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ARTICLE INFO ABSTRACT

Keywords: Microplastics have been widely reported as carriers of antibiotics, yet studies investigating the combined eco-
Polystyrene plastics toxicology of microplastics and antibiotics on organisms is limited. In this study, different sized polystyrene
Oxytetracycline plastics and oxytetracycline (OTC) were used to carry out a 30-day single and binary-combined exposure
g:::; ﬁ;z;?s;tldes experiment of zebrafish, and the microplastics and OTC accumulation, liver histological alteration, biomarkers

and transcriptomic response of zebrafish were evaluated. Our results indicated that 300 nm and 50 nm plastic
particles increased the OTC accumulation in liver by 33.8% and 44.5%, respectively. Microplastics and OTC
induced severe liver histological damage, and the damage is size-dependent, increasing with the decrease of
microplastics sizes. The liver biomarkers indicated a different response pattern in single microplastics exposure
and combined with OTC, single or co-exposure of 50 nm nano-plastics and OTC induced intense responses of
integrated biomarker response values. The 50 nm nano-plastics, OTC and their combined exposure induced 1330,
2693 and 3965 significantly differentially expressed genes, respectively, in which the steroid biosynthesis
pathway was significantly affected by all the three treatments. This study elucidated the size-dependent effects of
microplastics and provided detailed data from histopathology to transcriptome profile, enhancing our under-

Transcriptomic profiling

standing of the ecotoxicity of microplastics and OTC.

1. Introduction

The global plastic production has reached 367 million tonnes in
2020, and only 6% of waste plastics was collected for recycling or energy
recovery (Association of Plastic Manufacturers, 2021). The excessive
applications of plastic inevitably lead to the ubiquity of microplastics in
ecosystems because of the inefficient recycling rate, as confirmed by
numerous research (Imhof et al., 2016; Piyawardhana et al., 2022; Zhao
et al., 2014).

The ingestion of microplastics in organisms has been proved by
different trophic levels in numerous studies (Cole and Galloway, 2015;
Neto et al., 2020; Rummel et al., 2016; Wright et al., 2013). Moreover,
the duration of microplastic-retention in organisms is size-dependent.
Studies have revealed that the majority of large-sized microplastics
(diameter >25 pm) can be depurated from the bodies of molluscs after

* This paper has been recommended for acceptance by Eddy Y. Zeng.
* Corresponding author.
E-mail address: czyan@iue.ac.cn (C. Yan).

https://doi.org/10.1016/j.envpol.2022.120977

three days (Van Cauwenberghe and Janssen, 2014); nano-sized particles
were harder to depurate than micro-sized ones (Jeong et al., 2016).

The uptake of microplastics by organisms may induce necrosis,
infiltrated histological alterations in the zebrafish liver (Lu et al., 2016),
lysed muscle fibres (Hsieh et al., 2021), and even brain abnormalities
(Jeong et al., 2022). The liver detoxicates xenobiotics and excretes toxic
substances, making the organ a sensitive indicator (Bernet et al., 1999;
Goulding, 1987; Yancheva et al., 2016). However, the detoxification
process might lead to a high accumulation of microplastics (Ding et al.,
2018; Luetal., 2016; Sheng et al., 2021). The effects of microplastics are
also inevitably related to particle size; however, studies comparing the
influence of micro- and nano-particles have conflicting results (Deng
et al., 2017; Ding et al., 2020; Jin et al., 2018).

As the major class of tetracycline antibiotics, oxytetracycline (OTC)
is one of the most commonly used broad-spectrum antibiotics for the
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veterinary and aquaculture applications (European Medicines Agency,
2021). The excessive use of OTC leads to pollution in both aquatic and
terrestrial ecosystems worldwide (Monteiro et al., 2016), and the
contamination level of OTC in the untreated wastewater of farms is the
second highest of veterinary antibiotics in China, at approximately
14-82 pg/L (Chen et al., 2015; Zhi et al., 2018). The ecotoxicological
effects of OTC have been documented with valid evidence, including
changes in antioxidant enzyme activity, related gene expression
(Almeida et al., 2019; Pes et al., 2018) and tissue damage (Rodrigues
et al., 2019).

