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Heavy metal (HM) pollution in the marine environment has been of concern for
decades. The potential impact of HMs carried by emerging marine pollutants
such as microplastics (MPs) has attracted attention only in recent years. In this
study, we investigated the single and combined chronic toxic effects (growth,
burrowing behavior, and histopathology) of cadmium (Cd, three
concentrations of low, medium, and high) and polystyrene (PS) microspheres
(1 wm, 10 pg/L) on the coastal polychaete Perinereis aibuhitensis. Cd
bioaccumulation under two exposure scenarios was also explored. Our
results showed that Cd and PS did not affect worm growth for single or
combined exposure, while 13.08 pg/L of Cd (Cd,) alone significantly
decreased the burrowing time of P. aibuhitensis in sediment. The presence
of PS mitigated the hormetic effect of Cd on worm burrowing behavior, and
this influence was Cd concentration-related. Cd body burdens in worms
exposed to the medium and high Cd concentrations (Cdy and Cdy) were
significantly greater than those of control worms with or without the presence
of PS. In addition, Cd bioaccumulation was significantly higher with the
coexistence of PS than those of Cd alone at the Cd, and Cdy groups.
Histopathological analyses demonstrated a trend of epidermal and intestinal
damages for single Cd/PS and their combined groups, and the contribution of
PS-MPs should not be ignored. Our results indicate that the toxic effects and
bioaccumulation pattern of Cd could be altered with the presence of PS-MPs
for P. aibuhitensis, especially at environmentally relevant concentrations.
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Introduction

As an emerging environmental contaminant, microplastics
(MPs, < 5 mm in size) (Law and Thompson, 2014) are small
fragments of plastic debris that have been found in both marine
The
bioaccumulation and toxicological consequence of MPs in

water and sediment environments worldwide.

