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Abstract 13 

Microplastics are ubiquitous in freshwater and can be absorbed into fish skin and gills, 14 

accumulate in the gut, and be transported to other tissues, thus posing a risk to fish 15 

health. Further studies are needed, however, to investigate effects such as endocrine 16 

disruption and multi-tissue toxicity. In this study, zebrafish were exposed to polystyrene 17 

(PS) microplastics and health-related indicators were measured, including skin mucus, 18 

gut damage, oxidative stress, stable isotope composition and reproduction as well as an 19 

assessment of changes to metabolites using a metabolomics approach. Results showed 20 

that concentrations of PS microplastics were higher in gills than those in the gut. 21 

Minimal impact to immunoglobulin M level and lysozyme activity in mucus indicated, 22 

however, that microplastic toxicity primarily stemmed from ingestion rather than 23 

disruption of skin mucus immunity. Female zebrafish were more affected by PS 24 

microplastics. Gut microbiota dysbiosis was induced, especially in females. Significant 25 

alterations in pathways associated with lipid and energy metabolism were observed in 26 

the liver of female fish. PS microplastics also induced sex steroid hormone disorder and 27 

reduced female egg production, possibly linked to the alteration of gut microbiota and 28 

hepatic metabolism. Combined, these results highlight the gender-specific toxicity of 29 

PS microplastics to zebrafish health, potentially harming their population.  30 

Keywords: polystyrene microplastics, zebrafish, gender-specific toxicity, metabolism, 31 

gut microbiota 32 

Synopsis: Little research exists on gender-specific effects of microplastics on fish 33 

health. This study shows that polystyrene microplastics have a greater impact on the 34 
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health of female zebrafish, potentially posing a threat to their population stability.  35 

Graphic abstract 36 

 37 
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1. Introduction 38 

Microplastics, as novel pollutants, are widely detected in water environments, 39 

posing a threat to organisms and ecosystems [1]. Detected microplastic concentrations 40 

vary across different water environments, and can even reach ~70 mg/L in wastewater 41 

treatment plants and ~ 0.10 g/L in surface water in Malaysia and Brazil [2-4]. Concerns 42 

about microplastics in freshwater ecosystems have become higher profile [5, 6]. Within 43 

freshwater ecosystems, fish communities are important receptors and bioindicators of 44 

microplastic pollution because of their localized habitats and diverse traits [7]. Much 45 

research in recent years has focused on the toxicity of microplastics to freshwater fish 46 

[8-10]. When fish are exposed to microplastics in freshwater, the main absorption 47 

pathways include oral, gill and skin routes [11]. Microplastics may adhere to the skin 48 

surface due to sticky mucus found on fish and this skin mucus acts as the main non-49 

specific defense mechanism [12-14]. Yang et al. [15] found that co-exposure of 50 

polystyrene (PS) microplastics and 6:2 chlorinated polyfluoroalkyl ether sulfonate 51 

reduced lysozyme activity, providing evidence of inflammation. 52 

Apart from absorption on the skin and gills, ingested microplastics mainly 53 

accumulate in the gut and may be transported to other tissues, including the liver and 54 

gonads [16]. The gut is a target tissue for microplastic accumulation, leading to adverse 55 

effects on fish health [17-19]. Qiao et al. [20] found microplastics induced gut 56 

microbiota dysbiosis, mucosal damage and inflammation in zebrafish gut. Dysbiosis of 57 

gut microbes is linked to gut inflammation and can indicate host metabolic disorders 58 

[21, 22]. The liver plays a vital role in maintaining biological energy homeostasis and 59 
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health [23, 24]. Studies have shown that PS microplastics can disturb metabolism in 60 

fish [18, 25], and stable isotope analysis has recently been applied to investigate 61 

changes in metabolic pathways after stress exposure [26]. Toxic exposure could 62 

influence δ15N and δ13C of organisms by affecting growth, metabolism, and element 63 

turnover [26-28]. However, current knowledge of the isotopic effects of microplastics 64 

on fish remains limited.  65 

In addition to research on the effects of microplastics on gut microbiota and 66 

metabolism, studies on reproductive toxicity are emerging, indicating microplastics 67 

induced alteration in tissue formation of zebrafish gonads, female zebrafish fecundity 68 

rate and hormonal homeostasis [29, 30]. Gut dysfunction may influence energy and 69 

material supply for reproduction [31]. Sun et al. [32] demonstrated that PS nanoplastics 70 

disturbed the endocrine regulation pathways of the brain-pituitary-gonadal axis, 71 

inducing sex-specific reproductive toxicity to zebrafish.  72 

While many studies have demonstrated the adverse effects of microplastics on fish 73 

health [33], gender is usually a neglected factor when assessing their impacts, despite 74 

the fact that microplastics have gender-specific effects in other organisms [34, 35]. 75 