Ingested microplastics in aquatic organisms may behave as vectors of
chemicals, leading to synergetic or antagonistic effects when in co-
existence with other pollutants (Oliveira et al., 2013; Varg et al.,
2021). Synergetic effects include increased accumulation of poly-
chlorinated biphenyls and bisphenol A co-exposure with microplastics
(Chenetal., 2017; Jiang et al., 2018), as well as severe acute toxicity (Na
et al., 2021). Yang et al. (2020a) found that the co-exposure with
polystyrene (PS) microplastics for seven days decreased the accumula-
tion of 6:2 chlorinated polyfluorinated ether sulfonate in zebrafish,
Zhang et al. (2019) found that co-exposure with PS nano-plastics alle-
viated the neurotoxicity caused by roxithromycin in red tilapia.

Considering the large amount of OTC and microplastics in freshwater
and seawater environments (Chen et al., 2015; Monteiro et al., 2016;
Triebskorn et al., 2019), in addition to the frequently used fishery
equipment and aquaculture systems utilizing plastics (FAO, 2016), OTC
inevitably co-exists with microplastics in different ecosystems.
Furthermore, PS particles are reportedly capable of absorbing tetracy-
cline (Xu et al., 2018). However, the ecotoxicology of microplastics and
OTC combinations, as well as the different mechanisms underlying the
size effects of microplastics and combined exposure to OTC, remains
unclear.

In this study, zebrafish (Danio rerio) were used as test organisms to
investigate the possible effects of microplastics and OTC under single
and combined exposure. We speculated that nano-plastics could have a
greater effect on zebrafish. Moreover, co-exposure with OTC would
aggravate the accumulation of pollutants, thereby inducing synergistic
effects; however, co-exposure would disturb the size-dependent effects
of microplastics. The following aspects were analysed to verify the above
speculations: (i) the accumulations of two kinds of pollutants in liver, (ii)
liver histological alterations induced by different sizes of microplastics
and OTC, (iii) response of the biomarkers in liver, and (iv) transcriptomic
response of zebrafish liver. This study provides valuable insights into the
potential impacts of microplastics and OTC on aquatic organisms.

2. Materials and methods
2.1. Materials and test organism

Five size ranges (200 pm, 40 pm, 10 pm, 300 nm and 50 nm) of PS
particles were purchased from Narui Materials Ltd. (Shanghai, China).
Specific information of microplastics (i.e. size distribution, polymeric
composition and zeta potentials) is provided in the supplementary ma-
terials (Table S1, Figs. S1-S2). PS was selected for our study as it is
highly produced owing to its frequent use in fisheries and aquaculture
equipment (Lusher et al., 2017), thereby leading to its great contribution
toward plastic pollution in the environment (Jambeck et al., 2015).
Microplastic stock solutions (200 mg/L) for each size range were pre-
pared and sonicated for 30 min before use. OTC (purity >95%, CAS
number 2058-46-0, reference code: G1802040, Aladdin) was suspended
in water to prepare the stock solution (100 mg/L, refreshed every week).
Adult zebrafish (Danio rerio, wild-type, 6 month old, mixed sex, male to
female ratio to 1:1, with the average weight and lengths of 0.26 + 0.07g
and 3.50 + 0.2 cm, respectively) were purchased from Yudu Aquatic
Fishery (Yindou Road, Xiamen), acclimated for 6 weeks at 24 + 1.5 °C
(14:10h light-dark) and fed on commercial diet.
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2.2. Experimental design

Twelve experimental groups were set as follows: control (CR), single
oxytetracycline (OTC), 200-pym micro-plastics (LM), 40-pm micro-
plastics (MM), 10-pm micro-plastics (SM), 300-nm nano-plastics (LN),
50-nm nano-plastics (SN), OTC combined with each size of micro-
plastics (LMO, MMO, and SMO) and OTC combined each size of nano-
plastics (LNO and SNO). The exposure concentration of all pollutants
in every treatment was 100 pg/L, except control. Microplastics con-
centrations were selected based on the reported environmentally rele-
vant concentrations in freshwater and seawater (Dubaish and Liebezeit,
2013; Lenz et al., 2016; Leslie et al., 2017; Yan et al., 2019). Based on
previous studies, chosen OTC concentration exhibited significant effects
on organisms (Keerthisinghe et al., 2020; Li et al., 2020a). Furthermore,
this concentration can aid in determining the mechanism through which
OTC affects organisms; higher OTC concentration was also detected in
special scenario (Li et al., 2008). Triplicates were set for all exposure
treatments. For each replicate, 10 fish were distributed to the exposure
solution (2L) made with previously aerated water in a 5L glass baker,
with continuously aerated to ensure comparable O, saturation levels. To
prevent microplastics from aggregating and sinking, the temperature
was set as 24 + 1.5 °C at a 14:10 h light-dark cycle. Chemicals were
supplemented during the daily refreshment of the exposure solution.
Working concentrations of OTC in the exposure solutions were
measured and no significant difference was observed among the
OTC-treated groups (Table S2).