marine ecosystem have received considerable concern for their
bioavailability and potential impacts on marine biota. MPs were
found to cause mechanical and physical injures such as behavior
alteration and clogging of the digestive tract, or their effects could
be physiological and biochemical, including growth and
reproduction disturbance, neurotoxicity, oxidative damage,
energy-related changes, immune dysfunction, histopathological,
and ultrastructural alteration (Lu et al.,, 2016; Auta et al., 2017;
Barboza et al., 2018a; Barboza et al., 2018b; Wang et al,
2019).Currently, it has also been widely recognized that MPs
not only pose direct impacts on marine biota, but also act as
vectors for several chemicals including hydrophobic organic
chemicals such as polycyclic aromatic hydrocarbons (PAHs)
(Liu et al., 2019b; Pannetier et al., 2019), metal ions (Holmes
et al, 2012; Holmes et al., 2014; Brennecke et al., 2016), and
antibiotics (Li et al., 2018), of which the adsorption of various
heavy metals (HMs) by the MPs in the marine environment was
highlighted (Brennecke et al., 2016), which may, in turn, alter the
bioavailability and toxicity of HMs. For instance, Barboza et al.
(2018a) found that fluorescence red polymer microspheres (1-5
um diameter) likely sorbed mercury (Hg) from water and
influenced Hg bioaccumulation in the tissues of European
seabass, Dicentrarchus labrax, and a significant interaction
between Hg and MPs was found. In addition, when a marine
mysid (Neomysis awatschensis) was exposed to HMs (arsenic/As,
cadmium/Cd, copper/Cu, lead/Pb, and zinc/Zn) premixed with
MPs, it demonstrated increasing metal body burdens and thus
aggravated oxidative damage and neurotoxicity (Eom et al., 2021).
Likewise, the study of Yan et al. (2020) showed that the presence
of MPs caused higher bioaccumulation of HMs (Cd, Pb, and Zn)
in the gut of marine medaka (Oryzias melastigma), and co-
exposure triggered more significant changes of specific bacterial
species and gut function in male fishes. Nevertheless, in some
circumstances, the toxicity of MPs themselves also plays an
important role when combined with exposure to HMs. For
example, Wen et al. (2018) reported that single or co-exposure
of MPs and Cd could all induce oxidative stress and stimulate
innate immunity in the juvenile discus fish (Symphysodon
aequifasciatus); however, the presence of MPs led to reduced Cd
accumulation, which highlighted the critical role of MPs
themselves other than their “carrier effect” of increasing metal
bioavailability in their combined toxicity.Although several model
animals have been adopted to evaluate the combined effects of
HMs with MPs, most of which focus on freshwater/marine fishes,
bivalves, or zooplanktons, the performance of marine benthic
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organisms after combined exposure to HMs and MPs is rarely
known. Moreover, there are inconsistent conclusions regarding
the bioavailability or bioaccumulation of HMs with or without the
presence of MPs among different test organisms. This process
probably determines the toxicities of HMs and the potential of
MPs as a carrier of HMs, which should be clarified using different
model organisms which are representative of the marine
environment.As a nonessential metal element, Cd is one of the
most frequently detectable metal contaminants in the marine
environment and organisms along coasts of China (Qiu, 2015;
Zhang et al., 2015; Hao et al,, 2019). Polystyrene (PS) MPs are
among the most produced worldwide plastics, and the low reuse
rate of these polymers results in their widespread presence in the
aquatic environment (Eriksen et al, 2014), which were most
frequently observed as a spherical form (Carpenter et al., 1972;
Mani et al., 2015; Zhang et al., 2017). The polychaete Perinereis
aibuhitensis is a commonly distributed and ecologically important
infauna species that inhabited coastal sediments in China. Due to
its essential role in influencing fluxes of organic matter, nutrients,
and contaminants in sediments and across the sediment-water
interface through bioturbation, it has been increasingly used as a
bioindicator for metals (Cd, Pb, etc.) (Tian et al., 2014; Liu et al.,
2019a) and organic compounds (petroleum hydrocarbons) (Sun
etal., 2019) in ecotoxicological studies. Recently, the indicator role
of ragworm (Nereididae) for MPs in the Haizhou Bay intertidal
zone in China has been confirmed (Wang et al., 2021). In this
study, we select P. aibuhitensis as the test organism and
polystyrene (PS) and Cd as representatives of MPs and HMs
with aims to (1) determine the single and combined effects of PS
and Cd on the growth and burrowing behavior of worms; (2)
quantify and compare the bioaccumulation of Cd in worms with
or without the presence of PS; and (3) characterize the
histopathological alterations in different tissues of worms caused
by single or combined compounds under a 7-day seawater
exposure pathway.

Materials and methods
Animal obtaining and culturing

Adult P. aibuhitensis, with lengths of approximately 8 to
12 cm, were purchased from Ruian aquaculture base, Taizhou,
China. After transport to the lab, healthy and uninjured worms
were selected and placed in several 10-L aquaria each containing
approximately 8 cm depth of natural sediment that was collected
from Yuan Island, the Yellow Sea (38°40'25"N, 122°09'47"E,
sieved < 1 mm) to acclimatize for 7 days at 10 + 1°C with aerated
filtered artificial seawater (FASW, < 0.45 um, salinity 16.6 + 0.1,
pH 8.0 £ 0.1, DO 7.99 + 0.2 mg/L) as overlying water. The
overlying FASW was replaced once, and worms were fed with
organic matter in natural sieved sediment without additional
food supply during acclimation. One day before exposure, all
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worms were carefully picked out of the sediment and placed in
clean FASW to empty their guts overnight.

Characterization of polystyrene
microspheres

Commercial PS microspheres (Cat.# 4010A, nominal size of
1 pum, 1.0% solids) were purchased from Thermo Fisher
Scientific Corporation, USA. The primary morphology and
particle size were identified using a Hitachi transmission
electron microscope (TEM, operating at 80 kV) system. The
chemical composition of polystyrene microspheres was
confirmed by micro-Fourier transform infrared spectroscopy
(L-FTIR) on a Nicolet iS5 spectrometer (Thermo Fisher
Scientific, USA). A sample of PS microspheres was pressed
onto a diamond crystal and their spectra were obtained at 8

-1 .
cm  resolution and 8 scans.