Yang et al. [36] found that aged PS microplastics induced gender-specific effects on 76 

mice liver lipid metabolism. Shen et al. [37] also demonstrated that the response of gut 77 

microbiota and fecal metabolites of mice to the co-exposure of PS microplastics and 78 

lead was sex-specific: more fecal metabolites were influenced in female mice than in 79 

male mice. Differential responses of male and female organisms can cause variations 80 

in health impacts, affecting offspring and population stability [38, 39]. However, a 81 
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comprehensive understanding of the gender-specific impacts of microplastics on fish, 82 

encompassing absorption, ingestion, and multi-tissue responses, is still lacking. 83 

This study aimed to investigate the gender-specific effects of PS microplastics on 84 

the health of zebrafish and explore correlation between multi tissue toxic effects. Adult 85 

zebrafish were exposed to 30 mg/L PS microplastics (1 µm) and the distribution of PS 86 

microplastics in different zebrafish tissues (guts and gills) was determined. We then 87 

explored the effects of PS microplastics on skin mucus, gut damage, hepatic 88 

metabolism, stable isotope composition and reproduction to provide novel insights into 89 

the toxicity of PS microplastics to freshwater fish populations, helping to clarify their 90 

potential effects on freshwater ecosystem stability and health. 91 

2. Materials and methods 92 

2.1 Microplastics 93 

As one of the most abundant polymers in the environment, PS microplastics were 94 

chosen [40]. PS microplastics with a diameter of 1 µm were purchased from BaseLine 95 

ChromTech Research Centre (Tianjin, China). Fluorescent microplastics (excitation 96 

wavelengths, 488 nm; emission wavelengths, 518 nm) were used in the uptake and 97 

accumulation test whereas virgin microplastics were used for the toxicity test.  98 

2.2 Zebrafish maintenance and experimental setup 99 

Healthy wild-type adult zebrafish (AB strain), aged 5 months, were purchased from 100 

the Institute of Hydrobiology, Chinese Academy of Sciences (Wuhan, China). The 101 

zebrafish were kept in ultraviolet-sterilized and aerated water at 24 ± 1 °C under a 14 h 102 

light/10 h dark cycle and were fed brine shrimp twice daily. For the accumulation test, 103 
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acclimated zebrafish of both genders were randomly placed into 16 glass tanks, 104 

assigned to control and fluorescent PS microplastics (30 mg/L) treatment groups. Each 105 

treatment had four replicates containing 10 zebrafish, with female and male fish 106 

exposed separately. After 21 days of exposure, fish were rinsed with ultra-pure water, 107 

euthanized using a 100 mg/L MS-222 (tricaine) solution, and the gut and liver tissues 108 

dissected for concentration analysis. 109 

For the toxicity test, acclimated female and male zebrafish were exposed to 0 110 

(control) and 30 mg/L PS microplastics separately for 21 days. Each group contained 111 

four replicate glass tanks: approximately 30 zebrafish were included in each tank 112 

randomly, and female and male fish were exposed separately. After exposure, the fish 113 

underwent a 24-hour fasting period before sampling and rinsing with ultra-pure water. 114 

Fish were euthanized using a 100 mg/L MS-222 (Tricaine) solution and the gut, liver 115 

and gonads dissected for further analysis. 116 

2.3 Uptake and accumulation of PS microplastics in fish tissues 117 

According to methods outlined by previous studies [18, 41, 42], the zebrafish tissues 118 

(the liver and gut) were homogenized and then digested in KOH (100g/L) at 60 ℃ for 119 

24h. The fluorescence intensity of fish samples was assessed using a microplate reader 120 

(Tecan Inifinite M200). The content of microplastics in zebrafish tissues was calculated 121 

using a standard curve. The standard curve was obtained using serial concentration of 122 

fluorescent PS microplastic solutions. 123 

2.4 Mucus determination 124 

The skin mucus indicators were analyzed according to Wang et al. [43]. Briefly, 20 125 
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zebrafish from each treatment were anaesthetized, washed and transferred to a sterile 126 

polyethylene bag of 5 mL NaCl (100 mM). Fish were then gently rubbed back and forth 127 

on the bag for 2-3 minutes to collect the mucus. The collected samples were centrifuged 128 

