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A B S T R A C T   

Microplastics (MPs) and tributyltin (TBT) are both potential environmental pollutants that enter organisms 
through the food chain and affect bodily functions. However, the effects and mechanisms of MPs and TBT 
exposure (especially the co-exposure of both pollutants) on mammals remain unclear. In this study, Ф5 μm MPs 
(5MP) was administered alone or in combination with TBT to investigate the health risk of oral exposure in mice. 
All three treatments induced inflammation in the liver, altered gut microbiota composition and disturbed fecal 
bile acids profiles. In addition to decreasing triglyceride (TG) and increasing aspartate aminotransferase (AST) 
and macrophage-expressed gene 1 (Mpeg1), 5MP induced hepatic cholestasis by stimulating the expression of the 
cholesterol hydroxylase enzymes CYP8B1 and CYP27A1, and inhibiting multidrug resistance-associated protein 2 
and 3 (MRP2, MRP3), and bile-salt export pump (BSEP) to prevent bile acids for entering the blood and bile. 
Correspondingly, 5MP treatment decreased 7-ketolithocholic acid (7-ketoLCA) and taurocholic acid (TCA), 
which were positively correlated with decreased Bacteroides and Marvinbryantia and negatively correlated with 
increased Bifidobacterium. In addition, TBT increased interferon γ (IFNγ) and Mpeg1 levels to induce inflam
mation, accompanied by decreased 7-ketoLCA, tauro-alpha-muricholic acid (T-alpha-MCA) and alpha-muricholic 
acid (alpha-MCA) levels, which were negatively related to Coriobacteriaceae_UCG-002 and Bifidobacterium. Co- 
exposure to 5MP and TBT also decreased TG and induced bile acids accumulation in the liver due to inhibited 
BSEP, which might be attributed to the co-regulation of decreased T-alpha-MCA and Harryflintia. In conclusion, 
the administration of 5MP and TBT alone and in combination could cause gut microbiome dysbiosis and sub
sequently alter bile acids profiles, while the combined exposure of 5MP and TBT weakened the toxic effects of 
5MP and TBT alone.   

1. Introduction 

Microplastics (MPs), a class of plastic particles or debris with di
ameters less than 5 mm (Wagner et al., 2014), are derived mainly from 
the degradation of plastic litter and globally exist in various environ
ments, such as oceans (Peeken et al., 2018; van Wezel et al., 2016), air 
(Avio et al., 2017) and soil (Li et al., 2020; Wang et al., 2019). It has been 
proven that MPs are small enough to be mistakenly consumed by aquatic 
organisms and bioaccumulated in mammals through the food chain 
(Lusher et al., 2013). Additionally, MPs have been found in human feces 
(Schwabl et al., 2019). Numerous studies have revealed that MPs 

exposure cause toxicity to the physiological functions of marine organ
isms, including reduced feeding activity in Arenicola marina (Besseling 
et al., 2013), increased liver toxicity in zebrafish (Lu et al., 2016), 
enhanced neurotoxicity in Pomatoschistus microps (Luis et al., 2015), 
delayed growth in Gammarus pulex (Redondo-Hasselerharm et al., 2018) 
and decreased reproductive toxicity in oysters (Sussarellu et al., 2016). 
In addition to their toxicity, co-exposure of organisms in the environ
ment to MPs with other chemical contaminants is a hot topic worthy of 
attention (Bradney et al., 2019; Fred-Ahmadu et al., 2020; Tourinho 
et al., 2019; Ziccardi et al., 2016). Most current studies have shown that 
MPs can adhere to other chemical contaminants and enhance their 
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ecotoxicological effects, such as increasing the adverse effects of poly
chlorinated biphenyls(PCBs) and polycyclic aromatic hydrocarbons 
(PAHs) in mussels (Rainieri et al., 2018). Importantly, a string of studies 
have reported that organotin is a kind of man-made heavy metal tin that 
is widespread in the marine environment (Cao et al., 2009; de Castro 
et al., 2012; Meng et al., 2009). Accordingly, co-exposure to MPs and 
organotin is inevitable (Romeo et al., 2015). Nevertheless, information 
on the toxicological interactions between MPs and organotin on or
ganisms in the environment is scarce. 

As the most widely used organotin type, tributyltin (TBT) has been 
applied as an antifouling agent for hull coatings, thermal stabilizer for 
plastic products, and chemical catalyst for textile products such as car
pets (Arp et al., 2014). Additionally, TBT was reported to accumulate in 
the water and sediments due to its usage in other applications (Nowak 
et al., 2019). Aquatic organisms may be exposed to TBT via direct 
contact and inhalation of contaminated food and water (Castro et al., 
2018; Kim et al., 2017; Laranjeiro et al., 2018). Although TBT-based 
compounds have been banned for use on ships, their residues in water 
still cause sex distortion, reproductive damage and survival impairment 
of aquatic organisms, even at quite low concentrations (Jordão et al., 
2015; Khondee et al., 2016; Lee et al., 2019; Merlo et al., 2018). 
Furthermore, an investigation found that the TBT level in seafood 
collected from a market was 2.53 ng/g fresh weight (Rantakokko et al., 
2006). According to statistics, fishermen’s daily intake of seafood is 
between 94.1 and 250 g (Chien et al., 2002). Based on equivalent dose 
conversion, a 70 kg adult consuming 200 g seafood contaminated with 
TBT daily is approximately equal to the concentration of 100 ng/kg 
(body weight)/day TBT in mice. Thus, dietary intake of contaminated 
aquatic organisms and water is most likely the main route of simulta
neous exposure to MPs and TBT for the general population (Smith et al., 
2018). However, information on the effect of MPs and TBT co-exposure 
on mammals is limited. 