Chronic seawater exposure

A 7-day seawater exposure was conducted to investigate the
single and combined effects of PS and Cd to P. aibuhitensis. One
PS concentration (10 pg/L, ~1.8x10* particles/ml) and three Cd
(low, medium, and high) concentrations were adopted in chronic
experiments. The PS concentration used here was within the
environmental concentration range (Wang et al, 2019). The
lowest Cd concentration was determined based on the real
environmental concentration of Cd in the Liaodong Bay
reported by Guo et al. (2022). The highest Cd concentration
was selected approximately 10% of the 96 h-LCs, of Cd for P.
aibuhitensis (Liu et al., 2019a). Considering the potential impact of
additive (NaN;) in PS suspension, a total of nine treatments were
set up: 0 (blank control), NaNj; (additive control group), Cdy,
(13.08 ug/L), Cdy (123.50 pg/L), Cdyy (1563.33 pg/L), PS (10 pg/
L), Cdy, (1245 pg/L) + PS, Cdy (128.63 ug/L) + PS, and Cdyg
(1637.33 ug/L) + PS. The measured exposure concentrations of
Cd in single and combined treatments were determined by
inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7500ce, Agilent Technologies Co. Ltd., USA). The stock
polystyrene microsphere suspension was freshly prepared by
diluting the original PS suspension with ultrapure water (18.2
Q, Millipore). Both the original and stock PS suspensions were
sonicated in a water bath for 5 min before use to allow fully
suspending the microspheres. A 1 mg/ml of Cd solution was
prepared in ultrapure water as stock solution and then was diluted
by FASW to a series of experimental concentrations.

Following overnight gut emptying in seawater, worms were
randomly assigned to 500-ml plastic beakers (a total of 54
beakers), with each beaker containing one worm and 250 ml
of exposure solutions/suspensions to start the 7 days of exposure.
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The exposure parameters (temperature, salinity, pH, and DO)
were set in accordance with the conditions during
acclimatization. Each beaker contained one worm (one
replicate) and each treatment contained six replicates. The
replicate numbers used in growth and burrowing tests were
based on Cong et al. (2011), Cong et al., (2014) and Wang et al.
(2015). The experimental seawater was replaced once and
worms were fed with commercial fish food flakes every other
day. Natural photoperiod in the laboratory (14-h light:10-h
dark) was used. All beakers were inspected daily for oxygen
supply and worm condition. Mortality and growth in all
treatments were recorded after 7 days of exposure.

Burrowing test

The burrowing behavior of P. aibuhitensis was assessed
following Bonnard et al. (2009) and Cong et al. (2014), with
some modifications. After 7 days of seawater exposure, worms
were carefully picked out of their beakers and placed individually
in beakers containing approximately 5 cm of clean natural wet
sediment (<1 mm) to start the burrowing test. Worm burrowing
positions were observed and recorded every 2 min for 1 h, and
the time that it took each worm to become fully buried was
recorded (n = 6). After the burrowing test, all worms were
carefully picked out of the sediment and transferred to clean
FASW to depurate their guts overnight.

Cd bioaccumulation

After the burrowing test and gut depuration overnight, worms
were frozen at —80°C until use. Each worm was weighed and
added with 1.42 g/ml HNO; and 30% H,O, (v:v = 4:1) to start the
digestive process. Afterwards, the samples were transferred to a
microwave digestion system and heated to 120°C within 6 min
and holding for 6 min, followed by heating to 180°C within 6 min
and holding for 15 min. All digested samples were then heated to
evaporate HNO; and diluted with ultrapure water for Cd
determination using ICP-MS. Marine seaweed (GBW08517)
was used as a certified reference for Cd determination to ensure
internal quality assurance/quality control (QA/QC) practices. The
recovery ranged from 96.5% to 103.5% (n = 3) for Cd.