(12000 rpm, 30 min, 4 ℃) and the supernatant was filtered using a 0.22 μm filter for 129 

further analysis. Immunoglobulin M (IgM) and lysozyme (LZM) of the mucus were 130 

measured using the Immunoglobulin M Assay Kit and lysozyme assay kit (Jiancheng, 131 

Nanjing, China) based on turbidity assays. 132 

2.5 Histopathological analysis of gut 133 

The entire gut tissues from three zebrafish in each treatment were selected and 134 

immersed in 4% paraformaldehyde at 4 ℃ for one day for fixation [20, 44]. Gut samples 135 

were dehydrated in ethanol of gradient concentrations before embedment in paraffin 136 

wax. Subsequently, samples were cut to 4 μm thick using Leica microtomes (RM2016) 137 

and stained with hematoxylin and eosin (H&E) and observed under microscopy. 138 

2.6 Oxidative damage of zebrafish 139 

To evaluate the degree of oxidative stress in zebrafish liver, superoxide dismutase 140 

(SOD) activity and malondialdehyde (MDA) content were measured. Liver tissue 141 

homogenates (10%) were prepared with sterilized PBS at 4 ℃ and then centrifuged 142 

(12000 rpm, 10 min, 4 ℃) [45]. Commercial kits (superoxide dismutase assay kit and 143 

malondialdehyde assay kit) (Jiancheng, Nanjing, China) were used to measure the SOD 144 

activity and MDA content in collected supernatants. 145 

2.7 16S rRNA gene sequencing analysis of gut microbiota 146 

The gut samples were collected and kept at -80 ℃ before further analysis. The 147 
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details of extraction of genome DNA, amplicon generation, PCR products 148 

quantification and qualification, library preparation and sequencing, and data analysis 149 

are listed in SI. The sequencing data were deposited in the NCBI database (BioProject 150 

accession: PRJNA1116557). 151 

2.8 Liver metabolomics 152 

Liver samples were collected and kept at -80 ℃ before further analysis. For 153 

metabolomics analysis, samples were extracted and detected by LC-MS. Metabolite 154 

identification was conducted by MS-MS analysis under the same conditions of MS 155 

analysis. The metabolites were identified by accuracy mass (< 30 ppm) and MS/MS 156 

data which were matched with HMDB, massbank, LipidMaps, mzcloud and KEGG. P 157 

values ＜ 0.05 and variable importance projection (VIP) values ＞ 1 were considered 158 

statistically significant for metabolites. Differential metabolites were subjected to 159 

pathway analysis by MetaboAnalyst. The identified metabolites in metabolomics were 160 

then mapped to the KEGG pathway for biological interpretation of higher-level 161 

systemic functions. Details on sample extraction, LC-MS conditions and data analysis 162 

are provided in SI.  163 

2.9 Stable isotope analysis 164 

After freeze-drying (BIOSAFER-18A), zebrafish samples were milled for 1 minute 165 

(Retsch MM301) to obtain powder (< 100 µm). The stable isotope composition of 166 

samples was analyzed using isotope ratio mass spectrometry (IRMS, Delta V 167 

Advantage, USA).  The abundance of 13C and 15N was calculated using Eq. (1): 168 δX (‰) = ((𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)/𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 × 1000‰  (1) 169 

where Rsample is the 13C/12C or 15N/14N ratio of the sample, and Rreference is the 13C/12C 170 
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or 15N/14N ratio of the reference.  171 

2.10 Impact of PS microplastics on sex hormone levels and reproduction of zebrafish 172 

 Concentrations of 17β-estradiol (E2) and testosterone (T) were analyzed by using 173 

an estradiol 2 assay kit and a testosterone assay kit (Jiancheng, Nanjing, China), 174 

following the manufacturer’s instructions. In brief, zebrafish blood was collected and 175 

centrifuged (3000 rpm, 5 min, 4 °C) and the supernatants used for hormone 176 

concentration analysis [46]. For reproduction, the spawning groups are ♀ck × ♂ck, 177 