Previous studies have demonstrated that both MPs and TBT could 
induce gut microbiota dysbiosis (Fackelmann and Sommer, 2019; Guo 
et al., 2018). The gut microbiota-bile acids crosstalk has also been 
proven to be associated with many physiological processes, such as 
inflammation (Adamovsky et al., 2018; Jia et al., 2018). In addition, bile 
acids (BAs) are synthesized from cholesterol in hepatocytes and are 
capable of regulating glucose and lipid metabolism through enter
ohepatic circulation (Alemán et al., 2018). In mammals, BAs are divided 
into primary and secondary BAs (Chen et al., 2019); primary BAs are 
mainly synthesized in the liver through cholesterol metabolism, and 
secondary BAs are produced from primary BAs through bacterial 
metabolism in the intestinal tract (Kiriyama and Nochi, 2019; Molinero 
et al., 2019). Nevertheless, the effect and underlying mechanisms of 
co-exposure of MPs and TBT on intestinal flora and BAs have not been 
reported. Polystyrene is one of most produced and commonly reported 
types of MPs in the environment (de Sa et al., 2018). A preliminary study 
certified that polystyrene MPs with a 5 µm diameter (Ф5 μm MPs) at a 
concentration of 0.1 mg/day could reach different tissues (liver and gut) 
with a steady state in mice (Jin et al., 2019). In the present study, we 
chose 5MP of polystyrene (0.1 mg/day) and TBT (100 ng/kg (body 
weight)/day) alone or in combination and studied their effects on in
testinal microbiota composition and BAs profiles in C57BL/6J mice by 
integrating 16S rRNA sequencing of the gut microbiome and the 
metabolomics of BAs. 

2. Material and methods 

2.1. Chemicals 

Polystyrene microplastics (MPs) particles were purchased from the 
BaseLine ChromTech Research Centre (Tianjin, China). Tributyltin 
chloride (TBT) was purchased from Dr. Ehrenstorfer, Laboratory of the 
Government Chemist (Teddington, UK), with 98% purity. Ф5 μm MPs 
was simplified to 5MP in our study. The dilution medium for 5MP and 

TBT was 0.4% ethyl alcohol in deionized water. 

2.2. Animal models 

Seven-week-old male C57BL/6J mice were obtained from Shanghai 
Sippr-BK Laboratory Animal Co., Ltd., and passed the ethical review of 
IACUC (No. 1812027). All mice were randomly divided into four groups, 
with ten mice in each group, which received different treatments by 
gavage. The four groups were exposed to control (100 μL of 0.4% ethyl 
alcohol), TBT (100 ng/kg (body weight)/day TBT), 5MP (0.1 mg/day 
5MP), or 5MP+TBT (0.1 mg/day 5MP+100 ng/kg (body weight)/day 
TBT), respectively. During cultivation, there were no restrictions on food 
and water, and the light/dark (L/D) photoperiod was 12/12 h. During 
the exposure, the body weight of each mouse was recorded every 3 days 
from the first day of administration. Fecal samples were collected for 
16S rRNA sequencing of the gut microbiome on the 33rd day. All mice 
were sacrificed after 12 h of starvation on the last day of the experiment. 
The collected blood was placed at room temperature for 2 h and 
centrifuged at 4000 rpm for 15 min to collect the serum, which was 
stored at − 80 ◦C. The liver was excised immediately and then divided: 
some sections of liver were fixed and sliced for further histological 
analysis, and the rest was stored at − 80 ◦C until use. 

2.3. Biochemical parameters analysis of serum 

Serum biochemical indexes, including triglyceride (TG) and aspar
tate aminotransferase (AST), in serum (n = 10) were detected by an 
automatic biochemical analyzer (Hitachi 7100, Tokyo, Japan). 

2.4. Histopathology 

Tissues (n = 3) were fixed with 4% paraformaldehyde for 24 h, 
embedded in paraffin, cut into at least two 5 µm thick sections and 
mounted on slides. The pathological changes in tissues were examined 
by hematoxylin and eosin (H&E) staining. Using Pannoramic SCAN 
(3DHISTECH, Budapest, Hungary), the stained slides were scanned by a 
blind method according to the standard method to obtain representative 
images. 

