured on 
collagen appeared to exhibit enhanced proliferation as indicated by the 
time the cells reached confluency after passaging (not shown). Regard
less of the tissue type, the cells originally displayed a spindle like 
morphology (Fig. 1A and B), with several prominent nucleoli in the 
nucleus. After several passages, the majority of the cells lost their spindle 
shapes, enlarged their surface area and obtained a fibroblast like 
morphology (Fig. 1C).

3.2. Cellular uptake of fluorescent polystyrene nanoplastic particles

In order to determine the potential uptake of MNPs by harbor por
poise cells, cultured fibroblast-like lung and skeletal muscle cells were 
exposed to yellow green fluorescent polystyrene MNPs (YG-NP) of 
different sizes (50 nm, 200 nm, and 1000 nm), at concentrations of 50 
μg/mL or 100 μg/mL. An exposure time of 20 h was selected considering 
the potential increase of particle size due to adsorption of proteins and 
lipids from the culture medium, which could occur after 24 h (Revel 
et al., 2021). Lung and skeletal muscle-derived fibroblast-like cells from 
both male and female animals were exposed to the MNPs and analyzed 
for cellular uptake, with no differences observed between tissue types or 
sexes. Confocal laser scanning microscopy revealed the presence of 
YG-NPs within the lung-derived fibroblast-like cells, particularly evident 
for the 200 and 1000 nm-sized particles (Fig. 2). No differences were 

observed between the different concentrations of 50 and 100 μg/mL, 
prompting the subsequent use of 50 μg/mL in follow-up experiments. 
The particles appeared to be localized around the nucleus, indicating 
retrograde transport from endosomes to the trans-Golgi network 
(Bonifacino and Rojas, 2006). On occasion, particles were observed that 
appeared to be within the nucleus. However, further investigation is 
needed to confirm their actual presence within the nucleus. Where 
exposure to 200 and 1000 nm particles clearly showed the presence of 
MNPs intracellularly (Fig. 2B and C), detection of uptake of the smaller, 
50 nm YG-NPs, was more challenging. Only subtle fluorescence, slightly 
above background levels, was observed, both in the cytoplasm as at the 
location of the nucleus (Fig. 3). Signal was constrained by the resolution 
limitations of confocal laser scanning microscopy.

3.3. Change in gene expression in response to polystyrene MNPs

To examine the effect of polystyrene YG-NP internalization on gene 
expression, two batches of primary lung-derived fibroblast-like cells 
were analyzed by bulk RNA sequencing after 20 h exposure to 50 μg/mL 
of 50 nm, 200 nm and 1000 nm size YG-NPs. Principal Component 
Analysis (PCA) of the whole transcriptome showed that exposure to 50 
nm and 200 nm particles cluster together with the untreated (control) 
samples in the first dimension, but that RNA profiles after exposure to 
1000 nm diverge from that cluster (Fig. 4A). This observation is sub
stantiated by the non-hierarchical sample-to-sample distances where the 
1000 nm samples as well as sample 200 nm are the least divergent with 
each other as they are to the other samples (control, 50 nm and 200 nm) 
(Fig. 4B). To identify genes that were commonly differentially expressed 
between the 6 possible combinations, DESeq2 analysis was applied on 
the raw counts obtained after mapping the RNAseq output on the 
Vaquita (Phocoena sinus) genome, currently the sequenced genome most 
closely related to that of the harbor porpoise. Filtering for differentially 
expressed (DE) genes (Padj<0.05) clearly shows that there were only a 
limited number of commonly DE genes between 50 nm and 200 nm, 50 
nm and control, and 200 nm and control (3, 23, and 26 respectively) 
while exposure to 1000 nm YG-NPs resulted in much higher number of 
commonly DE genes when compared to 200 nm, control, and 50 nm 
(134, 142, and 155, respectively) (Fig. 4C). Of these DE genes, 49 genes 
are differentially expressed in all three comparisons (Fig. 4C).

As the number of DE genes were limited between 50 nm and 200 nm, 
50 nm and control, and 200 nm and control, we focused on the effect of 
1000 nm MNP exposure in comparison to untreated fibroblasts. When 
the set of 142 DE genes (for the full list see Supplemental Table S2) was 
analyzed for their presence and involvement in various molecular 
functions (Fig. 5A), cellular components (Fig. 5B), and biological pro
cesses (Fig. 5C), a wide range of gene ontology (GO) and Kyoto Ency
clopedia of Genes and Genomes (KEGG) pathways (Kanehisa et al., 
2021) were identified that show significant differences (Fig. 5D). These 
data indicate that exposure of harbor porpoise cells to YG-NP affects 
cellular pathways essential for normal homeostasis.