♀ck × ♂1μm, ♀1μm × ♂ck, ♀1μm × ♂1μm. The control check group is represented 178 

by ck. After removing spawning zebrafish, the eggs spawned in each group were 179 

collected using a Pasteur pipette and counted manually. 180 

2.11 Statistical analysis 181 

The data are presented as mean ± standard deviation. Mean differences between 182 

treated groups and controls were analyzed by one-way analysis of variance (ANOVA) 183 

using IBM SPSS Statistics 22, with a p-value of < 0.05 considered statistically 184 

significant. 185 

3. Results and discussion 186 

3.1 Effect of PS microplastics on the physiochemical properties of zebrafish 187 

3.1.1 Accumulation of PS microplastics in zebrafish tissues and mucus analysis 188 

 PS microplastics accumulated in the gills and guts of fish (Fig. S1A). The 189 

concentration of PS microplastics in gills was higher than that in the gut for both 190 

genders. No significant difference was observed in IgM level and LZM activity of 191 

zebrafish mucus in both genders compared to controls (Fig. S1B and C).  192 
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Previous studies have shown that the gills and guts are important tissues for the 193 

uptake and accumulation of microplastics, as they have a large surface area and are 194 

involved in nutrient absorption and immune defense [47]. The accumulation 195 

concentration in different tissues depends on various factors, such as exposure 196 

concentration, time, and particle size of microplastics [48]. Once PS microplastics enter 197 

the gut, there is the potential for them to result in adverse effects as well as translocation 198 

to other tissues via the circulatory system [49]. As with our study, Yang et al. [15] also 199 

found that PS microplastics did not influence LZM activity and IgM level in larval 200 

zebrafish. This suggests no humoral immunotoxicity after exposure to PS microplastics 201 

and that the toxicity of PS microplastics was related to ingestion into the gut instead of 202 

interaction with skin mucus.  203 

3.1.2 Hepatic oxidative stress and gut histopathology  204 

The female fish treatment showed significantly increased SOD activity and MDA 205 

content in the liver compared to the controls, while there was no such difference for 206 

male zebrafish (Fig. S1D and E). There was no histological change in the gut of control 207 

fish although the guts of zebrafish exposed to PS microplastics displayed obvious 208 

damage, including vacuolization and cilia defects (Fig. S2).  209 

The PS microplastic-induced oxidative stress in female zebrafish that we observed 210 

is similar to that found in earlier studies [20, 50]. The increased SOD activity could 211 

reflect severe membrane damage in the liver, while as the indicator of cell membrane 212 

lipid peroxidation damage [51], increased MDA content might lead to ROS generation 213 

and apoptosis of hepatocytes. Apart from oxidative stress, gut damage was also 214 
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observed. It has been previously noted that PS microplastic beads (15 µm) can result in 215 

vacuolization in the zebrafish gut [20] and Lei et al. [52] revealed that gut damage was 216 

related to physical uptake and accumulation rather than the chemical composition of 217 

microplastics.  218 

3.2 Effects of PS microplastics on zebrafish gut microbiota composition and function 219 

3.2.1 Gut microbiota composition 220 

The Shannon and Simpson indices of gut microbiota increased significantly after 221 

exposure to PS microplastics in both genders (Table S2). There was also a large number 222 

of unique OTUs in female and male zebrafish when exposed to PS microplastics (Fig. 223 

1A and B). The PCoA assessment (Fig. 1C and D) showed that the female group 224 

deviated from the control group significantly, whereas this was not the case in the male 225 

group. Results indicated that PS microplastics increased the alpha diversity and caused 226 

changes in the beta-diversity of gut fauna in both genders. The increased Shannon and 227 

Simpson diversity indices indicated that PS microplastics enhanced the evenness of the 228 

gut microbial community [53], indicating that exposed zebrafish were more vulnerable 229 

to the invasion and infection of opportunistic pathogens and the niche of dominant 230 

bacteria was also suppressed [54].  231 

A significant change in the gut microbial composition was found at the phylum 232 

level. In female zebrafish, as shown in Fig. 1E and S3A, Fusobacteria were dominant 233 

(over 70%) in the control while Proteobacteria were most abundant (over 50%) in the 234 

1μm PS microplastics treatment. The relative abundance of Proteobacteria, Firmicutes 235 

and Bacteroidota increased in the 1μm PS microplastics treatment compared to the 236 
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control group whereas the abundance of Fusobacteria decreased. In male zebrafish, the 237 

most abundant phylum was Proteobacteria (Fig. 1E and S3B) but the exposure to PS 238 

microplastics led to a lower relative abundance of Fusobacteria and Proteobacteria 239 

while the abundance of Actinobacteria and Firmicutes was greater. At genus level, 240 

results showed that, in female fish, PS microplastics decreased the content of 241 