2.5. RNA extraction and real-time quantitative PCR (RT-qPCR) 

Total RNA was extracted using the FastPure Cell/Tissue Total RNA 
Isolation Kit (Vazyme, Biotech) and reverse transcribed into cDNA using 
HiScript II Q RT SuperMix (Vazyme, Biotech) following the manufac
turer’s instructions. The concentration and purity of total RNA and 
cDNA were detected using a NanoDrop2000 spectrophotometer 
(Thermo Fisher Scientific, MA, USA). Then, real-time PCR with a 10 μL 
mixture of Hieff quantitative PCR SYBR Green Master Mix (5 μL, Yeasen, 
Shanghai, China), forward primer, reverse primer (0.2 μM, see Supple
ment Material Table S1 for oligonucleotide sequences) and enriched 
cDNA was used to quantitatively detect the expression of genes (n = 6). 
The mixture was subjected to qPCR on a Light Cycler 480 (Roche, 
Shanghai). RT-qPCR analysis was performed in triplicate, and the 2-ΔΔCt 

method was used to assess the relative expression level. 

2.6. Measurement of TBA in serum, liver and feces 

The levels of total bile acids (TBA) in serum, liver (n = 10) and feces 
(n = 6) were detected using a mouse TBA ELISA kit (Ren Jie Bio, 
Shanghai, China) according to the manufacturer’s protocol. 

2.7. Targeted determination of BAs using LC/MS 

2.7.1. Extraction of metabolites in fecal samples 
Precisely 10 mg of fecal sample from each group (n = 6) was placed 

in a 2 mL Eppendorf tube; 1 mL of methanol was added, and the solution 
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was vortexed for 1 min. Then, 100 mg of glass beads were added and 
shaken at 25 Hz for 60 s, and the above operation was repeated at least 2 
times. The mixture was sonicated at room temperature for 30 min and 
centrifuged at 4 ◦C for 10 min ( 12,000g); 100 μL of the supernatant was 
added to 400 μL of methanol and vortexed for 30 s. A total of 300 μL of 
the supernatant was filtered through a 0.22 µm membrane, and the 
filtrate was added to a test bottle. 

2.7.2. Instrument conditions 
The chromatographic conditions were as follows: column, ACQUITY 

UPLC® BEH C18 Column (2.1 × 100 mm, 1.7 µm, Waters, American); 
injection volume, 5 μL; column temperature, 40 ◦C; mobile phase A, 
0.01% formic acid water; mobile phase B, acetonitrile. The gradient 
elution conditions were as follows: 0 ~ 4 min, 25% B; 4 ~ 9 min, 
25~30% B; 9 ~ 14 min, 30~36% B; 14 ~ 18 min, 36~38% B; 18 ~ 24 
min, 38~50% B; 24 ~ 32 min, 50~75% B; 32 ~ 35 min, 75~100% B; 35 
~ 38 min, 100~25% B. The flow rate was 0.25 mL/min. 

2.7.3. Mass spectrometry conditions 
The electrospray ionization (ESI) source was negative ion mode. The 

ion source temperature was 500 ◦C, the ion source voltage was − 4500 
V, the collision gas was 6 psi, the air curtain gas was 30 psi, and the 
atomizing gas and auxiliary gas were both 50 psi. Scanning was per
formed using multiple reaction monitoring (MRM). 

The detailed information and methodological data of BAs were 
attached in Supplement Material Table S2. 

2.8. Microbial community analysis 

Microbial DNA from fecal samples of mice (n = 6) was extracted for 
16S rRNA sequencing on an Illumina MiSeq platform (Illumina, San 
Diego, USA) according to our previous studies (Zhang et al., 2016). 

Then, the data were analyzed following the standard protocol by 
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Raw fastq 
files were quality-filtered by Trimmomatic and merged by FLASH with 
the following criteria: (i) The reads were truncated at any site with an 
average quality score < 20 over a 50 bp sliding window. (ii) Sequences 
whose overlap was longer than 10 bp were merged according to their 
overlap with a mismatch of no more than 2 bp. (iii) Sequences of each 
sample were separated according to barcodes (exactly matching) and 
primers (allowing 2 nucleotide mismatches), and reads containing 
ambiguous bases were removed. Operational taxonomic units (OTUs) 
were clustered with 97% similarity cutoff using UPARSE (version 7.1 
http://drive5.com/uparse/) with a novel ‘greedy’ algorithm that per
forms chimera filtering and OTU clustering simultaneously. The taxon
omy of each 16S rRNA gene sequence was analyzed by the RDP Classifier 
algorithm (http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S 
rRNA database using a confidence threshold of 70%. 

2.9. Statistical analysis 

Data and diagrams in this study are expressed as the mean ± stan
dard error of the mean (SEM). Differences between groups were 
analyzed by one-way analysis of variance (ANOVA) based on the least 
significant difference (LSD) test. A P value lower than 0.05 was 
considered statistically significant. Special and specific analyses are 
presented in the legend of each corresponding chart. 