2.3. Accumulation of OTC and microplastics in the livers of zebrafish

For the chemical accumulation experiments, each group was
sampled at the end of 30 days-exposure. Triplicates were set for each
treatment; the livers of five fish in each replicate were pooled together
for microplastic detection, three fish in each replicate were pooled
together for OTC detection.

The methods used for OTC detection was followed as previous study
(Chemello et al., 2016). Fish livers were homogenized after weighing
and suspended in 1% phosphoric acid ultrapure water. Samples were
then thoroughly mixed in ultrasonic bath (5 min) and centrifuged (13,
000 rpm, 10 min, 25 °C). After membrane filtration (0.22 pm), 20 pL of
supernatant was collected for detection. OTC concentration was detec-
ted by previously described method (Zhang et al., 2022).

Microplastics accumulation was detected following the method
modified by Ding et al. (2020) and Chagas et al. (2021). Briefly, 100 g/L
KOH solution was used to digest the zebrafish liver at 60 °C, heated up to
80 °C after 24 h (Li et al., 2018). Serial dilutions of micro- and
nano-plastic suspensions were used to generate a standard curve, and
the suspensions were then digested as applied to tissue samples. Sub-
sequently, Nile red fluorescent dye was used to dye aliquots (Sig-
ma-Aldrich, CAS number 7385-67-3, Maes et al., 2017). Samples were
then analysed in microplate reader after 5 min of incubation (TECAN,
Spark) at 630 nm. Detailed information on the standard curve of the
microplastic concentration was provided in Table S3.

2.4. Histological analysis and assessment of biomarkers of zebrafish livers

Four fish in each treatment, in total, 48 fish were euthanised and
dissected for histological analysis after 30 days of exposure. The livers
were immediately collected and weighed. The hepatosomatic index was
calculated as liver weight (mg)/body weight (mg) x 100%. Segments of
the livers were fixed, stained and examined as described in our previous
study (Yu et al., 2022). The ballooning degeneration rate in livers was
determined using ImageJ 1.53q. The histopathological indices was
calculated based on previous studies(Antunes et al., 2017; Aratjo et al.,
2020; Bernet et al., 1999).

Three fish from each replicate were used for the enzyme activity
analysis. The activities of superoxide dismutase (SOD), glutathione
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(GSH) and catalase (CAT) in the zebrafish livers was measured to eval-
uate the effects of microplastics and OTC on antioxidant defence. In
addition, the activities of aspartate transaminase (AST) and alanine
transaminase (ALT) in the livers were measured to evaluate hepatic
injury caused by microplastics and OTC. Briefly, liver samples were
homogenized in phosphate buffer solution (0.1 mol/L, pH = 7.4) and
centrifuged for 15 min (10,000 rpm) at 4 °C. The supernatant was used
for total protein concentration and enzymatic activity determination by
commercial kits (Nanjing Jiancheng Bioeng. Inst., China, specific
reference codes and method descriptions were presented in the supple-
mentary material) following the manufacturer’s instructions.

2.5. Transcriptome analysis in livers of zebrafish

At the end of 30-days exposure, 5 livers of zebrafish from each
replicate in CR, OTC, SN and SNO treatments were dissected for RNA
sequencing. Total RNA was isolated using the M5 universal plus RNA
mini kit (Mei5bio, China, MF167-01) according to the manufacturer’s
specifications. After purity examination, the Illumina HiSeq™ 4000
platform (Illumina, San Diego, CA, USA) was used to sequencing 12
transcriptome libraries (CR, OTC, SN and SNO). RNA data was then
analysed as previously described methods (Anders and Huber, 2010;
Trapnell et al., 2014), differences with q < 0.05, false discovery rate
(FDR) < 0.05 and logy(fold-change)> 1 were identified as differentially
expressed genes (DEGs). Enrichment analyses of Gene Ontology (GO)
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
were then performed based on DEGs.