To identify putative regulatory factors that can play a role in the 

Fig. 1. Photomicrographs of cultured harbor porpoise cells. (A) Skeletal muscle, freshly liberated cells without passage, (B) Diaphragm-derived cells, freshly 
liberated cells without passage, displayed a spindle like morphology. (C) Skeletal muscle-derived cells after 5 passages obtaining a fibroblast-like morphology. Scale 
bars represent 500 μm (A,B) and 100 μm (C).
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Fig. 2. Uptake of Yellow Green fluorescein-labelled polystyrene nanoplastic particles (YG-NP) by harbor porpoise lung-derived fibroblast-like cells. (A) Untreated 
control cells, and after incubation with 1000 nm (B) or 200 nm (C) YG-NP at concentration 50 μg/mL. Blue-green = nanoplastic particles, red = actin cytoskeleton 
(phalloidin), blue = DNA/Nucleic acid (Hoechst). Scale bar = 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

Fig. 3. Uptake of 50 nm Yellow Green fluorescein-labelled polystyrene nanoplastic particles (YG-NP; 50 μg/mL). High magnification image shows YG-NP is present 
throughout the cell, while Hoechst (blue) staining indicates the nucleus. Scale bar = 50 μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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ecotoxicological consequences of NMP treatment, we performed a 
search using the significantly differentially expressed genes for the 1000 
nm particles against all other three condition (no particles, 50 nm par
ticles, and 200 nm particles) using the online transcription factor anal
ysis tool ChEA3 containing approximately 1700 putative transcription 
factors and their targets (Keenan et al., 2019). Out of a total of 89 
common transcription factors, three transcription factors were identified 
that made the top 10 for all three comparisons: ATF3, GLMP, and 
NFE2L2. ATF3 is a member of the CREB protein family of transcription 
factors and functions as a rapid responder to cellular stress, participating 
on proapoptotic pathways. NFE2L2 is a transcription factor that is 
involved in cellular defense against oxidative and electrophilic stress via 
genes that contain antioxidant response elements (ARE) in their pro
moter region. GLMP (formerly known as NCU-G1) encodes a lysosomal 
membrane protein. Although the transcriptional function of this protein 
is yet not clarified, it was shown that inactivation of this gene resulted in 
oxidative stress and increased fibrosis and hepatic cell death (Kong et al., 
2014) Combining these individual characteristics suggests that stress 
response is the major driver in cellular coping with, especially, 1000 nm 
NMPs.

One of the KEGG pathways that clearly stands out is that of the 
Terpenoid Backbone Biosynthesis. Three enzymes that are active in the 
mevalonate pathway are significantly up-regulated; 3-hydroxy-3-meth
ylglutaryl-CoA synthase 1 (HMGCS1; 2.3.3.10), 3-hydroxy-3-methylglu
taryl-CoA reductase (HMGCR) 1.1.1.34, and isopentenyl-diphosphate 
delta isomerase 1 (IDI1; 5.3.3.2) (Supplemental Fig. 1A). All three en
zymes are also up-regulated in cells exposed to 1000 nm YG-NPs 
compared to 50 and 200 nm YG-NPs (data not shown). In addition to 
these differentially expressed genes, acetyl-CoA acetyltransferase 1 
(ACAT1; 2.3.1.9) and mevalonate diphosphate decarboxylase (MVD; 
4.1.1.3) are also expressed at a higher, however not significant, level 
(Supplemental Fig. 1). That this pathway might be affected by the 
exposure to 1000 nm polystyrene YG-NPs is also supported by the gene 
set enrichment analysis, where it is shown that all genes tend to be 
ranked higher in the list of identified genes. This pathway functions 
upstream of the ubiquinone and terpenoid-quinome pathway. In human 
cells, metabolites of this pathway were shown to be dysregulated in 
response to polystyrene MNP exposure (Wang et al., 2022).

Fig. 4. Characteristics of gene expression profiles of cells before and after YG-NP exposure. (A) Principal Component Analysis, (B) heatmap of the sample-to-sample 
distance matrix (with clustering) based on the normalized counts, and (C) visualization of the intersection of all six differentially expressed (DE) gene sets obtained 
after DESeq2 analysis. Red connected dots mark the number of genes that are common for the indicated comparisons on the left. Cells exposed to 1000 nm GY-NP 
showed most changes in gene expression compared to other conditions. Genes with a FDR <0.05 are considered significantly, differentially expressed. C = Control 
before treatment and exp50, exp200, exp1000 = cells after treatment with 50 nm, 200 nm and 1000 nm YG-NP, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of differentially expressed genes before and after exposure 
to 1000 nm YG-NP. (A) Top 10 GO – Molecular function analysis, (B) GO – Cellular component, and (C) GO – Biological process gene sets significantly enriched after 
exposure to 1000 nm YG-NP.(D) KEGG pathway enrichment analysis using the same set and calculated using the ShinyGO 0.80 platform. Highest enrichment was 
observed for the terpenoid backbone biosynthesis pathway. (E) Graphical representation of the terpenoid backbone biosynthesis pathway (hsa00900 pathview 
representation). Scale depicts –log2FC of expression. Red indicates up-regulation of that specific gene in the exposed cells. (F) Gene Set Enrichment Analysis 
comprising 23 genes. NES = Normalized enrichment score. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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3.4. Species-specific and common gene expression pathways affected by 
polystyrene MNPs