3. Results 

3.1. Effect of single and combined 5MP and TBT exposure on body weight 
and TG and AST in serum 

All mice were alive after 33 days of single and combined 5MP and 

Fig. 1. Effect of administration of 5MP, TBT and their combination on (A) body weight, (B) the serum concentration of TG and (C) the serum level of AST. (D) 
Representative photomicrographs of liver tissue (scale bar, 100 µm; original magnification, 20×) after H&E staining. Inflammatory cell aggregation (shown by the 
black arrow) was observed in the liver. RT-qPCR results of RNA extracted from the liver showed the expression of the proinflammatory cytokine IFNγ (E) and the 
macrophage marker Mpeg1 (F) in each treatment group (*P < 0.05, **P < 0.01, ***P < 0.001). 

P. Jiang et al.                                                                                                                                                                                                                                    

http://drive5.com/uparse/
http://rdp.cme.msu.edu/


Ecotoxicology and Environmental Safety 220 (2021) 112345

4

Fig. 2. Influence of 5MP and TBT alone or in combination on the total bile acids. The content of total bile acids (TBA) in the liver (A), serum (B) and feces (C). The 
expression of gene CYP7A1 (D), CYP8B1 (E), CYP27A1 (F), FXR (G), MRP3 (H), MRP2 (I), BSEP (J) and NTCP (K) OATP4 (L) in the liver (*P < 0.05, 
**P < 0.01, ***P < 0.001). 
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Fig. 3. 5MP and TBT alone or in combination alter intestinal microbiome composition. (A) Principal coordinate analysis (PCoA) based on Binary-lennon analysis 
(beta diversity) on operational taxonomic units (OTUs) (n = 6). Each symbol representing a single sample was colored according to each treatment. (B) The alpha 
diversity analysis of the Shannon index of the four treatments at the OTU level using the Wilcoxon rank-sum test. (C) Barplot of community abundance in the four 
groups at the phylum level. (D) The proportion of the gut microbiome at the genus level. Differences in each group were analyzed by the Wilcoxon rank-sum test. 
*P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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TBT exposure. No significant difference in final weight was observed 
among each treatment group (Fig. 1 A). Compared to the control, 5MP 
and 5MP+TBT exposure notably decreased the level of serum TG, 
whereas no change was detected after TBT exposure, as shown in Fig. 1 
B. In addition, the level of serum AST increased in the 5MP group 
compared with the control group (Fig. 1 C). Nevertheless, no significant 
differences of AST level were detected in TBT and 5MP+TBT exposure 
compared to control group (Fig. 1 C). 

3.2. Histological lesions of the liver and transcription of related 
inflammatory factors and inflammatory cell markers 

Histological observation indicated that single and combined 5MP 
and TBT exposure induced inflammation in the liver with aggregation of 
inflammatory cells (Fig. 1 D). RT-qPCR detected the relative expression 
of the corresponding inflammatory cytokine IFNγ and macrophage- 
labeled Mpeg1. The results showed that IFNγ in the liver of the TBT 
group (1.29 ± 0.05) was significantly increased compared to that of the 
control group (1.07 ± 0.07) (Fig. 1 E). In addition, the expression of 
Mpeg1 was significantly increased after 5MP (1.82 ± 0.17) and TBT 
(1.66 ± 0.07) exposure compared with the control (1.01 ± 0.04), indi
cating that the two separate exposures stimulated the Mpeg1 response 
(Fig. 1 F). Notably, the expression of IFNγ and Mpeg1 in 5MP+TBT 
showed no difference relative to the control but was significantly 
decreased compared to the separate treatments (Fig. 1 E and F). 

3.3. Effect of single or combined 5MP and TBT exposure on TBA 

As shown in Fig. 2 A, 5MP and 5MP + TBT interventions statistically 
up-regulated the content of TBA in the liver, while TBT treatment 
showed a non-significant change in TBA compared with the control 
group. Likewise, there was no obvious change in TBA in serum under 
TBT treatment (Fig. 2 B). However, 5MP and 5MP+TBT exposure visibly 
decreased serum TBA levels compared with the control group (Fig. 2 B). 
Moreover, the TBA in feces notably decreased in the 5MP group, indi
cating that the excretion of BAs was reduced in the 5MP group (Fig. 2 C). 
Intriguingly, 5MP treatment inhibited the expression of CYP7A1 and 
activated the expression of CYP8B1 and CYP27A1, while TBT and 
5MP+TBT did not cause significant changes in these three genes (Fig. 2 
D–F). Meanwhile, the BA-activated nuclear receptor FXR in 5MP 
increased compared to the control group, although it was not significant 
(Fig. 2 G). In addition, 5MP reduced the expression of MRP3 and MRP2, 
and both 5MP and 5MP+TBT suppressed the expression of BSEP (Fig. 2 
H–J). Both 5MP and TBT inhibited NTCP whereas OATP4 showed no 
obvious change (Fig. 2 K and L). So 5MP mainly caused the increase of 
TBA in liver by activating CYP8B1 and CYP27A1 and inhibiting MRP3, 
MRP2 and BSEP, and 5MP+TBT induced hepatic cholestasis by inhib
iting BSEP. Thus, we speculated that 5MP and TBT alone and in com
bination could affect the changes of TBA in mice through genes that 
regulate the synthesis and transport of BAs in the liver. 