Histological analyses

After depuration overnight, the fresh middle piece from 2
individual worms for each treatment was dissected within 3 min
and fixed with Bouin’s solution for approximately 24 h.
Afterwards, the tissues were removed from the fixed solution,
trimmed, dehydrated with gradient ethanol, and embedded with
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paraffin as follows: 75% ethanol for 4 h, 85% ethanol for 2 h, 90%
ethanol for 2 h, 95% ethanol for 1 h, absolute ethanol for 30 min
two times, ethanol benzene for 5-10 min, xylene for 5-10 min
two times, and 65°C melting paraffin for 1 h three times. Then,
the paraffin-infiltrated tissues were embedded by melting
paraffin in the embedding machine (JB-P5, Wuhan), and
cooled on a freezing table at —20°C. After that, each paraffin
block was cut with Slicer Pathology (RM2016, Leica, Shanghai)
into slices of 4 um thickness, and each slice was flattened on
water at 40°C, picked up by a glass slide, and dried in an oven at
60°C. The slides were preserved at room temperature and
histological images of worm transverse sections were
photographed by a panoramic slice scanner (3DHISTECH,
PANNORAMIC DESK/MIDI/250/1000, Hungary).

Statistical analyses

Statistical analyses were performed using SPSS 26.0 software
(SPSS, Chicago, IL, USA). The normality of data and the
homogeneity of variances were verified using the Kolmogorov-
Smirnov test and Levene’s test, respectively. A one-way ANOVA
analysis or nonparametric test (Kruskal-Wallis) was applied to
determine the significant differences between the treatments and
the controls depending on the assumptions of parametric tests
fulfilled or not. Similarly, an independent sample t-test or a
nonparametric test (Mann-Whitney) was used to analyze the
statistical differences of exposure concentrations between the
single and combined exposure groups. Differences were
considered significant at p < 0.05.

Results
Characterization of PS microspheres

TEM images showed that PS-MPs were spherical shaped
with the diameter approximately 1 um (Figures 1A, B). FTIR
analysis confirmed that the chemical composition of plastic
microspheres used in this study was polystyrene, a common
polymer, whose spectrum is shown in Figure 1C.

Mortality and growth

No worm was found dead after 7 days of seawater exposure.
However, all worms but one (in Cdy; + PS group) tended to lose
weight, ranging from 6.19% to 11.45% after exposure (Figure 2).
Growth in the additive control group did not differ significantly
with that in the blank control or the PS alone group, nor was a
concentration-dependent growth effect observed (Figure 2).
Also, there were no significant differences (p < 0.05) in weight
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loss between single/combined exposure groups and the control
groups or between the Cd alone and combined groups.

Burrowing time

In all treatments, all except one worm (in Cd; group)
completely burrowed into the clean sediment (category 0)
within 1 h upon transfer from the exposure media. The lack of
burrowing for the worm was considered probably in poor
condition, and it was therefore removed from further analysis.
For Cd alone exposure, burrowing time in the Cd; group was
significantly lower than that in the blank control group, while
burrowing in all concentrations of Cd + PS treatment was
comparable to that of the 10 pug/L PS treatment (Figure 3).
The significant differences in burrowing behavior among groups
were only observed in Cd;-alone-treated worms compared to
those of Cdy, + PS and Cdy treatments (Figure 3). Neither the PS
alone nor the additive group affected worm burrowing behavior
compared to the blank control.