Cetobacterium significantly, whereas the relative abundance of Pseudomonas, 242 

Aeromonas and Vibrio increased (Fig. S3C). Meanwhile, in the male fish gut, PS 243 

microplastics decreased the abundance of Cetobacterium, Plesiomonas, Aeromonas 244 

and Vibrio (Fig. S3D). Apart from phylum and genus level, in the female microplastics 245 

exposure group, the abundance of the classes Gammaproteobacteria and Clostridia, the 246 

order Pseudomonadales, Lachnospirales and Bacteroidales, and the families 247 

Pseudomonadaceae and Lachnospiraceae were higher compared to the control (Fig. S4). 248 

In the male microplastics exposure group, the abundance of the class Bacteroidia and 249 

the unidentified Actinobacteria, the orders Pseudomonadales, Bacteroidales and 250 

Burkholderiales, and the family Pseudomonadaceae were greater than in the male 251 

control group (Fig. S5). 252 

Several studies have demonstrated that microplastics accumulation can alter gut 253 

microbiota composition in fish [20, 53, 55]. This is important because the dysbiosis of 254 

fish gut microbiota composition can lead to the development of many diseases in hosts, 255 

including obesity and diabetes [56]. At phylum level, previous research found that gut 256 

inflammation was related to microbiota disorder and inflammatory-induced oxidation 257 

could promote the growth of Proteobacteria, which are able to cope with this adverse 258 
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host environment [57]. In our study, gut inflammation, as observed by histopathological 259 

results, was accompanied by increased abundance of Proteobacteria in the female gut. 260 

As Bacteroidetes and Firmicutes are related to lean body weight and fat absorption [55, 261 

58, 59], the variation of Bacteroidetes and Firmicutes abundance that we identified 262 

might influence the energy and lipid metabolism of zebrafish. At genus level, the 263 

decreased abundance of Cetobacterium (as a beneficial bacterium that can protect the 264 

host from pathogens [60]) and the enriched pathogens (including Aeromonas and 265 

Pseudomonas [61-63]) in female PS microplastic treatments suggested that female 266 

zebrafish gut function and health was influenced by PS microplastics.  267 

3.2.2 Predicted function of gut microbiota 268 

 Changes in the gut microbiota of zebrafish were accompanied by significant 269 

changes in the predicted functions of the microbiota, particularly in females (Fig. 2 and 270 

S6-S8). At level 1, predicted pathways of gut microbiota including metabolism, genetic 271 

information processing and organismal systems showed under-representation. 272 

Conversely, pathways such as environmental information processing, cellular processes 273 

and human diseases showed significant enrichment in females in the treatments 274 

compared to the control. In the male group, only metabolism and environmental 275 

information processing were significantly affected by PS microplastics. 276 

According to the level 2 and level 3 functional prediction map of the metabolic 277 

pathway (Fig. S6-S8), more metabolic pathways in female fish were significantly 278 

affected than those in male fish after PS microplastics exposure. In the female zebrafish 279 

group, the pathways related to nutrient transport and metabolism, as well as energy 280 
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production and conversion (including amino acid, carbohydrate, nucleotide, cofactors 281 

and vitamins, and energy metabolism) were significantly influenced by PS 282 

microplastics, indicating impacts on the basic metabolism of female zebrafish.  283 

Huang et al. [57] revealed that energy imbalance might lead to reduced replication, 284 

recombination and repair pathways in the guppy gut when exposed to PS microplastics. 285 

The impact of PS microplastics on energy metabolism, along with reduced energy 286 

reserves caused by gut inflammation might lead to under-representation of replication 287 

and repair pathways in our study, and an imbalance of energy metabolism can affect 288 

growth and reproduction [64]. It has also been reported that gut microbiota can regulate 289 

sex hormone levels by interactions among their metabolites, the immune system, 290 

chronic inflammation, and the gut-brain-gonad axis [65]. Some microorganisms are 291 

involved in steroid production and estrogen metabolism [66]. In our study, the 292 

endocrine system pathways (glucagon signaling pathway, PPAR signaling pathway, 293 

insulin resistance, estrogen signaling pathway, adipocytokine signaling pathway, 294 

progesterone-mediated oocyte maturation) were under-represented in females, which 295 

might be related to sex steroid hormone disorder.  296 

In the male zebrafish group, relatively few functions were influenced by PS 297 

microplastics. Enriched pathways included folding, sorting and degradation, and 298 

biosynthesis of other secondary metabolites, while under-represented pathways 299 

included membrane transport and cellular community-prokaryotes. 300 

3.3 Metabolic alterations induced by PS microplastics  301 

3.3.1 Liver metabolomics 302 
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In the female PS microplastics treatment, there were a total of 53 metabolites that 303 

were significantly different to those in the control. Among them, 8 were up-regulated 304 

and 45 were down-regulated (Fig. S9 and 3A). For the male treatment group, by contrast, 305 

fewer metabolites were influenced by PS microplastics; 11 metabolites were up-306 

regulated and 1 metabolite was down-regulated (Fig.S9 and 3B).  307 

KEGG metabolic pathway analysis was conducted to better understand the 308 

functions of these differential metabolites. As shown in Fig. 4, in the female groups of 309 