3.4. 5MP alone or in combination with TBT reshape microbiome 
composition 

The intestinal environment was influenced by enterohepatic circu
lation of BAs by controlling the growth and maintenance of commensal 
gut microbiota. To determine the change in the gut microbiome in the 
control and three treatment groups, we used 16S rRNA-based high- 
throughput sequencing technology to detect the fecal microbiota 

composition in mouse feces. By analyzing the differences in each group 
by principal coordinate analysis (PCoA) (Fig. 3A), we found that the 
microbial communities in the 5MP, TBT and 5MP+TBT groups were 
dispersed compared to that in the control (Adonis test: R2 = 0.2711, 
P = 0.001), which suggested that the microbial composition of each 
treatment group was not similar. Consistently, the alpha diversity of the 
gut microbiome was significantly lower in the 5MP group than in the 
control group based on the Shannon index, which further proved that 
5MP could reduce microbiota diversity (Fig. 3 B). Although the Shannon 
indexes of TBT and 5MP+TBT showed no difference compared to that of 
the control, the barplot of community abundance at the phylum level 
showed that single or co-treatment with 5MP and TBT altered the 
composition of the gut microbiota (Fig. 3 C). The abundance of Actino
bacteria increased from 0.72% in the control group to 3.74% and 3.73% 
in 5MP and TBT, respectively, whereas it returned to 1.07% in the 
5MP+TBT group. The relative abundance of Firmicutes was 36.17% in 
the control group, and it decreased to 30.90% and 32.62% in the 5MP 
and TBT groups, respectively, while with the combined treatment 
(5MP+TBT), the value decreased to 34.47%. Both Proteobacteria and 
Epsilonbacteraeota were increased in the three treatment groups. 
Furthermore, at the genus level, differential genera were selected to 
study the dynamic changes induced by 5MP, TBT and their combined 
exposure (Fig. 3 D). Compared to the control group, Lactobacillus, Bac
teroides, Butyrivibrio, GCA-900066575 and Lachnospiracea_UCG-001 
significantly decreased and Escherichia-Shigella noticeably increased 
under 5MP exposure, but no difference in these genera appeared in the 
TBT or 5MP+TBT groups. TBT treatment obviously increased Cor
iobacteriaceae_UCG-002, Faecalibaculum and Facklamia and decreased 
Roseburia, Christensenellaceae_R-7_group, Negativibacillus, Pygmaiobacter, 
and Defluviitaleaceae_UCG-001 relative to the control; however, these 
genera were not affected in the 5MP and 5MP+TBT groups. Moreover, 
both 5MP and TBT significantly increased Bifidobacterium and markedly 
decreased Eubacterium]_nodatum_group and Marvinbryantia, but no 
obvious differences were found between the control and 5MP+TBT 
groups. Dubosiella and Harryflintia were increased and Ileibacterium was 
decreased significantly under 5MP+TBT exposure, but no remarkable 
changes were observed in the 5MP and TBT groups compared with the 
control group. In addition, Anaerotruncus was inhibited in both the 5MP 
and 5MP+TBT groups. These results illustrated that all of the above 
treatments could shape the community of the mouse gut microbiome in 
different ways. 

3.5. Influence of 5MP alone or in combination with TBT on the fecal BAs 
profiles 

Since feces is a type of easily accessible and noninvasive biological 
sample that could also reflect the detail BAs level, we performed tar
geted quantitative detection to identify specific BAs in feces that were 
specifically regulated by 5MP, TBT and their combined exposure. The 
composition of primary BAs and secondary BAs showed obvious changes 
in the three treatment groups relative to the control (Fig. 4 A). As pre
sented in Fig. 4 B, compared with the control, 5MP obviously inhibited 
TCA and 7-ketoLCA, and TBT visibly decreased 7-ketoLCA, T-alpha- 
MCA, 12-ketoLCA, and alpha-MCA. Notably and intriguingly, the com
bination of 5MP and TBT significantly decreased T-alpha-MCA. In short, 
these results clearly showed that the composition of primary and sec
ondary BAs fluctuated after 5MP exposure alone or in combination with 
TBT. 
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3.6. Crosstalk between BAs and fecal bacteria under single or combined 
5MP and TBT treatments 