2.6. Statistical analyses

A normal distribution test was performed before data analysis. One-
way ANOVA or two-way ANOVA as the parametric methods, and
Kruskal-Wallis test as the nonparametric methods were performed using
SPSS 20.0 (IBM, USA) to evaluate the difference among treatments.
Differences were considered significant when P < 0.05. The summaries
of statistical analyses were provided in the supplementary material
(Tables S4 and S5). Graphs were constructed using Origin 9.0 or R
Studio (version 1.3.1093). Moreover, the ‘Integrated Biomarker
Response version 2’ (IBR v2) was calculated based on liver biomarkers
(SOD, CAT, GST, AST, and ALT) according to published research (Li
et al., 2020b; Sanchez et al., 2013), specific method of calculation was
provided in the Supplemental Material. All data were shown as means +
SE (standard error).

3. Results
3.1. Accumulation of OTC and microplastics in zebrafish livers

The accumulation of OTC in zebrafish livers after 30 days-exposure
of OTC and microplastics was shown in Fig. 1. No OTC was detected
in the non-OTC exposed groups (control, microplastics single exposure).

The concentration of OTC in the liver increased with the decrease of
plastic size in the combined treatments, and the greatest OTC concen-
tration was detected in the SNO treatment (4668.8 + 855.8 ng/g). The
addition of micro-plastics exhibited no significant effect on the accu-
mulation of OTC compared with OTC treatments (P > 0.05). However,
the addition of nano-plastics significantly increased the OTC accumu-
lation in zebrafish liver (P < 0.05), reaching 33.8% and 44.5% in LNO
and SNO treatments, respectively.

The accumulation of microplastics in livers after exposure for 30-
days were presented in Table S6. No microplastics were detected in
the livers of control, OTC, LM and LMO treatments. Based on the two-
way ANOVA results, significant differences of detected microplastic
concentrations were observed between single and OTC-combined
groups (F = 6.995, df = 1, P < 0.05) and among different plastic sizes
(F =50.943, df = 4, P < 0.05), suggesting that the accumulated micro-
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Fig. 1. The oxytetracycline accumulation in zebrafish livers under the single
exposure of OTC exposure and combined exposure with different size of
microplastics (LMO: OTC combined with 200-pm micro-plastics; MMO: OTC
combined with 40-pm micro-plastics; SMO: OTC combined with 10-pm micro-
plastics; LNO: OTC combined with 300-nm nano-plastics; SNO: OTC com-
bined with 50-nm nano-plastics). The presented values are the means + SE (n
=23).

or nano-plastics varied with plastic sizes and were affected by the OTC-
combination. The greatest weight of PS particles in liver was detected in
the MMO treatment (6.91 + 0.41 pg/g). In the liver, all OTC-combined
treatments exhibited higher concentrations of microplastics across all
size ranges, except for the largest microplastic treatments (no micro-
plastics detected, Table S6), although the increase was not significant (P
> 0.05).

3.2. Histological and damage biomarker alteration in livers

No significant alteration of hepatosomatic index was observed be-
tween the different treatments (Fig. S3). Pathological changes of the
liver sections and histopathological indices from different treatments
were shown in Fig. 2 and Fig. S4. The structure of the livers in the control
was normal (Fig. 2A). Microplastics, OTC and their combined exposure
induced pathological changes at different degrees (Fig. 2B-L). Most
slices exposed to microplastics or OTC presented the hepatocyte
ballooning (vacuolization), pyknotic nuclei or peripherally located
nuclei, and inflammatory cell infiltration was also observed in some
treatments. We further evaluated the degree of hepatocyte ballooning
rate in the different treatments (Fig. 3A). Compared with control,
microplastics or OTC exposure significantly increased the ballooning
rate in livers (P < 0.05), and the ballooning rate increased with the
decrease of microplastic sizes, regardless of the combination with OTC.
Moreover, the ballooning rates in the combined treatments were
decreased than those in single OTC treatments, and the decrease was
significant in the micro-sized plastic combined treatments (P < 0.05).
Two-way ANOVA indicated that both the microplastic size and OTC
addition affected the liver ballooning rate (Table S4 microplastic size: df
=4,F=13.856, P = 0.000; OTC addition: df = 1, F = 5.469, P = 0.027).
Significant differences in zebrafish liver histopathological indices were
observed between treatments, the two-way ANOVA also indicate that
the microplastic size, the addition of OTC and their interaction exhibited
significant effects on histopathological indices. The changes in ALT and
AST activities also exhibited similar patterns: ALT and AST activity was
also intensified in a size-dependent manner in the single microplastic
exposure treatments and decreased in the combined treatments than in
the single OTC treatments (Fig. 3 B, C, Table S4).
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Fig. 2. Representative image of zebrafish liver section after H&E staining. A. Control group; B-D. 200-pm, 40-pm and 10-pm micro-plastics exposed liver section,
respectively; E-F. 300-nm and 50-nm nano-plastics exposed liver section; G. Liver exposed to single OTC exposure; H-J. The combination of OTC and 200-pm, 40-um
and 10-pm micro-plastics exposed liver section, respectively; K-L. The combination of OTC and 300-nm and 50-nm nano-plastics exposed liver section. Black arrow:
peripherally located nucleus or pyknotic nucleus; Yellow arrow: inflammatory cell infiltration; Black cycle: ballooning degeneration and vacuole formation. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.3. Change of antioxidant enzyme activity and IBR index