PS microplastics compared to the control, the main metabolic pathways of differential 310 

metabolites included the insulin signaling pathway, retinol metabolism, 311 

glycolysis/gluconeogenesis, progesterone-mediated oocyte maturation, oocyte meiosis, 312 

FoxO signaling pathway, and steroid hormone biosynthesis. In the male groups, the 313 

main metabolic pathways impacted by PS microplastics included D-arginine and D-314 

ornithine metabolism, valine, leucine and isoleucine biosynthesis, glycine, serine and 315 

threonine metabolism, and steroid hormone biosynthesis. 316 

Small molecule metabolites, including glucose, lipids, amino acids, peptides, and 317 

nucleic acids, are crucial indicators that reflect the physiological state and alterations in 318 

biosystems [67]. In this study, the metabolites belonging to carbohydrates (D-glucose, 319 

alpha-D-glucose and beta-D-fructose-6-phosphate) in the female PS microplastics 320 

treatment showed significant alteration. The altered metabolites were involved in the 321 

glycolysis/gluconeogenesis pathway, which is the primary pathway related to energy 322 

metabolism [9]. Meanwhile, according to KEGG pathway analysis, D-glucose is also 323 

involved in the FoxO signaling pathway and insulin signaling pathway, the latter of 324 
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which is associated with glycolipid metabolism and adipogenesis [68]. Several studies 325 

have found similar results to ours indicating that microplastics could affect glucose 326 

metabolism, glycolysis, lipid metabolism, and amino acid metabolism in fish [25, 69, 327 

70].  328 

Alterations in amounts of several lipid metabolites, such as prenol lipids (retinol, 329 

all-trans-retinoic acid, and 9-cis-retinoic acid), steroids (17a-estradiol, dihydrocortisol, 330 

21-hydroxy-5b-pregnane-3,11,20-trione, and 11-dehydrocorticosterone), and fatty 331 

acyls (9,10-epoxyoctadecenoic acid), were also observed in the female PS microplastics 332 

treatment compared to the control. These metabolites are involved in lipid-related 333 

metabolic pathways, such as retinol metabolism and steroid hormone biosynthesis, 334 

suggesting the disordering of lipid metabolism. The affected lipid and retinol metabolic 335 

pathways could interfere with the energy supply for ovarian steroidogenesis, thereby 336 

affecting the growth and maturation of zebrafish oocytes [71]. Meanwhile, KEGG 337 

pathway analysis revealed that steroid differences between the PS microplastics 338 

treatments and the control involved those associated with hormone biosynthesis, and 339 

several pathways related to regulation of reproduction, including progesterone-340 

mediated oocyte maturation and oocyte meiosis. Medrano et al. [72] found that 341 

polyester fiber could alter the regulation of pivotal sex hormones such as estrogen and 342 

androgen, which might be regulated by gut microbiota. In our study, the endocrine 343 

system pathway of gut microbiota was under-represented and pathways of liver 344 

metabolism related to reproduction were influenced in females, suggesting the 345 

connection between gut microbiota and liver metabolism leads to a decreased E2 level 346 
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and decreased egg production in female fish. 347 

For male zebrafish treatments, the metabolites affected by PS microplastics, 348 

compared to those in the control, were mainly amino acids (such as L-leucine, D-349 

ornithine, and L-cystathionine), suggesting PS microplastics had significant effects on 350 

amino acid metabolism, which is linked to basic metabolism, such as lipid and 351 

carbohydrate metabolism [73, 74]. Rehman et al. [75] also found that PS nanoplastics 352 

influenced amino acid metabolism of male zebrafish, indicating they affected the 353 

energy metabolism pathway. 354 

3.3.2 Stable isotope analysis 355 

Both female and male fish showed a significant decrease of δ13C and δ15N 356 

following PS microplastic exposure (Fig. 5A and B). Ouyang et al. [76] also found that 357 