Given the possible relationships between the intestinal microbiome 
and altered BAs, we further explored crosstalk through correlation 
analysis, as shown in Fig. 5. The results showed that differences in BAs 
were significantly related to intestinal bacteria under different treat
ments. According to the results in Fig. 3 D and Fig. 4 B, decreased levels 
of Bacteroides and Marvinbryantia were positively correlated and 
increased Bifidobacterium was negatively correlated with decreased 7- 
ketoLCA and TCA in the 5MP group. Lachnospiraceae_UCG-001 was 
positively related to decreased TCA in the 5MP group. In addition, 
increased levels of Coriobacteriaceae_UCG-002 and Bifidobacterium 
showed a negative relation with decreased 7-ketoLCA and T-alpha-MCA 
in the TBT group. Christensenellaceae_R-7_group and Marvinbryantia were 
positively related to T-alpha-MCA, and Coriobacteriaceae_UCG-002, 
Pygmaiobacter, Defluviitaleaceae_UCG-001 and Eubacterium]_noda
tum_group were positively related to alpha-MCA in the TBT group. In 
addition, T-alpha-MCA was negatively related to Harryflintia in the 
5MP+TBT group. In summary, the changes in BAs induced by single or 
combined administration of 5MP and TBT were inseparable from the 
regulation of intestinal bacteria. 

4. Discussion 

In this study, exposure to 5MP, TBT and 5MP+TBT did not signifi
cantly change the body weight of C57BL/6J mice, indicating that an 
adaptive response mechanism to 5MP (0.1 mg/day) and TBT (100 ng/kg 
(body weight)/day) existed (Fig. 1 A). The content of TBA in 5MP and 
5MP + TBT groups statistically increased compared with control group, 
but that was opposite in serum (Fig. 2 A–C). These data suggested that 
5MP and 5MP+TBT might induce BA accumulation in the liver. It was 
reported that BAs are synthesized in hepatocytes via cytochrome P450- 
mediated oxidation of cholesterol (Jia et al., 2018). Although the bile 
acid synthesize rate-limiting enzyme (CYP7A1) was reported as a key 
member enzyme for the classical pathway of BA synthesis, the absence 
of CYP7A1 did not affect the elimination of BAs (Beigneux et al., 2002). 

In our study, we found that CYP7A1 gene was inhibited in 5MP group 
(Fig. 2 D–F). Instead, 5MP treatment led to increased liver TBA (Fig. 2 A) 
by up-regulating the enzymatic gene CYP8B1 and the alternative 
pathway BA synthesis gene CYP27A1 as shown in Fig. 2 E and F. 
Moreover, BAs could be secreted into the portal circulation via baso
lateral BA transporters MRP3, into bile via canalicular export trans
porters BSEP and MRP2 (Jia et al., 2018; Kubitz et al., 2015). Inhibition 
of MRP3 in the 5MP group revealed a decreasion of BAs excreted into the 
blood from the liver (Fig. 2 B and H), and down-regulation of MRP2 and 
BSEP indicated a decrease in BAs entering the bile, which also be 
responsible for lower TBA in the feces (Fig. 2 C, I and J). All the data 
indicated that 5MP exposure led to hepatic cholestasis. Additionally, it 
has been reported that hepatic cholestasis leads to toxic BAs and that 
other metabolites accumulate in the liver, causing hepatitis and damage 
(Zollner and Trauner, 2008), which explains why 5MP-induced hepatic 
cholestasis could result in inflammation in the liver (Fig. 1 D). As shown 
in Fig. 1 F, 5MP increased the expression of Mpeg1, revealing that mice 
developed hepatic immunity due to exposure to 5MP. Meanwhile, 
Escherichia-Shigella, which is certified as a pro-inflammatory strain, 
could induce inflammation. A previous study identified that Escher
ichia-Shigella was positively correlated with the serum liver function 
marker AST (Lu et al., 2019). Our study consistently found that 5MP 
increased the proportion of Escherichia- Shigella accompanied by 
remarkably elevated AST level (Fig. 1 C and Fig. 3 D). Furthermore, 
Bacteroides was reported to be positively correlated with blood TG (Liu 
et al., 2020). Lipopolysaccharides, as one of the components of Bacter
oides, could reduce the level of TG (Jiang et al., 2018; Liu et al., 2019a), 
further providing evidence that 5MP might inhibit Bacteroides to regu
late the level of TG (Fig. 1 B and Fig. 3 D). Lactobacillus and Bacteroides 
were reported to be responsible for biotransformation between conju
gated and deconjugated BAs via bile salt hydrolase (Wexler, 2007). In 
this study, we found that TCA was positively correlated with Bacteroides 
(Fig. 5). Moreover, oral supplementation with TCA could notably reduce 
TG (Janssen et al., 2017), which corresponds to our results that 5MP 
decreased TCA excretion in feces accompanied by a decrease in Bacter
oides (Fig. 3 D and Fig. 4 B). Moreover, TCA was shown to be involved in 
the absorption of cholesterol by bile salt hydrolase-rich Bifidobacterium, 

Fig. 4. Influence of 5MP and TBT alone or in combination on the fecal bile acids (BAs) profiles. (A) The composition of primary and secondary BAs. (B) Detailed BAs 
changes of 5MP and TBT alone or in combination. Two groups with fold change ≥ 1.5 and P < 0.05 (Student’s t-test) were considered to be significantly different. 
*P < 0.05, **P < 0.01, ***P < 0.001. 
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the colonization of which could reduce blood and liver fat content in 
mice fed a high-fat diet (Hu et al., 2014; Tahri et al., 1997), suggesting 
that the increase in Bifidobacterium might lead to down-regulation of 
TCA in the 5MP group. These data indicated that 5MP could induce a 
decrease in TCA and TG levels by crosstalk with a decrease in Bacteroides 
and an increase in Bifidobacterium. 