The changes in antioxidant enzyme activities after 30-days exposure
were shown in Fig. 3D-F. The CAT activity decreased as the microplastic
size decreased, and single and combined exposure to small sized nano-
plastics (SN) and OTC significantly decreased the CAT activity
(Fig. 3D, P < 0.05). In the microplastic single exposure groups, SOD
activity increased as plastic size decreased (Fig. 3E). OTC exposure
significantly increased SOD activity, but decreased in a size-dependent
manner with the combination of microplastics. The GSH content was
significantly increased in the single microplastic treatments (Fig. 3F, P
< 0.05), and slightly elevated in the combined exposure treatments. The
elevation of GSH decreased with the decrease of microplastic size.
Moreover, the combined exposure decreased the GSH content compared
with the single microplastic exposure treatments. Two-way ANOVA
analysis indicated that the microplastic size significantly affected the
CAT activity (Table S4, df = 4, F = 18.246, P = 0.000), and OTC

significantly affected SOD activity and GSH content (Table S4, SOD: df
=1, F = 16.755, P = 0.001; GSH: df = 1, F = 54.442, P = 0.000).
Moreover, the interaction of microplastics and OTC exhibited a signifi-
cant effect on SOD activity in zebrafish liver (Table S4, df = 4, F = 5.564,
P = 0.005).

The IBR star plots and values of liver damage calculated using ALT,
AST, CAT, SOD and GSH were shown in Fig. 4. In the microplastic single
exposure treatments, the most sensitive biomarkers were GSH content,
ALT and AST activities (Fig. 4A). In OTC and combination with micro-
plastic treatments, the most sensitive biomarkers were SOD and AST
activities (Fig. 4B). The greatest IBR value was detected in the SN
treatment, and the IBR values in three micro-sized plastic treatments
increased after co-exposure with OTC; however, it decreased in two
nano-sized plastic treatments when combined with OTC (Fig. 4C).
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Fig. 3. Hepatocyte ballooning rate (A), alanine transaminase (B)aspartate transaminase (C) activity, the activities of catalase (D), superoxide dismutase (E) and the
content of glutathione (F) of zebrafish liver after microplastics and OTC exposure. CR: control; OTC: single oxytetracycline exposure; LM, LMO: 200-pm micro-plastics
single and combined with OTC, respectively; MM, MMO: 40-pm micro-plastics single and combined with OTC, respectively; SM, SMO: 10-pm micro-plastics single
and combined with OTC, respectively; LN, LNO: 300-nm nano-plastics single and combined with OTC, respectively; SN, SNO: 50-nm nano-plastics single and

combined with OTC, respectively. The presented values are the means + SE (n = 3).
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Fig. 4. The IBR star plot under the single exposure of microplastics (A); The IBR star plot under the single exposure of OTC and combined with microplastics (B); and
the IBR values in each treatment (C). OTC: single oxytetracycline exposure; LM, LMO: 200-pm micro-plastics single and combined with OTC, respectively; MM, MMO:
40-pm micro-plastics single and combined with OTC, respectively; SM, SMO: 10-um micro-plastics single and combined with OTC, respectively; LN, LNO: 300-nm

nano-plastics single and combined with OTC, respectively; SN, SNO: 50-nm nano-plastics single and combined with OTC, respectively.

3.4. Transcriptomic profiles responding to nano-plastic and OTC exposure

Based on the histological and biomarker response of zebrafish livers,
zebrafish exposed to OTC, small size nano-plastics (SN) and their com-
bined exposure (SNO) treatments were selected to further investigate
the transcriptomic response of livers. The analysis of the sequencing
data quality is presented in the supplementary material (Fig. S5,
Tables S7-S8).