Cd body burden

Cadmium was bioavailable in Cd/Cd + PS treatments and was
accumulated in P. aibuhitensis. For both groups, Cd body burdens
of worms increased significantly with increasing exposure
concentrations (Figure 4). Cd body burdens at three exposure
levels were 0.039 + 0.008, 0.118 + 0.033, and 2.47 + 0.462 ug/g ww
(mean * SD) for worms in the Cd-alone treatment, and 0.055 +
0.002, 0.203 + 0.037, and 2.38 + 0.581 pug/g ww for worms in the
Cd + PS treatment, respectively. Cd body burdens in worms
exposed to Cdy; and Cdy were significantly greater than those of
control worms with or without the presence of 10 ug/L PS
(Figure 4). In addition, at low- and medium-exposure
concentrations of Cd, Cd body burdens with the presence of 10
ug/L PS were significantly higher than those of Cd-alone
exposures (Figure 4).

Histopathological analyses of epidermis
and intestinal canal

In the control group, the dorsal epidermis of worms showed
normal histology with an intact cuticle, regular single-layer
columnar epithelia cells, and discontinuously circular muscle
from the outside to the inside, respectively (Figure 5A).
However, worms exposed to Cd alone showed pathological
alterations including increased numbers of gland cells,
cytoplasmic loose, and vacuolation (Figures 5C, E, G), while
worms exposed to PS alone mainly demonstrated increased
numbers of gland cells and swelling of these cells (Figure 5B).
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When exposed to Cd and PS, worms showed major changes of
epidermis characterized by the abundant number of gland cells
(Figures 5D, F, H) and increased number and volume of
vacuolation (Figure 5D).

The intestinal epithelia of control worms are densely
arranged with regular morphology and intact cell structure
(Figure 6A). In contrast, the intestinal epithelia of worms
exposed to the PS alone showed extensive epithelia cytolysis
and vacuolation, and the epithelia layer was thinner than that of

the control group (Figure 6B). The main pathological alterations
of worms in Cd-alone treatments included disordered
arrangement of intestinal epithelia (Figures 6C, G), partial
epithelia cytolysis (Figures 6C, G), enlargement of cell space
(Figure 6E), and partial villi exfoliation (Figures 6C, E, G), while
the intestine epithelial changes in combined exposed worms
mainly included cell vacuolation (Figure 6D), enlarged cell space
(Figure 6F), extensive cytolysis (Figures 6D, H), and villi
exfoliation (Figures 6F, H).
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FIGURE 5

Histology (transverse section) of P. aibuhitensis dorsal body wall after 7 days of exposure to (A) Control, (B) 10 ug/L PS, (C) Cd,, (D) Cd, + PS,
(E) Cdm, (F) Cdm + PS, (G) Cdy, and (H) Cdy + PS. Cu, cuticle; Ep, epithelial layer; DV, dorsal vessel; GC, gland cell; CM, circular muscle; LM,
longitudinal muscle; BG, basophilic granule. The different symbols indicate cell swelling (red arrow), increase of basophilic granules (blue arrow),
cytoplasmic loose (black arrow), cytosis of gland cells (black triangle), and cell vacuolation (red triangle). Scale bars are 50 um.