Consistent with previous reports (Bertuloso et al., 2015; Mitra et al., 
2014), TBT treatment caused liver inflammation (Fig. 1 D), and further 
cytokine detection demonstrated that TBT induced an increase in IFNγ 
and Mpeg1 to activate immune prevention. TBT was found to increase 
the proportion of Facklamia, Coriobacteriaceae_UCG-002, and Faecali
baculum and decrease Roseburia and Christensenellaceae_R-7_group (Fig. 3 
D). These altered genera were reported to be involved in host health. For 

instance, Facklamia, as an underrecognized pathogen, could cause 
infection in susceptible hosts and induce endocarditis (Rahmati et al., 
2017). Faecalibaculum is a well-described anti-inflammatory organism 
associated with inflammation in patients with Crohn disease (Sokol 
et al., 2008). Additionally, Coriobacteriaceae was reported to be abun
dant in children and adolescents with obesity, which is considered 
low-grade chronic inflammation and positively correlated with fecal 
reactive oxygen species (ROS) to induce inflammation (Qasem et al., 
2017). A previous study verified that a high-fat diet caused colonic and 
hepatic inflammation in mice with inhibited Christensenella
ceae_R-7_group (Liu et al., 2019b). Moreover, the butyrate-producing 
genus Roseburia can be used as a probiotic to alleviate endotoxemia 
and improve immunological disorders and gut barrier function 

Fig. 5. Crosstalk of bile acids (BAs) and fecal 
bacteria under sole or combined 5MP and TBT 
treatments. Differential BAs were screened ac
cording to different treatments based on pair
wise comparisons. Differential genera of the gut 
microbiome were screened according to 
different treatments based on the Wilcoxon 
rank-sum test. BAs and flora with P values less 
than 0.05 were considered significantly 
different. Pearson correlation analysis was per
formed on the BAs and flora that were found to 
be significantly different according to the 
treatment, and a heat map was formed; only 
significant correlations were presented in the 
map. Significant squares are marked with *, 
*P < 0.05, **P < 0.01, ***P < 0.001.   
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(Patterson et al., 2017). Consequently, changes in the proportion of 
those genera might play important roles in TBT-induced hepatic 
inflammation. Meanwhile, we did not observe a change in TBA in the 
TBT group, but we found that TBT inhibited 12-ketoLCA, 7-ketoLCA, 
T-alpha-MCA and alpha-MCA in feces (Fig. 4 D), and the reduction in 
7-ketoLCA and T-alpha-MCA showed a negative relation with Cor
iobacteriaceae_UCG-002 and Bifidobacterium (Fig. 5). A previous study 
determined that Coriobacteriaceae_UCG-002 could affect steroid and bile 
salt metabolism and reduce cholesterol fecal excretion by increasing BA 
absorption (Romo-Vaquero et al., 2019). The bile salt hydrolyzing en
zymes of Coriobacteriaceae_UCG-002 may initiate an important detoxi
fication mechanism and prevent the antibacterial properties of some BAs 
(Clavel et al., 2014; Doden et al., 2018). These data suggested that 
7-ketoLCA, T-alpha-MCA and alpha-MCA might coregulate Cor
iobacteriaceae_UCG-002 and Bifidobacterium to respond to the stimulus of 
TBT. 