PS microplastics reduced δ13C of koi carp, which resulted from the alteration of nutrient 358 

absorption. δ13C has been found to be related to energy metabolic or nutrient stress 359 

while δ15N could be influenced by metabolic changes involving amino acids 360 

metabolism, protein synthesis and carbon turnover [26]. A few studies have shown an 361 

interrelationship between gut microbiota and metabolism in zebrafish after exposure to 362 

pollutants [77-79]. The change in gut microbiota after PS microplastic exposure might 363 

be related to altered metabolites in liver (mainly carbohydrates, amino acids, nucleic 364 

acid), which could contribute to the changes of δ13C and δ15N. 365 

3.4 Sex hormone level and egg production 366 

 As shown in Fig. 5C-E, for female zebrafish, the concentration of E2 and the E2/T 367 

ratio was significantly lower in the treatments compared to the controls, despite no 368 
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obvious difference in T concentration. Male zebrafish exhibited a significant decrease 369 

in T concentration under exposure to PS microplastics and an increased E2/T ratio. Egg 370 

production was lower in♀1μm×♂ck treatments and ♀1μm×♂1μm treatments, 371 

whereas a slight but not significant decrease was found in ♀ck×♂1μm (Fig. 5F).  372 

E2 and T, as gonadal steroids, can regulate the sexual functions of fish, including 373 

gametogenesis, gamete maturation and reproduction [80]. Decreased E2 levels in 374 

females could contribute to the reduction of vitellogenesis in fish ovaries [81] and 375 

inhibit VTG expression, which would have an adverse effect on reproductive processes, 376 

leading to decreased egg production [81, 82], which could be one of the reasons for the 377 

decreased egg production in females in our study. Similarly, Gupta et al. [83] 378 

demonstrated that PS microplastics decreased plasma E2 level in female zebrafish, 379 

contributing to delayed ovarian development. We found that PS microplastics hindered 380 

reproduction of female zebrafish by causing oxidative stress, apoptosis, and hormone 381 

level imbalance. Teng et al. [38] found that exposure of male and female zebrafish to 382 

charged PS microplastics disrupted the reproductive system, sex hormone balance and 383 

steroidogenic pathway. Mature female zebrafish should possess higher food 384 

consumption and metabolic costs when compared to males, thus any potential 385 

disruption of energy or metabolism is expected to result in more serious response in 386 

females than in males [57, 84].  387 

3.5 Potential toxicity mechanisms of PS microplastics on metabolism and reproductive 388 

process in females 389 

In zebrafish, various axes govern health regulation, such as the gut-liver axis, 390 
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hypothalamus-pituitary-gonadal-liver axis (HPGL axis), and gut-brain-gonad axis. The 391 

gut-liver axis refers to the bidirectional relationship between the gut, gut microbiota, 392 

and liver [85]. Dysbiosis of gut microbiota increases intestinal permeability, facilitating 393 

the translocation of microbial-derived substances to the liver through the gut-liver axis, 394 

leading to glycolipid metabolism disorder and liver damage [86]. Feng et al. [53] 395 

reported that PS microplastics perturbed gut microbiota composition in medaka, along 396 

with disrupted glycolipid and energy metabolism, leading to gut-liver axis disruption. 397 

In our study, PS microplastics induced dysbiosis in gut microbiota, potentially further 398 

disturbing lipid metabolism and glucose metabolism in the liver via the gut-liver axis 399 

(Fig. 6). Evidence of oxidative stress in the liver further suggests liver damage. 400 

The HPGL axis is important in the regulation of the reproductive system, regulating 401 

the synthesis of steroid hormones [87]. Meanwhile, the gut-brain axis can exert 402 

influence on the gonads via the endocrine pathway [88]. The gut microbiota can 403 

modulate endocrine control of reproduction by impacting hormone levels, thereby 404 

altering their bioavailability and efficacy [66]. In our study, disturbance of gut 405 

microbiota induced underrepresentation of pathways associated with the endocrine 406 

system. Significant alterations were found in the reproductive-related metabolic 407 

pathways within the liver. Consequently, these results led to disruptions in sex hormone 408 

levels and compromised egg production in the ovaries. 409 

Microplastics could cause adverse impacts on fish health, including gut microbiota 410 

dysbiosis, liver metabolism disorder and sex steroid hormone imbalance. However, the 411 

effects observed in this study combined with the potential for long-term interaction of 412 
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microplastics with fish from natural environments, suggest that the gender-specific risk 413 

of microplastics should not be overlooked. We found that female zebrafish health was 414 

more affected than males through gut microbiota, metabolism and reproduction after 415 