Discussion

Cd bioaccumulation

Bioaccumulation of HMs in marine organisms with the
presence of MPs is an important issue that has received relatively
less attention than other toxicological endpoints. Cadmium is
ubiquitous in the marine environment and has been found to be
readily adsorbing on the surface of PS-MPs (Zhou et al., 2020). The
specific surface area and total pore volume were closely correlated
with the adsorption capacity of the MPs, and the -7 interaction,
electrostatic interaction, and oxygen-containing functional groups
played crucial roles in the adsorption of Cd(II) onto the MPs (Zhou
et al,, 2020). It should also be noted that a higher desorption rate of
Cd(II) from the surface of PS-MPs was observed in the simulated
gut environment (Zhou et al., 2020). Therefore, there is potential
for PS-MPs to alter the bioavailability of Cd through adsorption
and desorption processes. Our study demonstrated that PS-MPs
carrying Cd can be bioaccumulated in worms. Moreover, at low
and medium Cd concentrations, the coexistence of PS significantly
increased Cd body burdens in worms, while Cd bioaccumulation
was comparable with or without the presence of PS at the highest
Cd concentration (Figure 4). These findings highlighted that more
attention should be paid to the interactions between Cd and PS at
lower concentrations. Our results are in accordance with that of
Yan et al. (2020), in which the combined treatment of PS (2.5 pm,
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100 ug/L) and Cd (10 pg/L) caused higher Cd body burdens in the
gut of marine medaka, O. melastigma. Such increase in
accumulation of HMs mixed with MPs was also reported in
European seabass (D. labrax) (Barboza et al, 2018a), marine
mysid (N. awatschensis) (Eom et al., 2021), zebrafish (Danio
rerio) (Lu et al., 2018), and Chinese mitten crab (Eriocheir
sinensis) (Yang et al., 2022). As the adsorption of Cd by PS had
been proven to occur upon mixing, we inferred that the absorbed
Cd(I) from the surface of PS-MPs was readily released after
ingestion under an acidic environment of worm intestine, and
resulted in a faster bioaccumulation of Cd compared to the scenario
of Cd;- or Cdy-alone exposure. These results provide evidence
supporting the role of PS-MPs, which are involved in making Cd
more bioavailable to benthic organisms in the marine environment.
Also, the ingestion of Cd carried out by PS-MPs possibly poses a
higher ecological risk to macroinvertebrates, especially at
environmentally relevant concentrations as shown in this study.
Nevertheless, the increasing Cd body burden with the
presence of PS-MPs was not always the case in our study. That
is, at the highest Cd concentration, the accumulation of Cd in
combined exposure groups was comparable to that of worms
treated with Cd alone. This may be explained by the fact that PS
surfaces are saturated by Cd, leading to similar Cd burdens
independently of the presence of PS, which suggested the
potential influence of metal concentration on the interaction
between HMs and MPs. A similar result was also observed by
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enlarged cell space (red triangle). Scale bars are 50 um.

Roda et al. (2020), in which the presence of PS-MPs (10-90 um in
diameter, 20 pg/L) did not significantly affect the Cu body burden
in freshwater fish, Prochilodus lineatus. In summary, the existing
bioaccumulation data suggest substantial variation in metal body
burdens when combined with MPs, which is likely not only due to
differences in metal type, concentration, and media conditions
among studies, but also due to differences within and among
species, and the properties of MPs, such as size and concentration,
are also responsible for the observed bioavailability of HMs.
Generally, trace metals (such as Cd, Cu, Zn, and Ag)
accumulated in aquatic invertebrates are typically detoxified by
sequestration to intracellular ligands (Ng et al, 2008). In the
polychaete N. diversicolor, for example, the induction of
physiological detoxification mechanisms can be triggered to
control its body concentration of certain metals, the process of
which is involved in the formation of metal-containing
extracellular granules, mineralized lysosomes, excretion of metals
by exocytosis via coelomocytes, and synthesis and turnover of
metal binding proteins (metallothioneins, etc.) (Cong et al.,, 2011).
Given the physiological detoxification mechanisms of HMs by
worms, it could well be that the above processes were changed to
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some degree with the presence of MPs. Therefore, future studies
should be directed to understand the metal distribution patterns in
different intracellular ligands (cytosolic proteins and insoluble
deposits) and detoxification processes during metal
accumulation with or without the presence of MPs.