Although we did not observe a significant increase in BAs-related 
gene CYP8B1 and CYP27A1 expression, hepatic cholestasis was 
induced by co-exposure to 5MP and TBT (Fig. 2 A, E and F). Except that 
the inhibition of BSEP prevented the excretion of BAs into bile, the 
uptake transporter NTCP was not affected, which is also a reasonable 
explanation for cholestasis in 5MP+TBT (Fig. 2 A, I and J). 5MP+TBT 
did not promote the synthesis of BAs, and prevented the efflux of BAs by 
inhibiting BSEP, causing intrahepatic stasis, so the content of intra
hepatic bile was lower than that of the 5MP group. In addition, we also 
found that 5MP+TBT did not cause a significant increase in AST, IFNγ or 
Mpeg1 as 5MP and TBT alone did. Interestingly, significant differences 
in gut microbiota and bile acids were altered under exposure to 5MP and 
TBT alone and in combination. The results showed that 5MP altered 7- 
ketoLCA and TCA (Fig. 4 B), and Lactobacillus, Bacteroides, Escherichia- 
Shigella, and Bifidobacterium etc (Fig. 3 D). In addition, TBT changed 7- 
ketoLCA, 12-ketoLCA, and alpha-MCA (Fig. 4 B), and Coriobacter
iaceae_UCG-002, Pygmaiobacter, Bifidobacterium etc (Fig. 3 D); however, 
the above changes did not occur in the 5MP+TBT group. According to 
previous studies, MPs can adsorb metals, metalloids, antibiotics and 
persistent organic pollutants in polluted aquatic environments (Imran 
et al., 2019). However, the potential bioavailability of metals associated 
with plastic particles will depend on their physical and chemical form 
within the particle body, particle size, and exposure time. According to 
our measurement of total tin in the liver (Supplement Material Fig. S1), 
it was indeed found that the total tin level of 5MP+TBT was nearly 30% 
lower than that of the TBT group, which might be a plausible explana
tion for the above phenomenon in different treatments. While in this 
study, co-exposure to 5MP and TBT increased Dubosiella and Harryflintia 
and decreased Ileibacterium and Anaerotruncus in the gut microbiota. 
Anaerotruncus is a butyrate producer that was effective in the treatment 
of inflammatory bowel diseases (Wang et al., 2018), and it was inhibited 
under 5MP+TBT exposure in this study. Our findings indicated that 
decreased T-alpha-MCA was positively related to Harryflintia in the 
TBT+5MP group. T-alpha-MCA is an FXR antagonist that can be 
decomposed by bacterial cholate hydrolase to form alpha-MCA and BAs 

that are not reabsorbed by ASBT excreted with feces (de Aguiar Vallim 
et al., 2013). Harryflintia, a genus of the family Ruminococcaceae, grows 
on chitin as the only carbon resource (Li et al., 2017). Additionally, the 
water-insoluble dietary fiber chitin decreased bile acid excretion in rats 
(Ide et al., 1990). Therefore, we speculated that the combination of 5MP 
and TBT might increase Harryflintia and inhibit T-alpha-MCA excretion. 

In conclusion, the influence and mechanisms in response to 5MP, 
TBT and their combined exposure were regulated by crosstalk of the 
intestinal microbiota and BAs profiles. 5MP stimulated the expression of 
CYP8B1 and CYP27A1 to induce hepatic cholestasis and prevented BAs 
for entering the blood and bile by inhibiting MRP3, MRP2 and BSEP. 
Decreased 7-ketoLCA and TCA in feces were positively related to Bac
teroides and Marvinbryantia and negatively related to Bifidobacterium, 
which might be a factor of inflammation, decreased TG and elevated 
AST in the liver. In addition, TBT induced inflammation and increased 
IFNγ and Mpeg1, accompanied by inhibition of 7-ketoLCA, T-alpha- 
MCA and alpha-MCA, which were negatively related to Coriobacter
iaceae_UCG-002 and Bifidobacterium. The co-exposure of 5MP and TBT 
inhibited BSEP, which in turn induced BAs accumulation in the liver, 
and inhibited T-alpha-MCA excretion, which might be mediated by 
elevated Harryflintia. Our research revealed that 5MP and TBT alone and 
in combination could induce changes in the crosstalk between the gut 
microbiome and bile acid profile. However, the combined exposure of 
5MP and TBT weakened the toxic effects of 5MP and TBT alone. 
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Appendix A. Abbreviations.  

MPs microplastics 
TBT tributyltin 
5MP Ф5 μm microplastics 
BAs bile acids 
TG triglyceride 
AST aspartate aminotransferase 
H&E hematoxylin and eosin 
RT-qPCR real-time quantitative PCR 
IFNγ interferon-gamma 
Mpeg1 macrophage expressed gene 1 
CYP7A1 cholesterol 7α-hydroxylase 
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(continued ) 

CYP8B1 sterol 12α-hydroxylase gene 
CYP27A1 sterol 27-hydroxylase 
FXR farnesoid X receptor 
MRP3 multidrug resistance-associated protein 3 
BSEP bile salt export pump 
MRP2 multidrug resistance-associated protein 2 
NTCP sodium taurocholate cotransporting polypeptide 
OATP4 organic anion transporting polypeptide 4 
ESI electrospray ionization 
MRM multiple reaction monitoring 
SEM standard error of mean 
ANOVA analysis of variance 
PCoA principal co-ordinates analysis 
LCA lithocholic acid 
12-ketoLCA 12-ketolithocholic acid 
7-ketoLCA 7-ketolithocholic acid 
DCA deoxycholic acid 
CDCA chenodeoxycholic acid 
UDCA ursodeoxycholic acid 
HDCA hyodeoxycholic acid 
alpha-MCA alpha-muricholic acid 
beta-MCA beta-muricholic acid 
CA cholic acid 
GDCA glycodeoxycholic acid 
THDCA taurohyodeoxycholic acid 
TUDCA tauroursodeoxycholic acid 
TDCA taurodeoxycholic acid 
TCA taurocholic acid 
T-alpha-MCA tauro-alpha-muricholic acid 
T-beta-MCA tauro-beta-muricholic acid  
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