Exposure to polystyrene MNP, both in vivo and in vitro, have been 
shown to affect a plethora of cellular processes (Yin et al., 2023a; Yin 
et al., 2023b). Several studies using next-generation sequencing 
revealed the complex biological effects of polystyrene MNPs in vitro and 
in vivo, including inflammation, oxidative stress, and cellular dysfunc
tion. Whether or how different species respond differently to poly
styrene MNP exposure has not been extensively investigated. Therefore 
we comparted the polystyrene MNP-induced gene pathways of our 
harbor porpoise fibroblast-like cells to gene pathways reported in 
human skin fibroblasts (Stojkovic et al., 2023) and zebrafish liver fi
broblasts (stellate cells) (Deng et al., 2023). We identified 142 genes 
being differentially expressed upon exposure to 1000 nm PS-NPs (padj <

0.05) as compared to non-exposed fibroblasts (Supplementary 
Table S3).

Analyses of KEGG pathways using ShinyGO resulted in 29 signifi
cantly up- or down-regulated pathways in harbor porpoise cells (Fig. 6). 
Differentially expressed genes from human fibroblasts were identified 
by extracting all unique genes from the supporting information of 
Stojkovic et al., (2023). This resulted in a list of 785 genes differentially 
expressed between cells treated with 50 nm polystyrene NPs and 
non-treated controls; 238 up- or down-regulated KEGG pathways were 
identified (Fig. 6). These two lists were compared with the significantly 
different pathways identified in zebrafish (Danio rerio, Deng et al., 
2023). The Venn diagram visualizing the relationship between these 
three datasets is showing common and unique, species- or 
environment-specific, pathways. Harbor porpoise fibroblast-like cells 
share 21 out of 29 KEGG pathways and 3 pathways with human and 
zebrafish, respectively. This leaves 5 pathways that might be unique for 
mammals in a marine environment. This comparative analyses between 
human, cetacean and fish show common as well as species-specific gene 
responses which could be relevant to further study the health impact of 
MNPs.

4. Discussion

Marine mammals are sentinels for ocean health, yet conducting 
toxicity studies on these animals is restricted due to ethical and logistical 
constraints, and the fact that most species are protected. Here we have 
successfully developed in vitro cell culture techniques using cells from 
deceased harbor porpoises. This non-invasive method could, in the 
future, enable studies to assess and better understand the impact of 
pollutants on this important group of animals. While cells from ceta
ceans have been successfully cultured, they were predominantly ob
tained from skin biopsies of free-ranging animals. Despite being a 
significant advancement, the logistical challenges of obtaining tissue 
samples from free-ranging cetaceans are complex, invasive and pri
marily limited to sampling skin tissue (Burkard et al., 2015).

Significantly, primary cells have a limited ability to proliferate, 
necessitating either recurrent sampling or genetic modification for the 
establishment of immortal cell lines (Tashiro et al., 2024; Hosen et al., 
2023). The cultivation of primary cells sourced from deceased stranded 
animals would bypass these issues as it enables the propagation of cells 
from multiple animals and various tissues. A drawback may arise from 
the animals being deceased, potentially compromising cell viability and 
facilitating bacterial or fungal overgrowth. The cause of death of the 
animals might also influence cell viability. Herein, we demonstrate the 
successful cultivation of viable cells from deceased animals without 
bacterial or fungal contamination. Moreover, the use of UW solution for 
tissue preservation permits samples to be stored for several days before 
initiating in vitro culture.

Although the harbor porpoise is the most frequently stranded ceta
cean across the North Sea, other species such as Orca (Orcinus orca) and 
Sowerby’s beaked whale (Mesoplodon bidens) occasionally strand and 
indeed we also successfully established cell cultures from these species 
(data not shown).