PS microplastics exposure. When females experience higher toxicity levels, it will lead 416 

to adverse effects and impact the survival and reproductive processes of the organism. 417 

Importantly, any impairment of reproductive function can have cascading effects on 418 

population dynamics and the overall community structure [38, 39, 89]. Thus, our results 419 

provide evidence that PS microplastics can induce gender-specific toxicity on 420 

freshwater fish populations. Further research should pay increased attention to the 421 

gender-specific toxicity of microplastics to organisms and communities in freshwater 422 

environment. 423 

3.6 Limitations and future work 424 

Several limitations should be acknowledged with our study. First, in order to 425 

investigate the toxicity mechanism of PS microplastics on zebrafish health, the 426 

concentration of PS microplastics in our study is higher than typical environmental 427 

concentrations in freshwater (though not higher than for total microplastic 428 

concentrations [4]). However, we used high concentrations specifically to provide us 429 

with insights into mechanistic responses. Future work should examine impacts at a 430 

broader range of environmentally-relevant concentrations. Second, our findings suggest 431 

that gut microbiota alterations of zebrafish possibly further influence liver metabolism 432 

and reproductive processes. However, to derive more definitive and comprehensive 433 

conclusions, further investigations into the intricacies of these axes are needed. Third, 434 
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while our results showed decreased sex hormone level and egg production of mother 435 

zebrafish, further studies should consider the cascading effects on offspring survival 436 

and development.  437 

4. Conclusion 438 

In summary, our results showed that the toxicity of PS microplastics was related to 439 

the ingestion of microplastics rather than the effects of non-specific skin defense. 440 

Female zebrafish were more affected than male zebrafish by PS microplastics. PS 441 

microplastics significantly influenced zebrafish metabolism, specifically lipid 442 

metabolism, carbohydrate metabolism, energy metabolism and regulation of 443 

reproduction. PS microplastics also destroyed the balance of sex hormones and 444 

disturbed the reproductive process in zebrafish, especially in females. The adverse 445 

impacts on reproduction are related to gut microbiota dysbiosis and metabolic disorder. 446 

The overall effects of PS microplastics on zebrafish metabolism and reproduction might 447 

influence individual fish health and whole population stability, which would further 448 

degrade freshwater ecosystems. The more severe impact of PS microplastics on females, 449 

compared to males, may lead to severe effects on zebrafish populations. 450 
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Figure captions 727 

Figure 1. Assessment of difference or similarity of microbiota composition among 728 

different treatment groups after exposure to1µm PS microplastics for 21 days. Venn 729 

diagram of bacterial OTUs unique within the gut microbiota of zebrafish after 730 

exposed to PS microplastics. A, female groups; B, male groups. Principal coordinate 731 

analysis (PCoA) of the gut microbiota beta-diversity of the control and PS 732 

microplastics treated groups, C, female groups; D, male groups. E, the chord diagram 733 

of gut microbiota abundance at phylum level after PS microplastics exposure. 734 

Figure 2. Welch’s t-test analysis of predicted function (level 1) of zebrafish gut 735 

microbiota in female groups by Tax4Fun analysis after exposure to1µm PS 736 

microplastics for 21 days. A, female groups; B, male groups. 737 

Figure 3. Heatmap of the differential metabolites in zebrafish liver after exposure 738 

to1µm PS microplastics for 21 days. A, female groups; B male groups. 739 

Figure 4. KEGG pathway enrichment (p < 0.05) in zebrafish liver after exposure to 740 

1µm PS microplastics for 21 days. A, female groups; B male groups. 741 

Figure 5. Stable isotope analysis, sex hormone level and egg production of zebrafish 742 

after exposure to1µm PS microplastics for 21 days. Ratios of δ13C (A) and δ15N (B) of 743 

zebrafish (n=8). E2 (C), T (D), and E2/T ratio (E) of zebrafish (n=4). Egg production 744 

of paired zebrafish (F, n=4), ck represents control check group. Data represent mean ± 745 

SD. Different letters indicate significant differences between treatments (p < 0.05), 746 

the lowercase letters represent significant difference in female groups and uppercase 747 

letters represent those in male groups. 748 

Figure 6. Potential toxicity mechanisms of PS microplastics on gut microbiota, liver 749 

metabolism, and reproductive processes in females after exposure to1µm PS 750 

microplastics for 21 days. 751 