Burrowing behavior

Infauna species such as P. aibuhitensis are involved in the
biogeochemical cycling of nutrients and contaminants in coastal
environment, the process of which is closely related to its
burrowing activity. Previous studies showed that burrowing
behavior had been identified as a sensitive indicator of estuarine
health status assessment for the polychaete, Hedisite diversicolor
(Metais et al.,, 2019), which is mainly distributed in European and
North American coasts. In addition, the altered burrowing pattern
of this species was influenced by various environmental pollutants
including HMs, metal and plastic nanoparticles, antibiotics, and
environmental factors such as pH and temperature (Bonnard
et al.,, 2009; Cong et al., 2014; Nogueira and Nunes, 2020; Silva
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et al, 2020; Bhuiyan et al, 2021). The main alterations after
exposure to the above pollutants and environmental factors
include prolonged time taken for the individuals to start the
burrowing process and to completely bury them in sediment, as
well as increased proportion of unborrowed individuals.
Interestingly, in this study, we found that the burrowing
behavior of P. aibuhitensis was significantly excited at the lowest
Cd (13.08 pg/L)-alone exposure as shown by the shorter
burrowing time compared to that of the control. Afterwards,
burrowing time gradually increased with increasing Cd
concentrations. In other words, the hormetic effect of Cd on
worm burrowing activity was observed, demonstrated by a typical
U-shaped response profile, and this mode of action by Cd was also
reported in the study of Liu et al. (2019a). Nevertheless, we did not
observe a significant impact of PS MPs on the burrowing of P.
aibuhitensis in this study, under either single or combined
circumstance. This is in contrast with the finding of Silva et al.
(2020), in which the burrowing time of H. diversicolor was
significantly prolonged after 28 days of exposure to PS
nanoplastics (100 nm) within a concentration range of 5 to 500
ug/L. This discrepancy should be attributed to the different sizes
and concentrations of PS used, different exposure durations, and,
in consequence, different species performances. Nonetheless, we
found that the burrowing performance of worms was significantly
different at the lowest Cd concentration with the coexistence of PS
compared to that of Cd alone. Again, this emphasized the
importance of testing single and combined impacts of the above
two compounds at low concentrations, that is, at environmentally
relevant concentrations.

Behavioral alterations may be the result of the integration of
effects in several physiological systems such as neurological,
sensorial, hormonal, and metabolic (Cong et al., 2011; Silva et al.,
2020). Therefore, the exploration of these multiple factors will help
interpret the behavioral alterations and discrepancy induced by
HMs and MPs. In this study, at two other higher Cd concentrations,
although no significant difference of burrowing behavior between
the combined groups and the single Cd groups was observed, the
worms in combined treatments did have longer burrowing time
than those exposed to Cd alone. From an ecological perspective, this
hypoactivity of burrowing with the presence of MPs suggested an
altered fitness of worms that may lead to a higher susceptibility to
predators, and a reduction in sediment oxygenation, which may
consequently impact other organisms and affect nutrients’ cycle
(Scott and Sloman, 2004; Fonseca et al., 2017; Silva et al., 2020).

Histopathological alterations

The middle cross sections of P. aibuhitensis were analyzed
for histopathological alterations after 7 days of exposure. We
found that the epidermis and intestinal epithelium layer of P.
aibuhitensis demonstrated histopathological alterations after
single Cd/PS or combined exposure, whereas muscles did not
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show obvious lesion. Previous studies have confirmed that both
HMs and MPs can cause pathological changes of different tissues
(gill, hepatopancreas, intestine, etc.) in different organisms, such
as shrimp (Litopenaeus vannamei) (Hsieh et al., 2021), medaka
(Oryzias latipes) (Rochman et al., 2013), zebrafish (D. rerio) (Lei
et al,, 2018), and earthworms (Eisenia fetida) (Jiang et al., 2020).
However, to the best of our knowledge, this study is the first time
that histopathological influences of Cd and PS, either individual
or combined, were demonstrated in the ecologically and
economically important species, P. aibuhitensis.