This highlights that cells from a variety of tissues could be cultured 
from stranded animals. The exact nature of the cells has not be estab
lished; based on morphology and plastic adherence they were primarily 
classified as fibroblasts. No difference was noted in the cells obtained 
and cultured from male or female animals. The morphology changed 

Fig. 6. Species-specific differences in genes expression after exposure to 1000 nm polystyrene YG-NP. Venn diagram presenting the common and unique gene set 
enrichment (KEGG) pathways of differentially expressed genes from Phocoena phocoena fibroblasts (this study), Homo sapiens fibroblasts (Stojkovic et al., 2023) and 
Dario rerio stellate cells (Deng et al., 2023), identified after exposure to polystyrene nanoplastics. Groups of (limited numbers of) individual and overlapping 
pathways are listed in squares.
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however with increasing passage number, with cells occupying a larger 
surface and increased cell doubling time. It is expected that these cells 
eventually become senescent. Early passage number cells are therefore 
preferred for studies such as impact of environmental compounds.

Exposure of cultured harbor porpoise cells to MNPs revealed their 
uptake by the cells, even those particles with a diameter of 1000 nm. The 
mechanism of uptake, whether active or passive, remains unknown. 
However, the cellular distribution suggests retrograde transport from 
endosomes to the trans-Golgi network (Bonifacino and Rojas, 2006). The 
fate of the particles within the cells over time is currently unclear; 
prolonged culturing of the cells in the absence of nanoparticles following 
short-term exposure could offer further insights. Moreover, exposure in 
the presence of inhibitors such as those targeting clathrin-mediated 
endocytosis could help discern whether cellular uptake is active and, 
if so, through which mechanism.

Gene expression analysis revealed up- and downregulation of various 
genes, with 6 genes showing upregulation after exposure to all three 
sizes of MNPs. This observation emphasizes the unique consequences 
that size differences can invoke upon exposure. Intriguingly, exposure of 
zebrafish to 1000 nm sized polystyrene MNPs revealed altered KEGG 
pathways of, among others, the ‘autophagy-animal’ and ‘mTOR 
signaling pathway’ in hepatic stellate and epithelial cells (Deng et al., 
2023). Accordingly, in the harbor porpoise cells exposed to 1000 nm 
MNPs, the ‘mtorc1 signaling’ and ‘oxidative phosphorylation’ were the 
most frequent gene enrichment pathways. How activation of these 
pathways would affect harbor tissue lungs cells remains to be investi
gated. Although the KEGG database is designed as a computer repre
sentation of the biological system, comprising most of the known 
characteristics on cellular metabolism and function, some organisms are 
less represented or incomplete. Especially data on more rare species 
which are not considered model systems are lacking. In addition, the 
lack of in depth data on the zebrafish fibroblasts hampered a more 
thorough and detailed analysis of our data with other aquatic organisms. 
We should, therefore, consider our interpretation in a more general 
approach, merely showing the fact that there are differences in KEGG 
pathways identified per species.

It is expected that MNPs can disrupt membrane integrity and accu
mulate in organelles like lysosomes and mitochondria. Inside cells, they 
may generate ROS, leading to oxidative stress and damage to proteins, 
lipids, and DNA. In addition as demonstrated here gene expression 
patterns are altered by exposure to MNPs. These combined effects may 
impair cell function, promote inflammation, and trigger apoptosis or 
necrosis. It is expected that cells of different species respond differently, 
for instance by differences in cell membrane composition, but also dif
ferences in immune responses and antioxidant enzyme systems.

Upon exposure to fine particles smaller than 2.5 μm diameter, human 
bronchial epithelial cells showed a significant upregulation of IL24 
expression, echoing findings described in this study (Liu et al., 2022). 
These lung cells underwent autophagy, likely due to the heightened IL24 
expression. Furthermore, IL24 expression has been linked to inflam
matory diseases (Mitamura et al., 2020). Harbor porpoise cells exposed 
to NPs also exhibited increased IL24 expression across all three tested 
sizes, indicating direct cytotoxicity and thus harmful effects induced by 
NP pollution.

To conclude: this is the first study to successfully establish cell lines 
of stranded cetaceans. This approach allows us to study the potential 
adverse effects of pollutants (such as MNPs) in a non-invasive way. We 
show that exposure to MNPs impacts harbor porpoise cells, which 
highlight the risk these particles pose to marine ecosystems. As sentinel 
species, harbor porpoises can serve as indicators of ecosystem health and 
the extent of anthropogenic disturbances such as plastic pollution. 
Disruption of cellular function and viability due to NPs could signal 
broader ecological repercussions, including reduced population resil
ience and altered trophic dynamics. Moreover, the transfer of NPs and 
associated contaminants through the marine food web can amplify the 
exposure risks for other marine organisms, including commercially 

important fish species and apex predators.
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