The number, degree and distribution of DEGs between different
treatments were analysed (Fig. S6). Compared with control, greatest
number of DEGs were detected under the combined exposure to OTC

and nano-plastics (3965 DEGs: 1601 up-regulated genes and 2364
down-regulated genes). Compared with control, there were 579 over-
lapping DEGs under OTC, nano-plastics and their combined exposure. .

GO analysis was conducted to further investigate the roles of OTC,
nano-plastics and combined exposure in molecular function (MF) and
biological process (BP) of genes. Remarkably enriched GO terms in the
OTC, nano-plastics and combined exposure treatments were summar-
ised in Table S9 (q value < 0.05). Briefly, in the OTC exposure treatment,
the significantly enriched GO pathway was an oxidation-reduction
process (GO: 0055,114). After a single exposure to nano-plastics, the
DEGs were associated with heterocyclic compound and ion binding
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processes (G0:0020,037 heme binding, GO:0046,906 tetrapyrrole
binding, GO:0005506 iron ion binding), as well as oxidation-reduction
(GO:0016,705 oxidoreductase activity, GO:0055,114 oxidation-
reduction process). In the combined exposure treatment, the signifi-
cantly enriched GO pathways covered those in single exposure treat-
ments, and were also associated with other GO terms such as
carbohydrate binding (G0O:0030,246) and carbohydrate metabolic pro-
cess (GO:0005975).

To better illustrate the biological functions of DEGs and mechanisms
of contaminant effects, DEGs were mapped to KEGG metabolic and
regulatory pathways. All significantly enriched terms that mapped to
KEGG pathways were presented in Fig. 5 (P < 0.05), and DEGs were
primarily enriched in metabolism, biosynthesis and signaling pathways.
After OTC exposure, nine KEGG terms, such as steroid biosynthesis,
stress defence signaling pathways like PPAR and FoxO, and some amino
acid metabolisms pathways, were significantly enriched. In the nano-
plastic single exposure group, KEGG terms related to steroid biosyn-
thesis, primary bile acid biosynthesis, amino acid metabolisms and
saccharide metabolism, and defence pathways such as ABC transporters,
were significantly enriched. Pathways related to fatty acid metabolism,
glycolysis/gluconeogenesis, insulin signaling pathway and Tight junc-
tion were uniquely enriched in combined exposure group. Notably,
steroid biosynthesis was enriched in all three treatments, and therefore
we further compared the up- and down-regulated genes in steroid
biosynthesis in three treatments (Fig. S7). Similar but slightly differen-
tiated pattern was observed in three treatments, indicating the similar
response of zebrafish under different contaminant exposure in steroid
biosynthesis pathway.
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4. Discussion
4.1. The accumulation and effects of microplastics and OTC exposure

To date, the adsorption of micro- and nano-plastics on antibiotics has
been established in many studies (Xiong et al., 2020; Yang et al., 2022;
Yu et al., 2020), the absorption of microplastics on OTC was up to 894
pg/g (Zhang et al., 2018). However, the mechanisms underlying the
combined effects of microplastics and antibiotics remain unclear. Our
results suggested that the accumulation of OTC is significantly affected
by the presence of nano-plastics, the OTC amount in three micro-sized
plastic combined groups kept comparable (P > 0.05); however, it was
significantly increased in two nano-plastics combined groups. We
speculated that owing to the high adsorption ability of nanoparticles,
those OTC-adsorbed nano-plastics translocated into livers via hamo-
lymph and hamocytes (Collard et al., 2017), without depuration through
excretion and deficient detoxification processes (Moos et al., 2012;
Urquhart et al., 2007), thereby increasing liver OTC accumulation in
nano-plastic groups.

The amount of microplastic of all size ranges in zebrafish liver
(except for the large micro-sized plastics) increased after combined with
OTC, and the increase was significant in LNO treatment, indicating the
effects of OTC combination, which was also manifested in the two-way
ANOVA test. Notably, the effects of microplastics may not be solely
based on weight, although higher accumulated amounts of micro-sized
plastic particles are obtained in this study, the number of particles of
nano-plastics is actually several orders of magnitude greater than that of
micro-sized particles, considering the smaller diameter and volume of
nano-plastics. The larger amount of nano-plastics in liver was also
positively correlated with the increased OTC accumulation in two nano-
plastic combined groups.
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4.2. Histological and biomarker response of zebrafish