We found that the main alterations in dorsal epidermis of
worms exposed to Cd alone were shown as the increased numbers
of gland cells and basophilic granules (Figure 6C), cytoplasmic
loose (Figures 6C, E, G), and a little vacuolation (Figure 6E),
indicating the occurrence of cell degradation and structural
damage of epidermis. In contrast, when exposed to the PS alone,
the major characteristic of worm epidermis was the increasing
numbers of gland cells and swelling of these cells. In addition, the
coexistence of Cd and PS was inclined to aggravate the situation of
vacuolation and gland cell proliferation in epidermis compared to
those of single Cd exposure (Figures 6D, F, H), especially at the
lowest Cd combined group. The main function of epidermal gland
cells is to secrete mucus, which forms a barrier on the body wall to
resist the invasion of bacteria and exogenous substances, and
facilitate the physiological behavior of organisms such as
burrowing of sediment-dwelling organisms. The above
abnormalities suggested that the defense function of worm
epidermis was possibly damaged and its exacerbation by the
contribution of PS should not be ignored.

The intestinal canal is the most commonly analyzed part for
lesions following ingestion of pollutants. Our results
demonstrated partial cytolysis, cell disordered arrangement,
cell space enlargement, and villi exfoliation of intestines in Cd-
alone-treated worms. In particular, these changes tended to be
more apparent in combined exposed worms mainly
characterized by large areas of cytolysis and villi exfoliation.
Similarly, this consequence could be attributed to the presence of
PS, which alone resulted in extensive cytolysis, vacuolation, and
a thinner layer of intestine epithelia of worms (Figure 6B).
Similar histopathological changes of intestines induced by
HMs and MPs were also reported in other aquatic organisms.
A marked loss of all the digestive gland structure, cell autolysis,
and loss of basophilia were observed in the digestive gland of
Antarctic limpets (Nacella concinna) after 72 h of exposure to a
concentration of 0.5 mg/L Cd (Najle et al., 2000). Jiang et al.
(2020) showed that intestines of earthworms (E. fetida) exposed
to PS-MPs (1.3 um, 1,000 pg/kg) exerted enlarged intestinal cells
with irregular shapes and altered size of cell nuclei, and intestinal
cell lysis was also often observed. Lu et al. (2018) found that
2,000 pg/L of PS-MPs (5 um and 20 pm) induced inflammation
in zebrafish gut. These findings highlighted that intestinal
epithelia were one of the main target organs potentially
affected by HMs and MPs, whose process probably impaired
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the nutrient status, energy supply, and defense capability of
organisms as a consequence.

Previous studies have pointed out that the histopathological
responses that occurred in organisms can vary depending on
factors such as animal biology (age, condition factor, etc.),
exposure concentrations, exposure time, exposure pathway, size
of particles, the presence of other contaminants, surface charge of
particles, and carrying out of depuration period (Lu et al., 2016).
In this study, the coexistence of PS and Cd tended to generate a
more severe damage of epidermis and intestine epithelia.
Nevertheless, it should be noted that the histopathological
analyses in our study mainly focus on the qualitative analyses,
and quantitative results such as the percentage of tissue damaged
worms and the percentage of main histopathological
characteristics under single and combined exposure conditions
still need further investigation using more replicates. In addition,
the potential biochemical processes involved in these alterations
should also be clarified in future studies.

Conclusions

Overall, this study compared the chronic toxicities and
bioaccumulation of Cd with or without the presence of PS,
through a 7-day seawater exposure pathway, using the estuary
polychaete P. aibuhitensis as the test organism. The burrowing
time of P. aibuhitensis only showed a significant decrease in the
Cdy -alone treatment, suggesting a hormetic effect of Cd. The
coexistence of PS significantly prolonged worm burrowing
time in the Cd;, group, and increased worm body burden in
Cd;, and Cdy; groups, indicating the potential influence of
metal concentration on the interaction between HMs and MPs.
Histopathological analyses demonstrated mainly epidermal
and intestinal alterations by Cd, PS, and their combined
treatments. Also, the presence of PS tended to aggravate the
pathological changes of these tissues. Our results emphasized
the importance of exploring interactions and toxicities of
HMs and MPs at environmentally relevant concentrations.
Future studies should explore the underlying mechanisms
involved in the above processes to help understand the
interactions between HMs and MPs and their joint risk in

the marine environment.
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