The high accumulation of OTC or microplastics in livers confirmed
their function of defending xenobiotics; however, excessive accumula-
tion might lead to hepatic histopathological changes. Our results
demonstrate that hepatic alteration in zebrafish is induced by single and
combined exposure of microplastics and OTC at varying degrees. Severe
hepatocyte lipid-type vacuolization with nuclear displacement were
observed in OTC single exposure treatment, which was positively related
to the greatest accumulation of OTC in this group. Regressive changes in
liver sections induced by OTC have been detected in previous studies
(Rodrigues et al., 2019, 2017), and cytoplasmic vacuolization in livers
can be regarded as glycogen and lipid storage (Wolf et al., 2015).
Another study suggested that vacuolization in hepatic cells might be
related to the excessive accumulation of fat (steatosis) in the cytoplasm
(Soler, 1996; Zhang et al, 2021). Pyknosis induced by
tetracyclines-based antibiotics was allegedly regulated by activating
calpains, thereby triggering apoptosis, leading to chromatin condensa-
tion and nuclear disintegration (Guerra et al., 2016). The ballooning rate
of hepatic cells in all single or combined exposure treatments was
significantly higher than that in control, indicating severe liver damage
induced by microplastics and OTC. As anticipated, the ballooning rate of
hepatic cells increased in a size-dependent manner, the lesser the size of
the microplastics, more severe the liver damage. A previous study has
revealed that exposure to 2 pm microplastic induced more severe liver
injury in fish than exposure to 10 pm microplastic (Lu et al., 2016),
which also supports our speculation on the size-specific influence of
microplastics. In the large micro-sized plastic groups, the ballooning rate
significantly increased after the addition of OTC, suggesting its relation
with OTC accumulation in this group. However, we found the increased
OTC accumulation was observed in SNO, while the ballooning rate
decreased compared with single OTC exposure. We speculated that the
accumulated OTC in single OTC treatment was bioavailable, whereas
that in the SNO treatment might be attached to nano-plastic particles
with low bioavailability (Gao et al., 2020; Sleight et al., 2017; Yang
et al., 2020a), resulting in a slightly lower ballooning rate. Furthermore,
the ballooning rate may not fully indicate the extent of liver damage,
and the effects of SNO treatment may be reflected in other aspects.
Moreover, the histopathological indices increased in three
micro-plastics combined with OTC treatments than in single
micro-plastics exposure, suggesting a more severe histological damage
being induced by combined exposure.

As frequently used indicators of liver damage (Li et al., 2020a,b;
Talesa et al., 1992; Yu et al., 2018), the ALT and AST levels in single
microplastics groups increased in a size-dependent pattern, which is
consistent with the ballooning rate in livers, indicating severe histo-
logical damage induced by smaller microplastics. However, such
size-dependent pattern was not observed in the OTC-combined treat-
ments, indicating that the addition of OTC disturbed the size-dependent
effect of microplastics. Two-way ANOVA analysis further suggested that
both the microplastic size and the addition of OTC significantly affected
the ALT and AST activities; however, the interaction of microplastics
and OTC exhibited no significant influence. The presence of micro-
plastics and OTC in the zebrafish liver were also associated with alter-
ations in the antioxidant enzyme activity. These alterations represent a
defensive mechanism against oxidative stress and damage (Dar and
Barzilai, 2009; Doyotte et al., 1997). The inhibition of CAT activity in
the SN, OTC and their combined exposure might indicate the destruction
or deficiency of antioxidant capacity in zebrafish after small
nano-plastics and OTC exposure. Other study also suggested this
defensive “threshold” of CAT that the CAT activity might be inhibited
under severe oxidative damage (Song et al., 2022; Yang et al., 2020b). In
the single microplastics exposure groups, SOD activity increased with
the decrease of plastic particle sizes; however, a decreasing tendency
was observed after the addition of OTC, indicating a differentiated
response pattern of SOD under the combination of OTC and
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microplastics, and the disturbance of OTC on microplastics
size-dependent pattern. Two-way ANOVA also indicated a significant
effect of microplastics and OTC interaction. GSH can effectively prevent
the accumulation of reactive oxygen species and damage (Doyotte et al.,
1997; Song et al., 2022). The significantly increased GSH content in
microplastics single-exposure treatments and, the unaffected GSH con-
tent in OTC and their combination treatments also corresponded the
distinct response pattern mentioned in SOD activity. IBR star plots and
values were developed to evaluate the responses of individual bio-
markers under different treatments (Andrade et al., 2019; Baudou et al.,
2019). The star plots indicate the predominant role of GSH in response
to microplastic single-exposure, while in OTC combined treatments,
SOD and AST activities dominated as sensitive biomarkers. The greatest
IBR value (9.93) in SNP treatments indicated the most intense response
of zebrafish liver under exposure to 50 nm plastic particles. Further-
more, the IBR value increased after the addition of OTC in three
micro-sized plastic groups, while decreased in two nano-sized plastic
groups. Notably, the decrease of IBR values in the combined exposure
than in single microplastic exposure treatments did not necessarily
indicate an alleviation induced by OTC, as the IBR value used in this
study is calculated with limited biomarkers.

4.3. Microplastics and OTC perturb the transcriptome profile of zebrafish

Based on the high pollutant accumulations, severe liver damage and
enzyme response, we further analysed the transcriptome profiles of
zebrafish liver under OTC, SN and SNO exposure. A large amount of
significantly up-/down-regulated genes revealed a remarkable response
in zebrafish. Moreover, the same GO terms involved in iron- and heme-
binding processes were significantly enriched in SN and SNO treatments,
which might be a response to the accumulation of nano-plastics. Owing
to the large specific area, microorganisms can be easily attached, secrete
extracellular polymeric substances and proliferate on microplastics,
thereby forming the biofilm (Palmer et al., 2007; Schluter et al., 2015;
Zettler et al., 2013). Some iron-binding proteins play unique roles in
preventing bacterial biofilms formation by chelating iron and stimu-
lating bacterial twitching (Cizmeci et al., 2014; Good et al., 2017).

The KEGG pathway enriched in OTC, SN and SNO also suggested the
effects of OTC and microplastics on endocrine regulation, which could
alter various steroid dehydrogenases/reductases, thereby affecting the
steroid biosynthetic pathway (Jiang et al., 2020; Norman and Henry,
2015; Sanderson, 2006). Similar results were also recorded in zebrafish
under mixture of antibiotics exposure (Qiu et al., 2020). We also
observed the sharing enriched KEGG pathways in single and combined
exposure, such as the PPAR signaling pathway in OTC and SNO, ABC
transporters, the starch and sucrose metabolism pathways in SN and
SNO. The significantly increased ballooning rate in OTC and SNO
treatments might be influenced by the enriched PPAR signaling
pathway, which regulate the hepatic lipogenesis (Nguyen et al., 2008).
Starch and sucrose are essential in energy metabolism regulation in
livers (Roncal-Jimenez et al., 2011), the disturbances of glucose meta-
bolism induced by microplastics has been reported in previous research
(Sheng et al., 2021; Zhao et al., 2020). Similar to our results, micro-
plastics and their combination with triclosan induced an enriched
pathway of starch and sucrose metabolism (Sheng et al., 2021).

Furthermore, microplastics affected oyster reproduction through the
insulin signaling pathway (Gardon et al., 2018; Sussarellu et al., 2016),
which plays an essential role in mobilising reserves during gametogen-
esis, thereby influencing germinal cell maturation (Gricourt et al.,
2006). Our results correspond with their results, that the insulin
signaling pathway was also enriched in SNO treatment. The results of
this study illustrated the influence of microplastics and OTC on zebrafish
reproduction, lipid, glucose and energy metabolism. However, further
data like metabolite and protein profiles are required to achieve a more
comprehensive understanding on the molecular mechanism of micro-
plastics and OTC in zebrafish.
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5. Conclusion

This study emphasized the effects of different sized microplastics and
OTC on the liver histopathology, biomarker activity and the tran-
scriptomic response, as well as the accumulation of OTC and micro-
plastics in livers of zebrafish. We found that nano-sized plastics
significantly increased the accumulation of OTC in zebrafish liver. Sin-
gle and combined exposure of OTC and microplastics induced liver
histological alteration, and the nano-sized plastics caused more severe
damage than micro-plastics. The biomarkers indicated that the addition
of OTC perturbed the influence pattern of different sized microplastics.
Transcriptomic analysis revealed combined exposure of nano-plastics
and OTC remained the shared pathways in single exposure groups
(steroid biosynthesis), but also induced exclusive response (reproduc-
tion, lipid, glucose and energy metabolism), which provides new in-
sights into interaction between OTC and microplastics. However, more
extensive and specific data are required to elucidate the potential eco-
toxicological impacts under the combination of different sized micro-
plastics and antibiotics.
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